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Abstract 

Exogenous proteins have been introduced into naive and nerve growth factor (NGF)-primed 
pheochromocytoma cells by pressure microinjection. Microinjection of cells did not affect NGF- 
induced neurite outgrowth by these cells over periods of up to 3 days. Injected NGF failed to elicit 
neurite outgrowth or regeneration in the absence of extracellular NGF and failed to enhance it in its 
presence. Injected anti-NGF IgG failed to inhibit neurite outgrowth or regeneration induced by 
extracellular NGF. Similar results were obtained for both nuclear and cytoplasmic injections. 

It is the conventional view that peptide hormones bind 
to specific receptors on the surface of a target cell and 
subsequently are internalized. The internalization results 
in degradation of the hormone but may also serve to 
transport the peptide to an intracellular locus of action 
(e.g., the nucleus). It is not known whether responses of 
the target cell may be provoked solely from the cell 
surface, by direct or indirect action of the hormone 
intracellularly, or by simultaneous action from both lo- 
cations. In the case of nerve growth factor (NGF), a 
chemically defined agent which promotes the survival 
and development of peripheral sensory and sympathetic 
neurons, there is evidence for both specific cell surface 
receptors for NGF (Greene and Shooter, 1980; Yankner 
and Shooter, 1982) and NGF internalization (Hendry et 
al., 1974; Norr and Varon, 1975; Andres et al., 1977), but 
little information on the role of internalized hormone. 
Possibilities for direct involvement of NGF in transcrip- 
tional and non-transcriptional events have recently been 
investigated by several groups using [““I]NGF in subfrac- 
tionation (Yankner and Shooter, 1979) or autoradi- 
ographic studies (Schwab and Thoenen, 1977; Carbo- 
netto and Stach, 1982; Claude et al., 1982; Hogue-Ange- 
letti et al., 1982; Rohrer et al., 1982; Bernd and Greene, 
1983) or examining the interaction of NGF with cytoske- 
letal proteins (Levi et al., 1975; Calissano et al., 1978; 
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Nasi et al., 1982). There is some evidence for association 
of exogenous NGF with nuclear structures (Andres et al., 
1977), particularly the nuclear membrane (Yankner and 
Shooter, 1979; Bernd and Greene, 1983); others do not 
observe significant nuclear labeling (Claude et al., 1982; 
Hogue-Angeletti et al., 1982; Rohrer et al., 1982) and they 
ascribe previous observations to system artifact (Rohrer 
et al., 1982). Also, NGF has been shown to bind to, and 
to alter the polymerization of, tubulin (Levi et al., 1975) 
and actin (Calissano et al., 1978; Nasi et al., 1982). While 
these experimental approaches are valuable, it is not 
possible to assess the functional significance of a partic- 
ular level of cytoplasmic or nuclear NGF using these 
techniques. 

Our approach to determining the role of intracellular 
NGF has been to introduce the protein or its antibody 
directly into a responsive cell by means of glass micro- 
pipettes which penetrate the plasmalemma and through 
which materials may be injected by pressure. We describe 
in this paper the effects of microinjected NGF and of 
microinjected antibodies to NGF on the outgrowth of 
neurites from the clonal pheochromocytoma line PC12 
(Greene and Tischler, 1976, 1982). With this target cell, 
both transcription-dependent initiation of outgrowth and 
transcription-independent regeneration can be studied, 
since cell survival is independent of the presence of NGF. 
Our experiments cover nuclear and cytoplasmic injection 
of material and both rapid (l-day) and longer term (3- 
day) neurite responses from the PC12 cell. 

Materials and Methods 

Cell culture. The rat pheochromocytoma clone PC12 
was grown in medium made up of 85% Roswell Park 
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Memorial Institute Medium (RPMI) 1640 (Grand Island 
Biological Co.), 10% heat-inactivated horse serum (K.C. 
Biological), and 5% fetal calf serum (K.C. Biological) (v/ 
v) at 36°C in a water-saturated, 7.5% carbon dioxide 
atmosphere. Cells were plated onto an adhesive substra- 
tum consisting of an air-dried mixture of collagen and 
polylysine. The amount of rat-tail collagen used (Born- 
stein, 1958) was determined empirically as the minimum 
giving satisfactory NGF-induced neurite outgrowth from 
PC12 when used alone, and this was supplemented with 
10 pg of polylysine hydrobromide/dish (60-mm diame- 
ter). A mixed solution of collagen and polylysine was air- 
dried onto the dishes over a period of hours. Dishes 
treated in this way were equilibrated with culture me- 
dium for 2 hr prior to plating of cells. The cell density 
was 5.2 X lo4 cmp2. 

For regeneration experiments, PC12 cells were 
“primed” by maintenance in RPM1 1640 containing 1% 
horse serum and 50 ng ml-l of NGF for at least 7 days 
prior to their use. Neurites were broken off as the cells 
were removed from the dish by expulsion of medium 
from a Pasteur pipette and also in the subsequent tritur- 
ations to break up clumps of cells. In order to remove 
adherent NGF, samples were washed three times in 10 
ml of NGF-free medium before replating onto collagen 
+ polylysine-treated dishes. Since the half-time for loss 
of the capacity for rapid, NGF-induced neurite outgrowth 
is about 16 hr (Burstein and Greene, 1978), microinjec- 
tions were carried out no more than 4 hr after replating. 

Sources of materials and chemicals. NGF (2.5 S) was 
prepared in our laboratory by the method of Mobley et 
al. (1976). Fluorescein isothiocyanate, bovine serum al- 
bumin, and ovalbumin were from Sigma Chemical Co., 
St. Louis, MO, and tetramethyhhodamine isothiocyanate 
was from Research Organics, Inc., Cleveland, OH. Form- 
aldehyde solution (37% w/v) was obtained from Fisher 
Scientific Co., Pittsburgh, PA. 

Preparation of anti-NGF and of an anti-NGF IgG 
fraction. Anti-NGF was prepared using rabbits as de- 
scribed previously (Zanini et al., 1968) and was employed 
at a dilution (1:200) sufficient to neutralize in excess of 
50 ng ml-’ of NGF. 

An anti-NGF IgG fraction was prepared from this 
antiserum by ammonium sulfate fractionation and DE- 
cellulose chromatography. Solid ammonium sulfate (2.3 
gm) was slowly added to 10 ml of antiserum. The mixture 
was allowed to stand for 1 hr at room temperature and 
then was centrifuged at 8000 rpm for 20 min. The pellet 
was taken up in 5 ml of 5 mM sodium phosphate, pH 6.5, 
and then dialysed against two l-liter aliquots of the same 
buffer. Pre-swollen DE-52 (3 gm), which had been pre- 
equilibrated with 5 mu sodium phosphate, pH 6.5, was 
added to the dialysed serum fraction, and the mixture 
was agitated gently for 60 min at room temperature. 
Centrifugation gave a supernatant IgG fraction which 
was dialysed against water, lyophilized, and redissolved 
in a small volume of buffer M (see below). This solution 
was assayed for its ability to inhibit PC12 neurite regen- 
eration induced by 50 ng ml-’ of NGF and had a titer of 
1:3000. 

Preparation of rhodamine/ovalbumin (RO). RO was 
prepared by adding 0.1 vol of rhodamine isothiocyanate 
(10 mg ml-’ in dimethyl sulfoxide) to ovalbumin (10 mg 

ml-‘) dissolved in 100 mM sodium borate, pH 8.5. The 
mixture was incubated at 37°C for 1 hr and then dialysed 
extensively against half-strength phosphate-buffered sa- 
line (PBS). The solution was sterile-filtered and stored 
frozen. 

Preparation of @orescein/bovine serum albumin 
(FB). FB was prepared by adding 100 ml of 0.5 mM 
fluorescein isothiocyanate in 50 mM sodium phosphate 
+ 75 mM sodium chloride, pH 9.5, to 10 ml of 30 mg ml-’ 
bovine serum albumin. The protein was dissolved in the 
same buffer and was contained in a dialysis bag. Reaction 
was allowed to proceed for 16 hr at 4°C and was then 
terminated by extensive dialysis at room temperature 
against half-strength PBS until color was no longer de- 
tectable in the dialysate. The FB solution was sterile- 
filtered before storage. 

Pressure microinjections. Pipettes for microinjections 
were drawn from l-mm outside diameter glass tubes 
(TWlOOF, W-P Instruments, Inc., New Haven, CT) using 
an Ml micropipette puller (Industrial Science Associates, 
New York, NY). Tip diameters were estimated as 0.5 pm. 
Micropipettes were backfilled with injection solutions 
and fitted into a tubular pipette holder (Leitz) which was 
connected by plastic tubing to a glass 50-ml gas syringe. 
The pipette holder was attached to a Leitz micromanip- 
ulator used for steering the micropipette. Injections were 
visualized with a Leitz Diavert inverted microscope. 

The injection solutions were: FB, fluorescein/bovine 
serum albumin derivative, 10 mg ml-’ in buffer M (50 
mM 2-(N-morpholino)ethane sulfonate + 0.5 mu mag- 
nesium chloride, pH 6.9); RO, rhodamine/ovalbumin de- 
rivative diluted to 3 mg ml-’ with buffer M (& 0.5 vol of 
50 mM sodium acetate, pH 5.0); RO + NGF, 1 vol of RO 
to 1 vol of NGF (250 I-18 ml-’ in 50 mM sodium acetate, 
pH 5.0); RO + AbNGF (antibodies to NGF), 1 vol of RO 
to 1 vol of anti-NGF IgG (titer, 1:3000) in buffer M. To 
remove particulate material which would otherwise have 
blocked the micropipettes, fluorescent markers were 
passed through 0.22~pm Millipore filters (SLGS0250S) 
and added to NGF or its antibodies, and then the mixture 
was centrifuged at 13,000 x g for 10 min immediately 
prior to use. 

Plates were marked on their undersides in order to 
delimit areas in which microinjection was to take place. 
Sterile HEPES buffer (5 to 10%; 250 mM, pH 7.4; sodium 
salt) was added to the medium in each plate to stabilize 
extracellular pH. Normally, 50 cells were injected per 
dish. Subsequently the cells were washed three times 
with 3 ml of complete medium to remove HEPES buffer 
and any material spilled in the course of microinjection, 
and then either NGF or anti-NGF serum was added. 
After the appropriate period of incubation under the 
standard culture conditions, plates were gently washed 
twice with 3 ml of PBS, and the injected cells, identified 
from fluorescence of co-injected RO or FB, were scored 
immediately for process growth using a Leitz Ortholux 
fluorescence microscope fitted with a Zeiss Neofluar x 
25 water-immersion phase objective. Cells were then 
fixed for about 2 hr in PBS containing 3.7% (w/v) form- 
aldehyde, gently washed in PBS, and restored using an 
inverted microscope for process outgrowth from non- 
injected cells lying outside the delimited area. The effects 
of injection were thus determined by direct comparison 
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with non-injected cells in the same plate. Sister cultures 
of non-injected cells (signified by open squares in Figs. 
2 and 3), given the complementary treatment with either 
NGF or anti-NGF serum, were used for assessment of 
NGF-dependent or spontaneous process growth, respec- 
tively. If the medium for cultures of injected cells con- 
tained NGF, sister cultures were kept in NGF-free me- 
dium; if the medium for cultures of injected cells con- 
tained antiserum to NGF (AsNGF), sister cultures were 
kept in NGF-containing medium. Hence, for experiments 
on naive cells, seven cultures were set up. On day 0, three 
cultures were injected and a fourth culture was scored. 
Subsequently, one injected culture and one sister culture 
were scored on each of days 1, 2, and 3. Arrangement of 
individual experiments is described in detail in the figure 
legends. 

Quantification of injection volume. It was necessary 
to measure the injection volume in order to determine 
the moles of protein injected. To do so, fluorescence 
intensity from cells microinjected with RO was compared 
quantitatively with that from a small, known volume of 
a standard solution of the injected RO. Fluorescence 
intensity was measured from microinjected cells using a 
Leitz Orthoplan microscope equipped with an MPV pho- 
tometer. Background fluorescence from non-injected 
cells was also determined. The standard injection solu- 
tion used for comparison was diluted into PBS and 
contained in a hemacytometer. Fluorescence measure- 
ments were made on the standard with the same micro- 
scope configuration used for cells. Since the size of the 
measuring aperture was known (90 pm diameter) and the 
thickness of the RO solution was set by the hemacyto- 
meter (100 pm), the volume of the standard solution 
contributing fluorescence could be determined. (Inde- 
pendent checks with “sandwiches” of RO solution in 
microcuvettes constructed from coverglasses of various 
thicknesses confirmed that the epifluorescence was col- 
lected with 100% efficiency to thicknesses in excess of 100 
p. The fluorescence intensity was also linear with RO 
concentration.) Care was taken to avoid photobleaching 
of RO in the course of measurement. The injection 
volume derived in this way was 200 + 40 fl (+ SEM, 20 
cells). For cytoplasmic injections, therefore, the amounts 
injected were: 7 X 10-l’ mol/ceU-’ NGF; anti-NGF IgG 
equivalent to at least 6 X 10-l’ mol/cell’ NGF. These 
values are to be compared with values of 10e2’ mol/ceU-’ 
for the content of [12”I]NGF of PC12 cells maintained in 
5 ng r-n-’ of [‘251]NGF for 1 day (Yankner and Shooter, 
1979). Since the volume of a naive PC12 cell was esti- 
mated as 600 + 13 fl (k SEM) from the diameters of 
floating cells (assuming sphericity), our estimate of injec- 
tion volume as a fraction of cell volume (-30%) is sig- 
nificantly greater than those of others (-10%) (e.g., Beck- 
erle and Porter, 1982), though the viability of injected 
cells in our experiments was consistently at least 79%. 
The latter determinations, however, used different 
methods on different cell types. Even if the 10% values 
pertained in the present case, the amount of NGF (or 
antibody equivalent) injected is considerably in excess of 
that accumulating in the cell by conventional endocytotic 
means under conditions capable of eliciting process 
growth. 

Results 

Cytoplasmic injection of marker. A highly fluorescent 
rhodamine isothiocyanate derivative of ovalbumin (rho- 
damine ovalbumin, RO) was used as a marker for injected 
cells in all experiments reported here. This material did 
not appear to alter cells into which it was injected, in 
contrast to fluorescein isothiocyanate derivatives which 
were frequently cytotoxic, either of themselves, or due to 
increased absorption of room light. Non-injected cells 
were autofluorescent under rhodamine excitation, but 
their fluorescence level was considerably less than that 
for injected cells. Injected cells were not scored unless 
their fluorescence intensity was at least 5 times this 
background. (This reference level was set using the pho- 
tometer.) Fluorescence and phase contrast micrographs 
of injected cells are shown in Figure 1. The culture had 
been treated with NGF for 1 day postinjection and prior 
to photography, and this resulted in growth of processes 
by injected cells in a manner identical to that for non- 
injected counterparts. The cell bodies appeared uni- 
formly fluorescent and the processes could also be traced 
by their fluorescence, a situation which assisted in the 
scoring of injected cells. 

Process outgrowth induced by externally applied NGF 
in naive PC12 cells injected with RO alone was quantified 
in an experiment presented in Figure 2A. On day 0, 50 
cells in each of three culture dishes were injected with 
RO solution. The injected cells were located in marked- 
off areas of the dishes. Subsequently, these cultures were 
washed with medium and incubated with 50 ng ml-’ of 
NGF. At daily intervals a dish containing injected cells 
was scored for the percentage of fluorescent cells having 
processes of 10 pm or greater length. (Scored cells were 
required to have fluorescence of at least 5 times back- 
ground and to be entirely healthy in appearance.) The 
dish was then fixed by the addition of 4% glutaraldehyde 
to the medium, and non-injected cells, lying outside the 
delimited area, were scored for lo-pm processes. Culture 
dishes that had not received NGF treatment were fixed 
and scored similarly. (RO-containing cells were sensitized 
to fluorescence excitation by the high internal levels of 
fluorophore, and scoring of these cells was thus cytotoxic. 
Therefore, they could not be assessed on subsequent 
days for the development of processes.) The effects of 
injected RO on process outgrowth from naive PC12 cells 
are illustrated in Figure 2A. NGF induced significant 
process outgrowth, and after 3 days, about 70% of cells 
had processes of 10 pm or greater. Responses for RO- 
injected and non-injected control cells were essentially 
identical, and RO itself did not induce process outgrowth. 
In addition, the great majority of injected cells showed 
no evidence of necrosis. For this experiment 78% of cells 
injected were scored. Of all the cells injected, 85% were 
located (and had fluorescence 5 times background); a few 
cells, in this case 7% of the total, were indeterminate for 
process growth because they were partially obscured by 
adjacent cells. For all of the experiments reported here, 
79% of the injected cells were identified. 

Cytoplasmic injection of NGF into naive cells. Can 
NGF which has been injected into the cytoplasm induce 
process outgrowth in the absence of extracellular NGF? 
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Figure 1. Phase contrast and fluorescence micrographs of a 
PC12 culture. Cells were “primed” by lo-day exposure to 50 ng 
ml-’ NGF and replated, and then a number of cells were 
injected with RO. The two photographs are a phase contrast 
and fluorescence pair of the same field of cells and were taken 
after 24 hr exposure to extracellular NGF (50 ng ml-‘). 

In this case NGF was co-injected with RO as marker and 
with antiserum to NGF added to the culture medium. 
Use of this antiserum prevented stimulation of cell sur- 
face NGF receptors by factor spilled into the medium 
during injection or released by injected cells. Similar 
results were obtained in the absence of antiserum when 
cultures were washed after injection. The protocol was 
identical to that used for the control RO injections. 
Results are plotted in Figure 2B. NGF injected into the 
cytoplasm did not induce process outgrowth compared 
with non-injected cells in the same culture dishes, despite 
the obvious responsiveness of the (non-injected) sister 
cultures to extracellularly applied NGF. The injected 

injected/medium TIME [dl 

Figure 2. Neurite outgrowth from naive cells: cytoplasmic 
injections. Naive cells were treated with NGF as described 
under “Materials and Methods.” A cell was scored as positive 
for process growth if it had at least one process of 10 e or 
more in length. 0, microinjected cells; 0, control, non-injected 
cells present in the same plate as microinjected cells; 0, cells 
from non-injected sister cultures given the converse external 
NGF treatment to injected cells. That is, for A, the injected 
and non-injected cells were supplied with extracellular NGF, 
whereas sister cultures were maintained in NGF-free medium; 
in B, injected and non-injected cells received extracellular 
AsNGF, whereas sister cultures received extracellular NGF; in 
C, injected and non-injected cells received extracellular NGF, 
whereas sister cultures were in NGF-free medium; in D, injected 
and non-injected cells received extracellular NGF, whereas 
sister cultures were in NGF-free medium. Compositions of the 
injection solutions and of the media, indicated in A to D as 
injected solution/medium, are given under “Materials and 
Methods.” The number adjacent to each solid circle is the 
number of injected cells scored for that datum-point. The error 
bars for injected cells were estimated by scoring six equivalent 
groups of non-injected cells. The number in each of these 
groups was the number of injected cells scored. The error bars 
for injected cells are therefore valid estimates if it is assumed 
that outgrowths from injected and non-injected cells are the 
same. The error bars plotted for the injected cell points are 
standard deviations. In other cases the data points are each 
based on counts of 300 cells and the error bars are standard 
errors of the means; most of these error bars lie within the 
limits of the data symbols. 

cells were similar in other aspects of morphology to 
untreated PC12 cells. They did not, for example, show 
any of the NGF-dependent flattening (P. J. Seeley, L. 
Blum, and L. A. Greene, unpublished observations) or 
hypertrophic (Greene and Tischler, 1976; Gunning et al., 
1981) responses. 

If cytoplasmic NGF is unable to provoke process out- 
growth, can it enhance or otherwise affect outgrowth 
induced by extracellular NGF? For this experiment NGF 
was co-injected with RO marker and simultaneously 
added to the culture medium at 50 ng ml-‘. Process 
outgrowth (Fig. 2C) was not any more rapid or extensive 
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for injected cells than for controls receiving NGF solely 
from the extracellular space. Thus, in these experiments, 
NGF injected into the cytoplasm did not show any activ- 
ity in a neurite generation assay extending over several 
days. 

Cytoplasmic injection of anti-NGF into naive cells. 
The converse of the above experiment is to test for 
inhibition of NGF-induced process outgrowth by injected 
anti-NGF antibody. For this purpose an IgG fraction 
active against NGF was separated from antiserum and 
co-injected with RO. Injected anti-NGF IgG did not 
inhibit process outgrowth induced by extracellular NGF 
(Fig. 20). The antibody stimulation of outgrowth ob- 
served here (Fig. 20) has not been observed consistently; 
in other versions of this experiment, process growth with 
injected antibody was somewhat less than in controls. 

Nuclear injections of naive cells. Since evidence has 
been cited for location of NGF at the nucleus (Andres et 
al., 1977; Yankner and Shooter, 1979; Bernd and Greene, 
1983) and since permeability of the nuclear membrane is 
potentially limiting, at least for anti-NGF IgG (Kulka 
and Loyter, 1979), some intranuclear microinjections 
were carried out. RO appears permeant to the nuclear 
membrane; therefore, the efficacy of nuclear injections 
was assessed from microinjection of fluorescein conju- 
gates of bovine serum albumin (FB). One day after 
nuclear injection of FB, there was bright fluorescence 
over the nucleus and much fainter fluorescence over the 
cytoplasm. This form of injection is therefore more pre- 
cisely described as “predominantly nuclear.” Since, as 
noted above, some samples of FB were cytotoxic over 
longer periods of incubation, RO was used as the marker 
for nuclear injection experiments. Recovery of cells from 
RO nuclear injections was 46%, which was less than the 
recovery for cytoplasmic injections. It is not known 
whether this was due to fluorescence intensity effects or 
cell death from injection. Results of experiments in which 
naive PC12 cells were injected with either RO + NGF or 
RO + anti-NGF IgG are shown in Figure 3. NGF injected 

PER CENT CELLS WITH PROCESSES 
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Figure 3. Neurite outgrowth from naive cells: nuclear injec- 
tions. 0, microinjected cells; 0, control, non-injected cells from 
the same plate as microinjected cells; 0, cells from non-injected 
sister cultures given the converse external NGF treatment to 
injected cells. In A, injected and non-injected cells received 
extracellular AsNGF, whereas sister cultures received extracel- 
lular NGF; in B, injected and non-injected cells received extra- 
cellular NGF, whereas sister cultures were in NGF-free me- 
dium. The compositions of the injection solutions and of media, 
indicated in each panel as injected solution/medium, are given 
under “Materials and Methods.” Other details are given in the 
legend to Figure 2. 

into the nucleus did not elicit process outgrowth, nor was 
outgrowth inhibited by injected antibodies. It does not 
appear, therefore, that material injected into the cyto- 
plasm is limited in its action by the permeability of the 
nuclear membrane. 

Process regeneration by injected “primed” cells. For 
PC12 cells, NGF-dependent neurite outgrowth from na- 
ive and NGF-pretreated cells have been shown to differ 
both in their rates and in their requirements for tran- 
scription (Burstein and Greene, 1978). That is, naive 
PC12 cells generate neurites over days by a transcription- 
dependent mechanism, whereas cells that have been 
“primed” by pre-exposure to NGF regenerate neurites 
within 24 hr independently of transcription. The content 
of [Ilz5]NGF (Yankner and Shooter, 1979) and the dis- 
position of such material (Bernd and Greene, 1983) also 
vary with time of NGF treatment of the PC12 cell. Since 
the rate of process growth for NGF-dependent regener- 
ation in PC12 cells is high (250 pm day-‘), this system 
represents a sensitive and rapid assay for neurite growth. 
A number of microinjection experiments were carried 
out on “primed” PC12 cells. The cultures were allowed 
to develop neurites in the presence of NGF for 8 to 13 
days and then were detached from the substratum, 
washed, and replated under a variety of conditions. The 
process of subculturing involved severance of cell bodies 
from neurites. The replated “primed” cells were allowed 
to reattach to the substrate, and microinjections were 
then carried out as for the experiments on naive PC12 
cells. The cells were scored after 1 day of incubation 
using the standard criteria, except that the minimum 
value for process length was 20 pm rather than 10 pm. 
Results of cytoplasmic injections of “primed” cells are 
presented in Figure 4. About 80% of the cells regenerated 
processes of more than 20 pm after 1 day of treatment 
with NGF. As for naive PC12 cells, injection of RO alone 
did not influence NGF-dependent process outgrowth. 
Microinjected NGF did not induce process regeneration 
in the absence of extracellular NGF, nor did it cause any 
significant enhancement of events elicited by the extra- 
cellular NGF. Anti-NGF IgG injected into the cytoplasm 
did not inhibit the action of NGF present in the medium. 
Not only did injected cells match non-injected controls 
for elongation of processes, they appeared morphologi- 
cally indistinguishable. 

Finally, nuclear injections were performed for regen- 
eration of processes. The results are shown in Figure 5. 
NGF microinjected into the nucleus failed to induce or 
accelerate regeneration. Thus, as for naive PC12 cells, 
microinjected proteins were ineffective in altering NGF- 
dependent process formation. 

Discussion 

NGF, which had been introduced into PC12 cells by 
pressure microinjection into the cytoplasm, was not able 
to induce neurite growth in either naive cells or those 
pretreated with NGF, nor was it able to enhance re- 
sponses to NGF added to the culture medium. This 
occurred in the absence of any inhibition of NGF-induced 
neurite growth by the process of injection itself. In par- 
allel experiments, cytoplasmic microinjection of anti- 
NGF antibodies did not cause neurite outgrowth to be 
inhibited for cells which either had or had not received 
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Figure 4. Neurite outgrowth from primed cells: cytoplasmic 
injections. The cells were “primed” by maintenance in medium 
containing 50 ng ml-’ NGF for 8 days. They were then washed 
free of NGF and subcultured onto four plates; then some cells 
were microinjected as described in the text. Scoring took place 
24 hr after injection; cells were scored positive for outgrowth if 
they had at least one process of 20 pm or more in length. 
Numbers above the solid bars are total numbers of injected 
cells scored. Control counts of non-injected cells (open bars) 
are based on 100 cells. For the first plate, cells were injected 
with RO and the culture medium contained 50 ng ml-’ NGF; 
this plate was also used to score neurite outgrowth from non- 
injected cells. For the second plate, cells were injected with RO 
+ NGF and the medium contained AsNGF; residual neurite 
outgrowth from non-injected cells was also scored from this 
plate. For the third plate, cells were injected with RO + NGF 
and the medium contained 50 ng ml-’ NGF. For the fourth 
plate, cells were injected with RO + AbNGF and the medium 
contained 50 ng ml-’ NGF. For these third and fourth plates, 
neurite outgrowth from non-injected cells was nearly equal to 
that for the first plate. Compositions of injected solutions and 
media are given under “Materials and Methods.” 
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Figure 5. Neurite outgrowth from primed cells: nuclear in- 
jections. The cells were “primed” by maintenance in medium 
containing 50 ng ml-’ NGF for 8 days, washed free of NGF, and 
subcultured onto two plates; then some cells were microinjected 
as described under “Materials and Methods.” Composition of 
injection solutions and media are also given under “Materials 
and Methods.” For the first plate, cells were injected with RO 
+ NGF and the medium contained 50 ng ml-’ NGF; this plate 
was also used for scoring neurite outgrowth from non-injected 
cells. For the second plate, cells were injected with RO + NGF 
and the medium contained AsNGF; this plate was also used for 
scoring residual neurite growth from non-injected cells. Other 
details are given in the legend to Figure 4. 

prior exposure to NGF. These data are in agreement with 
those from fusion microinjection experiments of Heu- 
mann et al. (1981) and with Huttner and O’Lague’s (1981) 
pressure microinjection experiments with PC12 hetero- 
karyons; the results extend the situations covered to 
neurite regeneration by the PC12 clone. In addition, from 
the present experiments, it was shown that material 
which had direct access to the nucleus as a result of 
nuclear injection had no more effect on neurite growth 
than that introduced by injection into the cytoplasm. 

These experiments are strong evidence against intra- 
cellular action of NGF at the nuclear or cytoplasmic level 
as being sufficient for neurite outgrowth. In particular 
they discount modes of action involving direct binding of 
NGF to cytoskeletal tubulin and actin (Levi et al., 1975; 
Calissano et al., 1978; Nasi et al., 1982) and any mecha- 
nisms involving freely accessible receptor or acceptor 
sites. The intranuclear injections of anti-NGF IgG also 
counter pathways involving simple exposure of NGF 
within the nucleoplasm. If the results of Andres et al. 
(1977), Yankner and Shooter (1979), and Bernd and 
Greene (1983) are taken as indicating physiologically 
significant levels of NGF in nuclear structures, this ma- 
terial must be present in a form that is latent or else no 
longer recognizable by anti-NGF antibodies. 

This type of experiment is limited by the possibility of 
rapid degradation of injected proteins. Native proteins 
injected into cells have been found to turn over with a 
half-time of about 1 day (Stacey and Allfrey, 1977; Za- 
vortink et al., 1979) and there is variation from protein 
to protein. For this reason, by comparison with the 
measured value for NGF uptake (11 fmol (10” cells)-’ 
over 24 hr (Yankner and Shooter, 1979)), large quantities 
of NGF and of anti-NGF IgG were injected (64 and 55 
times, respectively). The fluorescence of RO used to 
mark injected cells decreased by about a factor of 3 over 
3 days (tip, -2 days on the assumption of exponential 
decay). If the same rate of decay of protein pertained to 
injected NGF or anti-NGF, there would still be a com- 
paratively large quantity of injected protein in the cell 
after 3 days of incubation (21 and 18 times the Yankner 
and Shooter (1979) quantity for NGF and anti-NGF, 
respectively). Also, the neurite regeneration experiments 
carried out over 1 day represent a much shorter period 
over which degradation of injected material might occur. 
Finally, it is relevant to note that the flattening responses 
which PC12 cells undergo within the first hour after 
addition of NGF (P. J. Seeley, L. Blum, and L. A. Greene, 
unpublished observations) did not occur with microin- 
jetted NGF, either within 24 hr in these experiments or 
over shorter time periods in the experiments of Huttner 
and O’Lague (1981). It is therefore unlikely that the lack 
of effects of injected proteins on neurite outgrowth is 
caused by limitations in their supply. 

Given that arguments about adequate supply of in- 
jected NGF and anti-NGF IgG have been countered, the 
failure of microinjected NGF and anti-NGF to affect 
neurite outgrowth raises two possibilities. As Heumann 
et al. (1981) have proposed, binding of NGF to cell surface 
receptors may be entirely sufficient for elicitation-by a 
second messenger system-of intracellular events in- 
volved in neurite outgrowth. Alternatively, intracellular 
action of NGF may be necessary for neurite outgrowth, 
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