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Summary

Although evidence obtained with the PC12 cell line has
suggested a role for the ras oncogene proteins in the
signal transduction of nerve growth factor-mediated
fiber outgrowth, little is known about the signal trans-
duction mechanisms involved in the neuronal response
to neurotrophic factors in nontransformed cells. We
repurl here that the oncogene protein T24-ras, when
introduced into the cytoplasm of freshly dissociated
chick embryonic neurons, promotes the in vitro sur-
vival and neurite outgrowth of nerve growth factor-
responsive dorsal root ganglion neurons, brain-derived
neurotrophic factor-responsive nodose ganglion neu-
rons, and ciliary neuronotrophic factor-responsive
ciliary ganglion neurons. The proto-oncogene product
c-Ha-ras also promotes neuronal survival, albeit less
strongly. No effect could be observed with truncated
counterparts of T24-ras and c-Ha-ras lacking the 23
C-terminal amino acids including the membrane-an-
choring, palmityl-accepting cysteine. These results sug-
gest a generalized involvement of ras or ras-like pro-
teins in the intracellular signal transduction pathway
for neurotrophic factors.

Introduction

Neurotrophic factors are proteins regulating neuronal
survival during normal vertebrate development and
maintenance of differentiated neuronal functions in the
adult. One of the typical features of these proteins is
their neuronal specificity. For example, nerve growth
factor (NGF; Levi-Montalcini and Angeletti, 1968; Thoe-
ncn and Barde, 1980) acts on sympathetic and most neu
ral crest-derived sensory neurons in the PNS and on
basal forebrain cholinergic neurons in the CNS. Ad-
ministration of NGF during normal development re-
duces normally occurring cell death in NGF-responsive
neuronal populations (Hamburger et al., 1981; Oppen-
heim et al., 1982) and rescues axotomized, adult
cholinergic neurons in the CNS (Hefti, 1986). Likewise,
brain-derived neurotrophic factor (BDNF) regulates in
vivo the survival of placode-derived sensory neurons,
which are not responsive to NGF (Hofer and Barde,

1988). Several other purified proteins able to rescue neu-
rons in vitro have been described, although hitherto
their precise in vivo role is less clear (Barde, 1988). One
such protein is ciliary neuronotrophic factor (CNTF;
Manthorpe et al., 1982; Barbin et al., 1984): in culture,
it keeps dlive virtually all neurons dissociated from the
chick ciliary ganglion at embryonic day 8 (E8).

The action of these factors is generally assumed to be
mediated by interaction with specific cell surface recep-
tors. In the case of NGF and BDNF, low- and high-affinity
receptors have been described on responsive neurons
(Sutter et al., 1979; Rodriguez-Tébar and Barde, 1988).
NGF is known 1o be internalized by the nerve terminals
and retrogradely transported in endocytotic vesicles
back to the neuronal cell bodies (Thoenen and Barde,
1980). However, no information is yet available as to the
nature of the signal transduction mechanism in neurons.
The NGF receptor gene has recently been isolated and
cloned (Johnson et al., 1986; Radeke et al., 1987}, but a
close analysis of the cytoplasmic domain of the mem-
brane protein encoded by this gene does not reveal the
presence of an ATP binding site, nor does this domain
bear any resemblance with other known receptors, in-
cluding, in particular, those possessing a protein kinase
activity.

Studies with rat pheochromocytoma cells (PC12 cells;
Greene and Tischler, 1976), which stop dividing and
produce fibers in response to NGF, have indicated that
NGF itself cannot be the intracellular cytoplasmic signal:
introduction of NGF into the cytoplasm by fusion of
PC12 cells with erythrocytes loaded with NGF (Heu-
mann et al., 1981) or by injection of NGF into the cells
using glass capillaries (Seeley et al., 1983) produced no
biological effect. In addition, NGFblocking antibadies
introduced by the same methods were unable to biock
the fiber outgrowth activity of extracellularly added
NGF. However, using these cells, recent evidence has
suggested a role for the ras oncogene proteins in NGF
signal transduction. The mammalian oncogenes Ha-ras,
Ki-ras, and N-ras have been extensively studied for their
role in cellular proliferation (for review see Barbacid,
1987). They encode three highly homologous proteins
of the same molecular weight (21 kd), which share struc-
tural and biochemical properties with the a subunits of
guanine nucleotide binding regulatory proteins (G-pro-
teins), in particular the binding and hydrolysis of GTP.
Like NGF added extracellularly, microinjection of puri-
fied Ha-ras p21 protein (Bar-Sagi and Feramisco, 1985),
as well as transfection of the N-ras gene (Guerrero et al.,
1986), or infection with Kirsten murine sarcoma virus
{Noda et al., 1985) induced fiber outgrowth in PC12
cells. In addition, microinjected function-blocking anti-
ras antibodies were able to prevent NGFinduced fiber
outgrowth in PC12 cclls (Hagag ct al., 1986).

These findings obtained with a transformed cell line
prompted us to investigate the effects of ras p21 proteins
in primary cultures of embryonic neurons. These neu-



Figure 1. Phase and Fluorescence Micrographs of E9 DRG Neurons Triturated in the Presence of Various Rhodamine-Labeled ras p21 Prepara-
tions

(A) T24-ras at 3 mg/ml; (B) Tras at 4.5 mg/ml: (C) c-Ha-ras at 3 mg/ml. The cells were cultured for 6 hr in the presence of NGF (50 ng/ml)
Note that the uptake efficiency and the degree of uptake variation between individual cells are comparable for all three proteins. Survival
rates for cclls from the same experiment cultured in the absence of NGF were established after 48 hr: T24-ras, 42%: T'-ras, 2.6%; c-Ha-ras,
15%. Bar, 50 um (phase); 40 pm (fluorescence).



rons, when grown isolated in culture, are dependent on
the presence of exogenous protcins for survival and/or
fiber outgrowth in vitro. We report here that ras p21 pro-
tein, when introduced into the cytoplasm of three differ-
ent types of chick embryonic neurons, can promote
their survival and fiber outgrowth, mimicking the in vitro
effects of NGF, BDNF, and CNTF added extracellularly.

Results

Cytoplasmic Delivery of ras by Trituration
Preliminary experiments were performed using glass
microcapillaries to inject the ras proteins into cultured
nerve cells, However, although successful with PC12
cells, as reported by others (see Introduction), this tech-
nique proved unsuitable for the injection of a large num-
ber of neurons: many were irreversibly damaged by the
injection procedure, We therefore turned to a different
method, subsequently referred to as the trituration
method, which is based on the scrape-loading method
described by Ortiz et al. (1987). Briefly (see Experimen-
tal Procedures), ganglia were isolated from chick em-
bryos, and after trypsinization, the ras proteins were in-
troduced into the cytoplasm of the neurons by merely
exposing the cells to a high concentration of the protein
(2.5-25 mg/ml) during mechanical dissociation. This
procedure —trypsinization followed by mechanical dis-
sociation—is known to involve mechanical damage of
the plasma membrane (Sendtner et al., 1988), thus al-
lowing for the uptake of proteins present in the sur-
rounding medium. In most experiments, we used the
bacterially expressed T24-ras protein (2.5 mg/ml), which
exhibits a Gly-Val substitution at position 12 (Tabin et al.,
1982; Tucker et al., 1986). As a control, cells were tritu-
rated in the presence of the same concentration of trun-
cated versions of T24-ras and c-Ha-ras, lacking the 23
C-terminal amino acids. These truncated proteins,
termed T'ras and Cras, retain the same GTP binding and
GTPase activity as their full-length counterparts (J. J. and
A. W., unpublished data), but they lack the membrane-
anchoring, palmityl-accepting cysteine-186, which has
been shown to be essential for the biological activity of
ras p21 (Willumsen et al., 1984; Chen et al., 1985).

To determine the efficiency of the loading procedure
directly, we covalently labeled T24-ras, T"-ras, and c-Ha-
ras with rhodamine (see Experimental Procedures). After
trituration, virtually all neurons (>99%) were found to be
strongly fluorescent, indicating the uptake of the ras p21
proteins, irrespective of the neuronal population em-
ployed. Figure 1 shows the results obtained with embry-
onic dorsal root ganglion (DRG) neurons. The intracellu-
lar location of the fluorescent proteins was confirmed by
confocal laser scanning microscopy (thickness of the op-
tical section <1 pum; Figure 2).

Survival Effect of T24-ras and c-Ha-ras
NGTF-Responsive DRG Neurons

Neural crest-derived sensory neurons from the DRG of
chick embryos survive and extend processes in culture in
the presence of NGF, whereas they die rapidly in its ab-

Figure 2. Chick Embryo Neuron Loaded by Trituration with Rho-
damine-Coupled T24 ras, as Seen with a Bio Rad Confocal Laser
Scanning Microscope

The intracellular location of the ras protein is confirmed, since the
thickness of the optical section visualized here is less than 1 pm.
Bar, 25 pm.

sence (Levi-Montalcini and Angeletti, 1963). We found
that trituration of E9 DRG with T24-ras at a concentra-
tion of 2.5 mg/ml resulted in the survival of 44.0% of the
neurons after 3 days (Figure 3A). This was about half of
the NGFinduced survival (91.3%). Trituration with T"ras
yielded a background survival value of 4.0% in the ab-
sence of NGF, in the range of the values obtained by trit-
uration of the cells in bufier only (4.4%; data not
shown). Under these conditions, most of the neurons
initially present had obviously degenerated when exam-
ined after 2 days (Figure 4E). In the presence of NGF,
T-ras-injected neurons showed a slightly reduced sur-
vival as compared with the effects of NGF on T24-ras-
injected neurons (79.5% versus 91.3%).

To establish whether the ras effect was dose-depen-
dent, we triturated E9 DRG in the presence of increasing
T24-ras concentrations (Figure 5A). Survival values in-
creased proportionally with the log of the T24-ras con-
centration, and at 25 mg/ml, maximal survival (98%) was
reached, similar to that obtained with NGF. Significantly,
the proto-oncogene product p21 c-Ha-ras also pro
moted survival in a logarithmic dose-dependent fashion
{Figure 5A). However, its effect was markedly lower than
that of the T24-ras protein (24% survival at 30 mg/ml).
In addition, neurons triturated in the presence of c-Ha-
ras or a low concentration (0.25-0.8 mg/ml) of T24-ras,
while surviving, exhibited a smaller cellular volume (Fig-
ure 4C), as compared with cells triturated with high con-
centrations of T24-ras (8-25 mg/ml) or treated with NGF
(Figures 4A, 4B, 4D, and 4F). Thus, high concentrations
of T24-ras apparently can also mimic the known NGF-
induced neuronal hypertrophy (Hendry, 1976).

The survival-promoting effect of T24-ras started to
fade slowly after about 3 days (Figure 5B). Neurons tritu-
rated with T24-ras at a concentration of 8 mg/ml and cul-
tured in the absence of NGF exhibited 75.7% of the
NGFinduced survival at day 2, #2.5% at day 5, and
41.1% at day 9. The values obtained with neurons tritu-



A
= 100
~ E9 DRG
s
= T
n
=
o
5 501
[ ]
=
g
5 25
z
3
Lo 0 0004 1
e

No factor NGF

C
=
& 1007 £g cIL e
5
T 751
"
=
e
2 50
|
g
= 254
3
3
"

0 =t

¥ No factor CNTF

100

E6 NOD

~
w

)
w

% surviving neurons after 48 h
w
o

No factor

100
E12 NOD
754
504

254

% process—bearing neurons oftar 24 h

0- d
No factor

"BONF

Figure 3. Neuronal Survival and Process Qutgrowth in Dorsal Root, Ciliary, and Nodose Ganglia Following Trituration in the Presence of T24-

ras and Controls

Dorsal root, ciliary, and nodose ganglia were dissected at different embryonal ages and triturated in the presence of T24-ras (2.5 mg/ml, cross-
hatched bars) or T-ras (2.6 mg/ml, blank bars). Neuronal survival was determined at the times indicated in both the absence and the presence
of saturating concentrations of the respective factors. For E12 nodaose ganglion neurans, the percentage of process-bearing neurons was deter-
mined after 24 hr. Repeat experiments were performed at least twice for each neurenal popuiation, yielding essentially identical results regard-
less of the control protein used (Tras or ¢-ras). In the case of E6 nodose ganglion neurons, only two experiments were performed, using
in both cases c'-ras as the control protein. Data shown are means + SD of triplicate or guadruplicate determinations. (A) £9 DRG; (B) E6

nodose ganglia; (C) E8 ciliary ganglia; (D) E12 nodose ganglia.

rated in the presence of 2.5 mg/ml T24-ras were cor-
respondingly lower, i.e., 54.4%, 31.6%, and 11.6% of the
NGF-induced survival after 2, 5, and 9 days, respectively.
BDNF-Responsive Nadose Ganglion Neurons
To determine whether the survival effects of T24-ras
could also be observed in non-NGFresponsive neurons,
we next used the placode-derived neurons of the no-
dose ganglia. It has recently been shown that, in birds,
NGF has no survival effect on these neurons in vitro
(Lindsay et al., 1985) or in vivo (Hofer and Barde, 1988).
However, a substantial proportion of these neurons can
be supported by BDNF, both in vitro and in vivo (Lindsay
etal., 1985; Hofer and Barde, 1988). Trituration of E6 no-
dose ganglia in the presence of T24-ras at 2.5 mg/ml
resulted in the survival of 25.8% of neurons after 2 days
in culture in the absence of BDNF, compared with 3.5%
in the presence of c-ras (Figure 3B). The T24-ras-treated
cells were able to grow out processes under these condi-
tions. However, fiber outgrowth was not as extensive as
that seen with BDNF (Figures 6B and 6C).

It should be noted that, in the presence of BDNF, sur-

vival of the T24-ras-injected neurons was markedly
higher than that of the T-ras-injected neurons (77.1%
versus 54.7%; Figure 3B). The survival eifect of T24-ras
was reversible in a time-dependent fashion similar to
that observed for DRG neurons (data not shown).
CNTF-Responsive Ciliary Ganglion Neurons
Parasympathetic neurons from the ciliary ganglia at E8
die very rapidly (within 24 hr) in culture unless the
medium is supplemented with the purified protein
CNTF (Barbin et al., 1984). These neurons are unable to
survive in the presence of either NGF cr BDNF. When
triturated in the presence of T24-ras, 33% of the neurons
dissociated from E8 ganglia survived and grew neurites
(Figure 3C; Figure 6E), compared with 2.3% with T’-ras.
Survival in the presence of CNTF was about 97% for
both populations.

Neurite Outgrowth-Promoting Effect of ras p21

To test whether activated ras p21 could induce neurite
outgrowth independently of its survival-promoting activ-
ity, we used E12 nodose ganglion neurons as a model



Figure 4. Phase-Contrast Micrographs of E9 DRG Neurons Triturated in the Presence of T24-ras, c-Ha-ras, or T-ras

Protein concentrations were as follows: T24-ras, 25 mg/ml (A and B); c-Ha-ras, 2 mg/ml (C and D}; T-ras, 2.6 mg/ml (E and F). Cells were
cultured in either the absence (A, C, and E) or the presence (B, D, and F) of NGF (20 ng/ml) on laminin-coated culture dishes for 48 hr. In
the case of T24-as, the neurons appear identical regardless of the presence (B) or absence (A) of NGF. Note the difference in size between
¢-Ha-ras-injected neurons (C) and neurons injected with T24-ras and/ior treated with NGF (A, B, D, and F). Bar, 50 um.

system. At E12, the placode-derived sensory neurons of
the nodose ganglion are no longer dependent on BDNF
for survival in vitro, but they fail to extend neurites, even
on laminin-coated dishes, when cultured in the absence
of BDNF (Lindsay et al., 1985). Upon injection with T24-
ras, 56.6% of the cells exhibited marked neurite out-
growth (Figure 7B), which was morphologically indistin-
guishable from the BDNF effect. On the other hand,
only 3.7% of the Tras-injected cells showed neurite out-
growth under these conditions. The remaining T-ras-in-
jected cells were devoid of processes as shown in Figure
7A. BDNFinduced neurite outgrowth in the T24-ras-
injected population was significantly and reproducibly
higher than that in the Tras-injected population (73.5%
versus 34.6% in the experiment shown, P < 0.02, Stu-
dent’s t test, two-tailed).

Discussion

Very little is presently known about the mechanisms
transducing the neuronal survival effects of neuro-
trophic factors such as NGF. One important clue has
been given by experiments performed on the NGF-
responsive tumor line PC12: Bar-Sagi and Feramisco
(1985) and Noda et al. (1985) have presented convincing
evidence that the ras gene product p21, when microin-
jected into PC12 cells in its activated form, induces
blockade of cell division and fiber outgrowth from these
cells. In addition, injection of function-blocking anti-
bodies to ras into these cells blocks the effects of NGF
added extracellularly (Hagag et al., 1986). To test the ef-
fect of ras on neuronal primary cultures, we used a tritu-
ration method for the introduction of ras proteins into
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Figure 5. Dose-Response and Time Course Curves

(A) Dose-response curves for T24-ras and ¢-Ha-ras. E9 DRG were
triturated as described in Experimental Procedures in the presence
of increasing concentrations of T24-ras {open circles) and c-Ha-ras
(filled circles). Neuronal survival was determined 48 hr after plat-
ing. Final concentrations in the trituration solution were as follows:
T24-ras, 0.25, 0.8, 2.5, 8, and 25 mg/ml; c-Ha-ras, 1, 3, 10, and 30
mg/ml. All data shown are means + SD of triplicate or quadrupli-
cate determinations.

(B} E9 DRG time course. E9 DRG were triturated in the presence
of T24-ras at 8 mg/ml (circles) or 2.5 mg/ml (triangles). The cultures
were maintained in either the absence {open symbols} or the pres-
ence (filled symbolsi of NGF (20 ng/mi). All data shown are means
+ 5D of biplicate deterninalions,

the neuronal cytoplasm, based on the scrape-loading
procedure described by Ortiz et al. (1987). Using this
technique, we could demonstrate a survival and neurite
outgrowth-promoting effect of T24-ras in primary cul-
tures of three different types of neurons responding to
three different proteins, NGF, BDNF, and CNTF. These
findings suggest that these neurons share a common, in-
tracellular signal transduction mechanism resulting in
survival and fiber outgrowth.

In the first series of experiments, we found that NGF
responsive DRG neurons could survive and grow out
processes in the ahsence of NGF when loaded with T24-
ras. No such effects were seen using the C-terminally

truncated counterparts T-ras and c’ras. This is most
likely due to the expected inability of the T" and ¢’ pro
teins to become acylated at the C-terminus. Endogenous
ras proteins are known to become palmitylated at a cys-
teine at position 186, which is deleted in T'-ras and c'-ras.
This posttranslational step is essential for the membrane
binding and transforming activity of ras p21 (Willumsen
et al., 1984; Chen et al., 1985).

The effects of T24-ras were found to be strongly dose-
dependent. Almost complete survival, vigorous neurite
outgrowth, and pronounced cellular hypertrophy could
be observed with 25 mg/ml T24-ras in the trituration so-
lution. At this concentration, the ras-induced response
cannot be distinguished from the effects of NGF on
these cells. These data also indicate that practically all
neurons in this system are capable of responding to
microinjected ras p21. Since the cells exhibit a signifi-
cant degree of variation in the uptake of exogenous ras
protein (see Figure 1), it is likely that, with increasing ras
concentrations, the proportion of neurons that have
taken up the threshold amount of ras necessary for
promoting survival increases. After 3 days, the response
induced by ras in E9 DRG neurons started to fade slowly,
presumably because of intracellular degradation of T24-
ras (Figure 5B). Importantly, the prolo-oncogene ¢-Ha-
ras, although clearly less active than T24-ras, was also
found to support the survival of DRG neurons in a dose-
dependent fashion (Figure 4C; Figure 5A), suggesting
that endogenous, ras-like cellular proteins might medi-
ate the effects of NGF. The difference between the ef-
fects of T24-ras and c-Ha-ras could reflect the known in-
herent difference in biological potency between the two
proteins (Barbacid, 1987), since their uptake efficiencies
with the trituration method appcar to be very similar
{see Figures 1A and 1C).

The results obtained with NGFresponsive neurons
prompted us to test the possibility that BDNFrespansive
neurons might also show factor-independent survival
with T24-ras. This seemed all the more interesting, since
recently the neuronal BDNF receptors have been de-
fined in terms of their dissociation constants (Rodriguez-
Tébar and Barde, 1988): high-affinity (K; 10~"" M) and
low-affinity (K, 10°% M) receptors were found. These
dissociation constants are essentially identical to those
reported hefore for the neuronal NGF receptors (Sutter
et al., 1979}, and it has been speculated that a ras-like
protein might participate in the interconversion from
low- to high-affinity NGF receptors {Radeke et al., 198/).
We found that in E6 placode-derived, BDNFresponsive
sensory neurons from the nodose ganglia, T24-ras in-
duced survival with neurite outgrowth to an extent con-
sistent with the amount of T24-ras used (2.5 mg/ml; Fig-
ure 3B). In addition, T24-ras was found to promote
survival-independent neurite outgrowth in E12 nodose
ganglon neurons (Figure 3D). Interestingly, at £6 and
E12, the effects of T24-ras plus BDNF were found to be
higher than those obtained with BDNF alonc at saturat-
ing concentrations (Figures 3B and 3D; Lindsay et al.,
1985). This could mean that T24-ras is able to mimic the
action of other neurotrophic factors, in addition to



Figure 6. Phase-Contrast Micrographs of E6 Nodose Ganglion and E8 Ciliary Neurons Triturated in the Presence of T'-ras or 124-ras

E6 nodose ganglion neurons (A-C) and E8 ciliary neurons (D-F) were cultured on laminin-coated dishes. Cells were triturated in the presence
of T-ras at 2.6 mg/ml (A, C. D. and F) or T24-ras at 2.5 mg/m| (B and E) and cultured in either the absence (A, B. . and E) or the presence
(C and F) of neurotrophic factor (BDNF or CNTF; 10 ng/ml). After 48 hr in culture (24 hr for ciliary neurons), only degenerating cells and
cell remnants remained in T-ras-injected control cultures (A and D}, Bar. 50 um.

BDNF, acting on nodose neurons such as the one con-
tained in liver extracts (Lindsay and Rohrer, 1985). Fi-
nally, we used E8 parasympathetic neurons, known not
to be supported in culture by NGF or BDNF, but by
CNTF (Barbin et al., 1984). Again in this system, T24-ras
induced survival and fiber outgrowth (Figure 3C).

Why are such high concentrations of T24-ras needed
to obtain a full survival effect in cultured neurons? One
possible explanation is that, in addition to the need to es-
cape proteolytic degradation (a general problem when
introducing proteins into the cytoplasm), T24-ras ex-
pressed in E. coli is not palmitylated, but must be acyl-
ated to exert its biological activity. Presumably, as a re-
sult of these obstacles, only a small proportion of active
T24-ras reaches its submembranous destination. Consis-
tent with this interpretation is the observation that no
fluorescence shift from the cytoplasm to the plasma
membrane could be observed with the confocal laser
scanning microscope in PC12 cells or neurons triturated
with T24-ras coupled to rhodamine (Figure 2; unpub-
lished data).

Thus, in summary, our results show that T24-ras intro-
duced into the cytoplasm of embryonic neurons can
replicate the typical biological activity of neurotrophic

factors in vitro, namely survival and fiber outgrowth. It
is tempting to speculate that ras or ras-like proteins are
involved in the intracellular transduction of signals initi-
ated by the binding of various neurotrophic factors to
their specific receptors. It is interesting to note in this
context that the c-ras proto-oncogene products have
been detected in a variety of neurons, both during devel-
opment and in the adult (Furth et al., 1987).

Experimental Procedures

Materials
NGF and BDNF were puriited as described by Hofer and Barde,
(1988). CNTF was purified from adult rat sciatic nerve as described
by Manthorpe et al. (1986). Plastic dishes for pre-plating were from
Nunc, Wiesbaden, FRG. Petriperm dishes for final plating were
from Heraeus. Pasteur pipettes were from Wu, Mainz. F14 medium
was from GIBCO, horse serum was from Boehringer Mannheim,
and laminin was from BRL. All other reagents were from Sigma.
Cell counting was performed on a Zeiss ICM 405 inverted micro-
scope using phase-contrast objectives with a high numerical open-
ing as described below. Magnification was 320x.

Cell Culture
Chick embryonic DRG neurons (£9), ciliary ganglion neurons (C0).
and nodose ganglion neurons (E6 and E12) were isolated from the



Figure 7. Phase-Contrast Micrographs of E12 Nodose Ganglion
Neurons Triturated in the Presence of T'-ras or T24-ras

E12 nodose ganglion neurons were cultured for 24 hr on laminin-
coated dishes. Neurons were triturated in the presence of T-ras at
2.6 mg/ml {A) or T24-ras at 2.5 mg/ml (B). Note the phase-bright,
nondegenerating neurons without processes in (A). Bar, 50 um.

corresponding ganglia at the indicated ages and cultured using pre-
viously described methods (Lindsay et al., 1985: Hughes et al,
1988}. After trypsinization and dissociation {see below!, the cell sus-
pension was pre-plated as described (Lindsay et al., 1985). The
neuron-enriched cell suspensions were plated on Heraeus Petri-
perm dishes with Flexiperm divisions (1.7 cm well diameter) that
had been coated sequentially with poly-DL-ornithine (1 mg/ml) and
laminin {5 pg/ml) as described for plastic dishes (Callins, 1978;
Edgar et al., 1984). The cell density was approximately 5000 cells
per 1.7 cm well. The bottom of the Petriperm dishes consists of a
20 um thick plastic foil. This allows the use of objectives with a high
numerical opening and thus greatly enhances the fluorescence
gain in the inverted microscope. No difference in neuronal survival
or neurite outgrowth was observed as compared with the usual
plastic tissue culture dishes, which were used for some of the repeat
experiments.

Immediately after plating, survival factors were added to the ap-
propriate wells at the following final concentrations: NGF, 20
ng/ml; BONF, 10 ng/ml; CNTE, 10 ng/iml. The cultures were main-
tained with F14 medium containing 10% heat-inactivated horse se-
rum (F14/H3) at 37°C and 3.5% CO; in a humidified environment.

One hour after plating, selected areas of each well, constituting
approximately 10% of the well surface, which had been marked
with a felt-tip pen prior to the laminin coating, were scanned tor
the presence of phase-bright cells. This procedure was repeated af-
ter 24-72 hr, depending an the neuronal types, to determine the
survival rate. Thus, the survival rate is based on the number of cells

that have survived the trituration procedure (see below). In the time
course experiment, survival rates were repeatedly determined be-
tween 24 hr and 9 davs after trituration, as indicated in Figure 5B.

In the case of E12 nodose ganglion neurons, areas were scanned
for the presence of phase-bright cells once, 24 hr after plating. At
the same time, the percentage of process-hearing neurons (neurite
length 24 cell body diameter) was determined,

Microinjection Procedure (Trituration Method)

Direct microcapillary microinjection, used in preliminary experi-
ments, was performed as described (Graessmann et al., 1980) using
an Eppendorf/Zeiss microinjection system with pre-pulled capil-
lanes. In all experiments shown, however, the molecules of interest
were introduced into the cytoplasm by the following trituration
method: ganglia were incubated for 30-45 min at 37°C with trypsin
(0.25% in Ca?*/Mg"*-free PBS) and then washed with an excess of
F14/HS medium. The ganglia were then centrifuged at 40 x g for
5 min, and the medium was carefully removed until only 5-10 ul
was left. A highly concentrated solution of the macromolecule to
be injected (20-30 pl) was then added, and the gangla were dis-
sociated {triturated) by slowly fiushing the whole solution (total vol-
ume 25-40 ul} 20 times through a siliconized Pasteur pipette (i.1
mm inner diameter) held at the bottom of a 1.5 ml Eppendorf tube.
As described (McCarthy and Partlow, 1976; Brundin et al., 1985),
mechanical dissociation procedures create membrane damage to
the neurons (see also Sendiner et al., 1988), but we found that more
than 30% of the DRG neurons (based on an estimated average of
10,000 neurons per E9 DRG) survived this treatment. The neurons
could be rescued by NGF. BDNF, or CNTF and maintained in cul-
ture for several days. Thus. the mechanical damage experienced hy
the cells, while allowing faor the intraduction of substantial amounts
of exogenous protein into the cytoplasm, did not dramatically im-
pair cell viability. However, this procedure tends to introduce a hias
toward smaller neurons: in the DRG experiments {Figure 3A; Figure
5B), the proportion of neurons surviving with NGF alone is higher
than that reported under identical culture conditions, after a milder
dissociation procedure (Lindsay et al., 1985; Acheson et al., 1987)
In the DRG, smaller, NGFresponsive neurons are probably se-
lected at the expense of larger, BDNFresponsive neurons, includ-
ing presumably the proprioceptive neurons known to respond to
BDNF (Davies et al., 1986). In the other ganglia studied (nodose
and ciliary}, the spectrum of neuronal diameters is parrower than
that in the DRC. and in accord with this, the survival data obtained
with either BDNT or CNTF are identical to those reported earlier
{Lindsay et al., 1985; Hughes et al., 1988).

The effictency of the trituration procedure for neurons was moni-
tored by trituration with rhodamine-labeled ras p21 protein (Figure
1}. Injection freguency approached 100% in all cell populations
studied, irrespective of the ras protein used. The intracellular local-
ization of the fluorescent protein was established with the help of
a Bio-Rad confocal laser scanning microscope (Figure 2).

After trituration, 1.3 ml of F14/HS was added to the solution and
the cell suspension was centrituged tor 10 min at 100 x g. The
medium was again removed almost completely, and 1.3 m! of fresh
medium was added to the cell pellet. This second centrifugation
step was performed to remove uninjected material from the culture
medium. The cells were then carefully resuspended and pre-plated
as described above.

ras p21: Purification and Rhodamine Labeling

The ras p21 proteins used here (c-Ha-ras, its derivative T24-ras, and
their truncated versions Tras and cfras) were produced in E. coliand
purified basically as described (Tucker et al., 1986). The truncated
versions of T24-as and c-Ha-ras were obtained by inserting a stop
codon {(UAA) in place of the lysine 167 codon (AAA} (1. . and A. W.,
unpublished data). Coupling of ras p21 to rhodamine isothiocyan-
ate was performed as follows: 5-10 mg/mi p2 | (dissolved in 30 mm
EPPS-sodium [pH 8.13] [Sigmal, 5 mM MgCls, 1 mM dithioerythr-
eitol) were allowed to react with 20 ng/ml rhodamine isothiocyan-
ate (stock solution T mg/ml in acetone) for 5 hr at 4°C. To remove
the uncoupled dve, the reaction mixture was then filtrated twice
through a PDI0 pre-packed gel filtration column (Pharmacia)
equilibrated with standard p21 buffer B (64 mM Tris, 50 mM HCI,



10mM MgCl;, 0.5 mM dithioerythreitol [pH 7.6]) at 4°C (Tucker et
ai, 198k). This buffer was also used for dilution of the protein
when necessary. The free rhodamine was seen to react with the
column material during the first round of filtration; no uncoupled
dye could be detected during the second chromatography. Nota-
bly. the rhodamine-labeled ras p21-preparations retained the same
biological activity as their unlabeled counterparts, as described in
Figure 1.

PC12 Control Experiments

The biological activity of the proteins injected using the trituration
method was first established in PC12 celis. We found that, when in-
troduced by the trituration method into PCI2 cells, T24-1as al 2.5
mg/ml induced 25% of the cells to grow out neurites (see also Bar-
Sagi and Feramisco, 1985). Trras and cras were found to be totally
devoid of biological activity in PC12 cells, while c-Ha-ras at 2 mg/ml
caused 4% of the cells to produce fibers (data nat shown).
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