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Proliferative Arrest of Neural Cells Induces Prion Protein
Synthesis, Nanotube Formation, and Cell-to-Cell Contacts
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ABSTRACT

Host prion protein (PrP) is most abundant in neurons where its functions are unclear. PrP mRNA transcripts accumulate at key developmental
times linked to cell division arrest and terminal differentiation. We sought to find if proliferative arrest was sufficient to cause an increase in
PrP in developing neurons. Rat neuronal precursor cells transduced with the temperature sensitive SV-40 T antigen just before terminal
differentiation (permissive at 33°C but not at 37.5°C) were analyzed. By 2 days, T antigen was decreased in all cells at 37.5°C, with few DNA
synthesizing (BrdU+) cells. Proliferative arrest induced by 37.5°C yielded a fourfold PrP increase. When combined with reduced serum, a
sevenfold increase was found. Within 2 days additional neuritic processes with abundant plasma membrane PrP connected many cells. PrP
also concentrated between apposed stationary cells, and on extending growth cones and their filopodia. Stationary cells were maintained for
30 days in their original plate, and they reverted to a proliferating low PrP state at 33°C. Ultrastructural studies confirmed increased nanotubes
and adherent junctions between high PrP cells. Additionally, some cells shared cytoplasm and these apparently open regions are likely
conduits for the exchange of organelles and viruses that have been observed in living cells. Thus PrP is associated with dynamic recognition
and contact functions, and may be involved in the transient formation of neural syncytia at key times in embryogenesis. This system can be
used to identify drugs that inhibit the transport and spread of infectious CJD particles through the nervous system. J. Cell. Biochem. 111:239-
247, 2010. © 2010 Wiley-Liss, Inc.
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SCRAPIE

O ne of the fundamental features of neurogenesis is its
exquisitely ordered timing. In less complex regions, such as
the embryonic spinal cord, neuron precursors progress through
stages of proliferation, precise anatomical migration, and a final
loss of replicative capacity. Replication arrest coincides with the
appearance of spinal cord synaptic connections and subsequent glial
differentiation at 14-18 days post-implantation in rodents
[Manuelidis and Manuelidis, 1971]. In granule neurons of the
cerebellum, DNA synthesis, mitosis, and migration occurs later, and
synapses start to form only 9 days after birth [Manuelidis and
Manuelidis, 1974]. This developmental background led us to realize
that accumulation of host prion protein (PrP), a small mammalian
membrane protein of 34 kDa, coincides with an arrest in neuronal
division and the formation of communicating synaptic junctions in
the brain. PrP transcripts in dissected rat spinal cord are already
apparent by embryonic day 20, after synapses formed, whereas in
the later developing cerebellum, PrP mRNA increases only after
3 days postpartum [Lieberburg, 1987]. In situ hybridization mRNA

studies further support a cell division to PrP synaptic relationship.
Spinal ganglia are heavily labeled in the mouse embryo at 16.5 days
[Manson et al., 1992], the time when their abundant synaptic
contacts actively form. It is not clear if specialized cell-to-cell
contacts lead to proliferative arrest, or if arrest itself initiates these
contacts [Manuelidis and Manuelidis, 1971].

PrP is best known for its pathological amyloid state in
transmissible encephalopathies (TSE), a group of infectious diseases
affecting many mammalian species. In this setting, host PrP has
reputed protean properties [Prusiner, 1999], including its ability
to be an infectious protein or “prion,” to have inherited and
spontaneous prion forms, to cause neurodegeneration, to protect
neurons, and most recently, to mutate and create new agent strains
without any nucleic acid [Li et al., 2010]. Presumably strain-specific
mutation occurs by some type of protein misfolding that was not
demonstrable. This PrP infectious amyloid model bears a remarkable
resemblance to the self-catalytic crystalline protein model of
Tobacco Mosaic Virus proposed in 1936 [Kay, 1986]. This Nobel

Abbreviations used: PrP, prion protein; TSE, transmissible spongiform encephalopathy; SEP, septal neurons; CJD,

Creutzfeldt-Jakob disease.

Grant sponsor: NINDS; Grant number: RO1 012674; Grant sponsor: NIAID; Grant number: R21 A1076645.
*Correspondence to: Laura Manuelidis, 333 Cedar St, New Haven, CT 06510. E-mail: laura.manuelidis@yale.edu
Received 17 May 2010; Accepted 20 May 2010 e DOI 10.1002/jcb.22723 e © 2010 Wiley-Liss, Inc.

Published online 5 July 2010 in Wiley Online Library (wileyonlinelibrary.com).



Prize work ignored the fact that infectious preparations were not
pure, and contained nucleic acids, the fundamental genetic and
mutable molecules of all organisms. Since all infectious TSE
preparations contain nucleic acid, and also exhibit classical
biological and structural properties of an ~25nm virus, we think
it more likely that host PrP acts as an essential membrane receptor
for the infectious particle [Manuelidis, 2007; Manuelidis et al.,
2007]. The host also recognizes TSE agents as foreign rather than
host encoded, and geographic agent isolates show very different
patterns of virulence [Manuelidis et al., 2009a,b]. Furthermore,
removal of the environmental source of infection results in a
dramatic decrease in disease, as shown by reductions of epidemic
bovine TSE in the UK. Understanding the normal role of PrP can
yield new insights for retarding the spread of TSE agents.

Because knockout PrP mice are essentially normal, a “bewilder-
ing variety of subtle abnormalities” in circadian rhythm, olfaction,
hypoxia sensitivity, oxidative capacity, copper metabolism, and
signal transduction have been proposed [Chiesa and Harris, 2009;
Pantera et al., 2009]. Studies on TSE infections in culture led us back
to their probable function in both cell communication and neuronal
differentiation. In establishing new tissue culture models of many
different TSE agents, we found that cell-to-cell contacts were of
major importance in the natural spread of sheep scrapie and human
Creutzfeldt-Jakob disease (CJD). Most of the major different TSE
agent strains, derived from human and animal sources, have now
been propagated in neuronal GT1 cells [Manuelidis et al., 2009a,b],
and co-culture experiments showed that infectious particles were
effectively transmitted through cell contacts, rather than by
particles secreted into the medium [Nishida et al., 2005]. Indeed,
debris cleared medium from a variety of infected cells normally
contains <1% to undetectable levels of the cellular infectivity [Race
et al., 1987; Nishida et al., 2005; Leblanc et al., 2006]. We thus chose
to investigate the relationship of nuclear DNA synthesis to both PrP
production and the formation of new cell-to-cell contacts in a
culture model of rat neurogenesis. We used neural progenitor
septal (SEP) cultures that could be induced to differentiate both
morphologically and molecularly by arresting cell proliferation
[Eves et al., 1994; Vogt Weisenhorn et al., 2001]. Proliferative arrest
in a neuroblastoma tumor line was previously reported to have no
effect on PrP in uninfected cells [Ghaemmaghami et al., 2007].
However, neither DNA synthesis nor in situ PrP changes were
examined. No other studies have reported on PrP changes caused by
the arrest of neural cell proliferation.

We demonstrate that when normal SEP cells become stationary
they rapidly accumulate sevenfold elevations in PrP, and also
elaborate new cell processes with PrP rich cell-to-cell junctions.
Stationary cell cultures were achieved by a mild physiological
temperature shift and/or a reduction of serum factors. Proliferative
arrest, as monitored by BrdU uptake, was rapid and without apparent
pathological consequences. Of particular interest was the formation
of abundant thin cell-to-cell attachments, consistent with tunneling
nanotubes that are known to be conduits for exchange of cyto-
plasmic contents and viral spread [Rustom et al., 2004; Gerdes et al.,
2007; Sherer et al., 2007; Sowinski et al., 2008]. Our results suggest
that membrane PrP probably participates in the normal formation
of these conduits. Ultrastructural studies confirmed apparently open

cytoplasmic regions between cells, as well as electron dense
adherent junctions. A syncytial network of connections among
many cells may be an essential part of programmed tissue
differentiation, particularly in the nervous system during specific
transitional times of development.

Low passage SEP AS583 cells (subclone e422), a generous gift of B.
Wainer, were maintained in high glucose DMEM and various
concentrations of FBS (see Results Section) with penicillin/
streptomycin (50 units/ml) and G418 (0.2 mg/ml). Proliferating cells
were kept at 33°C and split 1:4 every 4 days. Stationary cells were
refed every 2 days in their original seed plate. For Western blots,
cells were lysed in detergent and analyzed with two different PrP
antibodies as previously detailed [Arjona et al., 2004]. To detect
SV-40 T antigen on blots it was necessary to separate a nuclear
pellet after lysis by low speed centrifugation [Sun et al., 2008];
viscous DNA was sheared by bath sonication before loading.
Chemiluminescent signals on blots [Arjona et al., 2004] were
normalized with respect to lane protein loads and additionally
confirmed by B-actin and tubulin signals on the same blot, as well as
by Annexin II, a plasma membrane molecule.

In situ studies were done on cells plated in chamber slides. To
assess DNA synthesis, cells were labeled with BrdU for 2 h, fixed in
cold methanol, treated with 2N HCI for 20 min, and detected with a
mouse anti-BrdU antibody as described [Manuelidis and Borden,
1988], except that strepavidin alkaline phosphatase (KPL) was used
as the reporter. The SV-40 T antigen was also detected after
methanol fixation, whereas PrP and nestin were evaluated on cells
fixed in 2% paraformaldehyde [Manuelidis et al., 2009b]. For
electron microscopy cells were fixed in situ with 2% glutaraldehyde
in 0.1 M cacodylate buffer for 20 min, gently scraped from the flask
in sheets, pelleted at 1,500¢ prior to addition of 2% melted agarose
and conventionally post-fixed in 1% tannic acid and then 1%
osmium before embedding.

We first assessed the best conditions to arrest nuclear DNA synthesis
in a clone of neural SEP cells with many features of neural
differentiation [Eves et al., 1994; Vogt Weisenhorn et al., 2001].
Just before their terminal brain mitosis, SEP precursor neurons had
been transduced with a defective retrovirus carrying an SV-40
temperature sensitive (ts) T antigen. They can be induced to
elaborate neurites, neurofilaments, neuron-specific markers, and
synaptic terminals [Eves et al., 1994; Vogt Weisenhorn et al.,
2001]. We cultured SEP cells under several temperature and serum
conditions, and exposed them to BrdU to monitor DNA synthesis in
situ. Growth at 39°C resulted in some cell loss, whereas typical
incubation at 37.5°C did not. We therefore evaluated the combined
effect of temperature and reduced serum in cells at DNA synthetic
(33°C) and arrest-inducing (37.5°C) temperatures.

Figure 1A shows the percent of SEP cells that incorporated of
BrdU during a short 2h pulse under standard proliferative and

240

PrP IN CELL COMMUNICATION

JOURNAL OF CELLULAR BIOCHEMISTRY



Fl T-antigen L 10

45

ol .
I 44
1 r% | @ﬂa
0 0
109% 2% 1%

FBS 10%
Temp 33C

% BrdU positive cells
Fold T-Ag

arsc 3rsc arsc

i B PrP-NH2
O PrP-COOH

04
FBS 10%  10% 2 108 10% Zh
Temp 33C 375C 375C 3C 3IrsC 37rs5C

—— Day2 —» d}—— Day s —P

Fig. 1. Temperature and serum conditions to induce stationary SEP neural
progenitor cells. A: % of BrdU positive cells (white bars), and nuclear T antigen
levels (hatched bars). B: Amount of PrP produced under these conditions at
2 and 6 days. In five independent experiments, PrP antibodies for both the NH,
(black bars) and central amyloid region (gray bars) show a significant elevation
in PrP in stationary versus proliferating cells at 2 days (P < 0.0001), as well as
to temperature only arrest (P < 0.05). The amyloid PrP antibody assay at 6 days
was repeated only three times and a single low determination decreased
the mean, although alternate processing of more carboxy PrP cannot be
excluded.

arresting conditions. Under standard conditions, 39% of cells were
BrdU labeled, consistent with a 24 h doubling time found here and
previously. DNA synthesis was significantly decreased with either
elevated temperature alone, or in combination with reduced serum.
Within 2 days of conditional change there was a marked decrease
in nuclear DNA synthesis (Fig. 1A). Merely incubating cells at 37.5°C
in standard 10% serum reduced DNA synthesizing cells by half
(P < 0.0001). Thus partial arrest was already induced in physiologic

conditions. More dramatic decreases were seen when serum
reduction was combined with a shift to 37.5°C. With 2% or 1%
serum only 11% and 4% of cells, respectively, incorporated BrdU at
2 days. Some positive cells were expected at this time since cells with
residual stores of serum factors still could initiate DNA synthesis.
In accord with this, SEP neurons fed with 1-2% serum became
completely stationary within 4 days, and maintained a stable plate
density if kept under these conditions. They never reached complete
confluence or attained the density of non-arrested controls. Piling
up of arrested cells was not observed, unlike transformed and tumor
lines. There was some cell loss in 1% serum flasks arrested for more
that a week, likely due to insufficient serum maintenance factors.
Nevertheless, these conditions still resulted in stationary viable cells
for 30 days (see Fig. 2B). Figure 1A also shows a comparable
T antigen reduction by Western blot analysis. Again, there is a large
fivefold decrease in T antigen (P < 0.0001) when SEP neurons are
induced to become stationary, and these low values persisted.

Figure 1B graphs the change in cell PrP levels under these same
conditions. Standard proliferative conditions were taken as 1x,
and arrested cells clearly accumulated more PrP. In the graph
(five independent experiments), by day 2 it was apparent that cells at
37.5°C with high serum already accumulated a fourfold increase in
PrP by both the NH, and central PrP antibodies [Arjona et al., 2004].
In the cells with a more complete proliferative arrest (2% serum
at 37.5°C), there was a 7.3-fold increase (P < 0.0001) in NH,-PrP,
and the central PrP antibody was also significantly increased
(6-fold, P < 0.0001). After 6 days of stationary arrest PrP remained
significantly higher than proliferating cells.

Figure 2A shows a representative blot of PrP under different
culture conditions. There is an obvious increase in PrP from controls
(first two lanes) when cells are arrested for 2 or 6 days with only a
shift to 37.5°C (middle two lanes). The PrP accumulation is even
higher when serum is reduced to 2% (last two lanes). Moreover, SEP
cells kept in a stringent stationary phase for up to 30 days without
replating, maintained high PrP levels as shown at sequential time
points in Figure 2B. Cells maintained for 14 days in 1% serum at
37.5°C, and then switched to standard proliferative conditions,
reverted to a proliferative state and their original low levels of PrP
(lane 8). Thus high levels of normal PrP can be cleared by cell
division.

In situ studies of SEP cell proliferation and PrP localization at
2 days are shown in Figure 3. Representative fields of a BrdU
negative antigen control (A) show no staining in proliferating cells.
In contrast, many labeled nuclei (red) are apparent (B) when exposed
to the primary BrdU antibody in parallel proliferating cells at 33°C-
10% serum. Very few positive cells (C) are seen with 2% serum at
37.5°C, and only very rare BrdU positive cells are present with 1%
serum (D). The majority of cells also show the same cell size under
proliferative and stationary conditions.

At 2 days in either 2% or 1% serum, arrested cells elaborated
many new thin processes. Figure 3E,F shows early stages of process
formation. The thin processes were consistent with neurites,
filopodia, and/or tunneling nanotubes. These processes were
positive for plasma membrane NH,-PrP, most prominently at the
ends of their growth cones (red), and at the beginning of new process
sprouts (arrowheads). PrP was also very concentrated between
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Fig. 2. Representative Western blots of PrP and other normalization markers
such as tubulin (tubl). All cells were equally loaded as determined by protein
assay. A: PrP in control proliferating cells (first two lanes) with 1x PrP at 2 and
6 days. Lanes 3-4 and 5-6 show cells at 37.5°C with high serum and low serum
respectively. B: Stationary cells continuously produce high amounts of PrP for
30 days (days indicated). Lane 8 shows stationary cells returned to standard
proliferative conditions after 14 days (R) revert to their original low PrP state.
PrP levels (fold) are shown under the lanes. C: Proliferative (a) and 37.5°C-2%
serum arrested cells at 5 days (b) stained for PrP, B-actin, and Annexin II. Only
the PrP amount is changed (5.3-fold the proliferative control).

regions of nanotube attachment to cell bodies as well as between
closely apposed cell bodies (Fig. 3E, arrows). Ruffled edges of some
cells also showed intense plasma membrane PrP staining.

Figure 3F shows a strong PrP signal at a nanotube to cell junction,
as well as at varicosities in a thin nanotube process (arrowheads).
Interestingly, punctate PrP surface membrane staining on some cells
lined up with a striation pattern common to actin stress filaments. In
these cells, PrP positive red dots on the plasma membrane were
aligned in horizontal red stripes on cells as shown in Figure 3F.

The NH, PrP antibody also labeled the internal membrane rich
Golgi to rough endoplasmic reticulum (RER) membranes where PrP
is synthesized and transported. Heavy Golgi labeling within cells
was demonstrated unambiguously by removal of plasma membrane
PrP with the detergent saponin (Fig. 3G). Saponin substitutes for
membrane cholesterol and releases the GPI anchored PrP molecules
with the cholesterol in neural cell types such as GT1 hypothalamic
cells. In the SEP cells here as well, only the characteristic connected
channels of Golgi to RER adjacent to the nucleus remained positive
for PrP after saponin extraction. In Figure 3G, a typical Golgi profile
is prominently labeled at arrow (red), and it partially overlies the PrP
negative nucleus; PrP plasma membrane dots and labeled processes
were abolished. Golgi networks in stationary cells were typically
~3x larger than in proliferating cells (data not shown). Cells that
were slightly less extracted with lower saponin concentrations
showed more extensive intracellular labeling of the RER, and these
labeling results are in accord with ultrastructural labeling of the RER
by PrP antibodies [Manuelidis et al., 2007]. Figure 3G additionally
shows multiple small processes that attach the top right cell to the
one beneath it (arrowheads). These terminal small diameter
attachments were numerous in arrested cells, and are consistent
with intimate nanotube cell-to-cell connections. Nuclear PrP
labeling was not seen in any of these or previous preparations,
including sectioned cells, with our PrP antibodies [Arjona et al.,
2004; Manuelidis et al., 2009a,b].

We also assessed T antigen suppression in situ. Figure 3H shows
the secondary antibody alone gives no positive signal. In
proliferating cells (Fig. 3I), all the nuclei show strong T staining,
indicating robust elaboration this antigen by every cell. Because the
nuclear membrane disintegrates during mitosis, the T antigen is
intense in the cytoplasm of a mitotic anaphase cell (at connected
arrows). Only a faint amount of T antigen, however, is apparent in
the nuclei of cells arrested for as little as 2 days. Figure 3J shows all
nuclei contain markedly diminished or undetectable nuclear T
antigen, regardless of the few remaining nuclei that were still
incorporating BrdU. This pan T antigen reduction additionally
demonstrated that these neural stem cells were homogeneous and
derived from a single cell clone. These in situ results were also in
good accord with T antigen changes on Western blots (Fig. 1A).

Fig. 3. Insitu antibody studies of proliferating and stationary cells at 2 days. A-D: Cells exposed to BrdU for 2 h. No BrdU is detected in controls exposed only to the 2nd
antibody (A) whereas many BrdU positive (red) nuclei are observed in proliferating SEP cells at 33°C (B). There is a marked reduction in BrdU positive cells fed with 2% serum
(C) or 1% serum (D) at 37.5°C. Fewer cells are also apparent, and arrested cells show more extensive thin processes but no change in overall cell size. E-G: Cells labeled with

the NH,-PrP antibody arrested in 2% serum. E: Growth cone and other extending process tips with intense PrP staining (arrowheads). Note intense staining between several
closely adjacent cells at membrane contact regions (arrows). In (F), red dots of PrP are aligned on the plasma membrane, horizontally orientated to cytoplasmic stress fibers. The
lower arrowhead points to an intense positive signal where the process from another cell contacts the large cell body. The other arrowhead shows increased PrP in varicosities of
an extending nanotube. The cell in G was extracted with 0.2% saponin prior to NH,-PrP detection. The plasma membrane signal is abolished and the characteristic Golgi region is

prominently stained (arrow). Many tiny processes connect to the bottom cell (arrowheads). H-J: T antigen staining at 2 days. The control (H, 2nd antibody only) has low
background whereas proliferating cells (I) show a strong T signal (red) in the nuclei of all cells, and in the cytoplasm of an anaphase cell (linked arrows). In contrast to BrdU, all
cells (J) have only faint T signals at 2 days (2% serum, 37.5°C). Hematoxylin counterstained.
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Additionally, many proliferating cells were strongly positive for
nestin, a marker of early progenitor neurons, whereas this marker
was reduced in arrested cells, consistent with their increased
differentiation. Finally, because some arrested cells were larger and
flatter than controls, and displayed more numerous extending
processes and cell connections by light microscopy, we sought to
find if cells with high PrP had more extensive plasma membranes. In
accord with no change in cytoplasmic tubulin and actin markers,
Annexin II, a plasma membrane receptor, also showed no change on
Western blots. Figure 2C shows that control low PrP cells (a lanes)
and arrested high PrP cells (b lanes) had equivalent amounts of
Annexin II as well as B-actin.

To understand more about the PrP rich cell-to-cell attachments
we evaluated the ultrastructure of cell processes after fixation in
situ. There were many cell-to-cell attachments between SEP cells
that had features of nanotubes as well as growth cone filopodia.
Typical processes did not contain packed aligned arrays of
microtubules, a characteristic of more developed neurites. Rather,
nanotubes and their communicating attachments to other cells were
prominent in stationary cells with increased PrP. Figure 4A shows
two cells connected by two nanotubes, and by one filopodium
distinguished by its substrate oriented underlying actin (arrows).
Nanotube processes measured 200-500 nm in diameter and thus
could transport at least some organelles as well as viral particles.
At nanotube to nanotube junctions it was sometimes impossible to
find the limiting membranes separating the two cells. Cytoplasmic
exchange regions also appeared between cell extensions and
underlying cell body. These open regions may be transient, and part
of a sliding membrane process where cells sample a small bit of each
other. Figure 4B shows two such intimate regions of communica-
tion, with the overlying process en passant on the right. The
cytoplasm of both cells appears to be shared, as shown between the
two sets of arrows. Thin nanotube to nanotube junctions distant
from the cell body also showed only an interrupted and/or delicate
single cell membrane similar to that seen in fenestrated epithelia.
Such regions typically contained small membranous irregular
vesicles that bridged both cells. Other types of specialized cell
junctions, including gap junctions, as well as adherent junctions
with densities on both contacting membranes (Fig. 4C), were
also obvious. Communicating processes, as in light microscopic
preparations, were more numerous in stationary cells. The dense
adherent contact junctions were typically ~2x longer in these high
PrP cells. In sum, the ultrastructural findings here strongly support
the involvement of PrP in the elaboration of differentiating neural
processes as well as several different types of cell-to-cell contact and
communication.

We have shown that both acute and chronic arrest of cell
proliferation through mild physiological conditions is sufficient

to both induce and maintain marked elevations of PrP in developing
neurons. Concomitant with this PrP elevation, other features of
neural differentiation, including nanotube and neural growth cone
extensions, were observed. PrP was most concentrated at the
connection sites between cells and processes, as well as at the tips of
growth cones. This induction of processes with increased cell-to-cell
attachments and neural molecular differentiation, including
reduced nestin, is comparable to previous studies of these cells
[Eves et al., 1994; Vogt Weisenhorn et al., 2001]. While PrP clearly
accumulates in this morphological transition, its exact molecular
role in process extension and membrane attachment remains
unknown.

Since PrP knockout mice do not show major neurological deficits,
the effects of PrP in mammals may be additive rather than essential.
However, knock down of a PrP homolog in zebrafish led to an arrest
in gastrulation that was due to deficient cell movements and E-
cadherin adhesion [Malaga-Trillo et al., 2009]; adherent junctions
were also stabilized by PrP. Data here similarly support a functional
role for PrP as a dynamic plasma membrane receptor, one that
interacts with other membrane components, including those in other
cells, to both sort and define attachment sites. The elaboration of cell
processes and their specific junctional connections, such as the
adherent junctions associated with high PrP, are fundamental for the
transport of cytoplasmic materials between cells, as well as for
electrical and chemical coupling. Moreover, PrP also concentrates
on the abundant thin extending processes of follicular dendritic
spleen cells [Manuelidis et al., 2000], and these cells contact and
exchange TSE agents with transiting white blood cells. Thus PrP
receptor and contact functions are not limited to neural cells. Indeed,
a study of intestinal enterocytes further substantiates a general role
for PrP in the elaboration of adherent junctions as well as their villi
[Morel et al., 2008]. Both were reduced in PrP knockout mice, a
confirming complement to the experiments here. Additionally,
the deletion of PrP in mice had no effect on BrdU uptake in
intestinal enterocytes. This also strengthens the conclusion that
proliferative arrest itself induces PrP synthesis and process
formation. In contrast, one complex animal model of neurogenesis
concluded the reverse: that PrP stimulates cell proliferation [Steele
et al., 2006].

There have been few studies of tunneling nanotubes at the
ultrastructural level, but comparable connecting nanotube and
filopodial processes have been described elsewhere [Rustom et al.,
2004; Gerdes et al., 2007; Sherer et al., 2007 ; Sowinski et al., 2008].
Our ultrastructural studies additionally showed regions of cyto-
plasmic communication that seemed structurally patent, with
incomplete or fenestrated membranes between a nanotube and its
target cells. Electron lucent membrane vesicles also crossed through
these regions. These syncytial cytoplasmic regions have not been
described elsewhere, and it is possible that staining of the plasma
membrane in these regions was inadequate, despite the fact that
tannic acid and osmium were used to intensify membrane detection.
On the other hand, confocal time lapse and other studies have shown

Fig. 4. Representative ultrastructural images of contacts and processes in arrested cells. A: Three thin processes connecting two cells (arrows), and one has actin at its bottom
surface. In B, two regions appear to share cytoplasm (at two connected arrows, magnified 2 x in inset). Another larger region with cytoplasmic connection is also between the

unconnected arrows. In C, a characteristic nanotube forms an adherent junction with another cell process that contains small vesicles.
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that large organelles, such as mitochondria, RER, lysosomes and
other cytoplasmic components, are transported through nanotubes
and delivered into connected cells [Gerdes et al., 2007]. This gives
credence to the presence of dynamic cytoplasmic exchange
pathways where a membrane barrier is either not present or not
operational. Because many cells are linked by nanotube attach-
ments, it is possible that during neural embryogenesis and
differentiation there is a transient phase of syncytial collaboration
among cells, one that may be enhanced by host PrP. The
susceptibility of a neuronal progenitor cell line to many diverse
geographic TSE agents [Manuelidis et al., 2009a,b] may likewise
be facilitated by transient syncytial communications. Notably, most
of these very distinct and different agent strains show the same
misfolded tissue and cell type specific PrP-res pattern, a finding not
in accord with the claim that PrP misfolding encodes agent strain
characteristics. On the other hand a cell type specific PrP-res band
pattern is consistent with the concept that host PrP is a necessary
receptor for these diverse agents.

More extensive dense adherent junctions, similar to those seen in
synaptic regions, were also consistent with a role for PrP in synaptic
development, as well as for the transport of viruses across synaptic
clefts. Trans-synaptic transport of large viruses between neurons
is historically well established, and best documented in the spread
of the neurotropic rabies virus. TSE agents can also spread
transneuronally from the eye to the brain, as first shown in 1936,
as well as by non-neural pathways [Manuelidis et al., 1977].
Furthermore, when only a single eye is inoculated with a scrapie
agent, the neurodegenerative pattern follows the projections from
that eye, including its path to the lateral geniculate body on opposite
side of the brain [Scott and Fraser, 1989]. This trans-synaptic spread
of scrapie has a defined intra-axonal rate that is slower than the
spread of viruses through nanotubes and their viral “synapses” in
culture [Sherer et al., 2007; Sowinski et al., 2008]. In scrapie infected
brain, transport correlated with tubule and neurofilament transport
mechanisms, whereas in HIV infected cultures, the viral particles
rapidly spread on the surface of nanotubes and entered connected
cells at junctional regions [Sherer et al., 2007]. Although the
mechanical basis of spread may not be identical, it is clear that
normal PrP can facilitate TSE agent transport and delivery both
in vivo, and in vitro [Nishida et al., 2005]. The high concentration
of CJD infectivity and virus-like particle arrays in synaptosomal
fractions [Manuelidis, 2007] also suggests that PrP facilitates
transport of TSE agents across neuronal synapses.

Most interesting is the recent demonstration that abnormal large
internal PrP aggregates in an infected cell, as well as fluorescently
labeled lysosomes, appeared to shuttle inside nanotubes to deliver
their components to uninfected cells [Gousset et al., 2009]. It will be
of interest to further examine the rapid transfer of infectivity as well
as ultrastructural virus-like particles and fluorescently labeled
cytoplasmic organelles in other TSE infected cultures. We suspect
that high surface PrP will facilitate the natural cell-to-cell transfer of
TSE agents, but only minimal PrP may be necessary once the agent is
established inside the cell. We should be able to test this because we
have been able to infect stationary rat SEP cells with a rat adapted
CJD agent (manuscript in preparation). Moreover, this agent can
also infect mouse neuronal GT1 cells used for rapid and reliable

infectivity assays [Sun et al., 2008]. A co-culture of SEP and GT1
cells can also provide many new ways to evaluate different types of
inhibitory molecules, and to screen therapeutic drugs that target
specific membrane and filament functions that are most essential
for communication, transport, and delivery. Interfering with several
of these transport molecules should delay TSE agent spread in both
peripheral tissues and brain, and thus retard disease progression.
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