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Neurite-inducing factor (NIF) is a novel protein that has been 
partially purified from mouse submaxillary glands. NIF induces 
neurite formation in PC12 pheochromocytoma cells, and the 
NIF-induced neurites are indistinguishable from NGF-induced 
neurites in both their morphology and the time course of their 
formation. Neurite-inducing activity can be recovered at a po- 
sition corresponding to a molecular weight of 20,000 Da after 
fractionation of partially purified preparations via SDS-PAGE. 
Partially purified preparations of NIF are about half as potent 
as pure BNGF, and since the neurite-inducing activity does not 
correspond to any of the major proteins in this fraction, specific 
activity of purified NIF will probably be significantly greater 
than the 60 rig/ml found for our partially purified material. NIF 
is distinct from BNGF by four criteria: (1) antibodies to BNGF 
can block the activity of BNGF, but not the activity of NIF; (2) 
BNGF can induce ornithine decarboxylase (ODC) in PC12 cells 
at concentrations significantly below those required to induce 
neurites, while NIF induces ODC only at concentrations greatly 
in excess of those required to induce neurite formation; (3) by 
the criterion of SDS-PAGE, there is insufficient @NGF in our 
partially purified preparations of NIF to explain the biological 
activity of this fraction; and (4) the biological activity of NIF 
has a molecular weight (20,000 Da) that is distinct from /3NGF 
(13,000 Da). We conclude that NIF is probably a novel peptide 
that is very active in promoting morphological differentiation. 
Further work will be required to determine if NIF is a novel 
gene product or an alternatively processed form of NGF with 
distinct immunological and biological properties. 

Cell-cell interactions mediated by diffusible substances are clearly 
important in the development and maintenance of the nervous 
system, and there is considerable evidence that diffusible mol- 
ecules can act as survival factors or modulate the expression of 
differentiated properties in the nervous system (for a review, see 
Berg, 1984). NGF is perhaps the best characterized of these 
factors. The active component of NGF is a 26,500 Da dimer 
(PNGF) of identical subunits that is required for the develop- 
ment and maintenance of the sympathetic and sensory nervous 
systems (Levi-Montalcini and Angeletti, 1968; Thoenen and 
Barde, 1980; Yankner and Shooter, 1982). Since only certain 
populations of cells are responsive to PNGF, it is reasonable to 
expect that other growth factors may exist, and there is evidence 
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for such factors (e.g., Edgar et al., 1981). A number of other 
factors that stimulate neurite production by ganglionic or related 
neural crest tissue have been reported. These factors appear to 
be distinct from NGF by immunological criteria, and in some 
cases a single factor may enhance both neurite extension and 
neuron survival (for a review, see Berg, 1984). For example, C6 
glioma-conditioned media contains a factor that induces neurite 
outgrowth and enhances the survival of neonatal chromaffin 
cells but appears to be distinct from both NGF and the factor 
found in media conditioned by heart cells (Barde et al., 1978; 
Unsicker et al., 1984). There are a number of factors that appear 
to regulate the survival of other classes of neurons (e.g., Barde 
et al., 1982; Varon et al., 1983; for review, Berg, 1984). Neurite 
outgrowth can also be regulated by proteins in the extracellular 
matrix, and in some cases growth factors may interact with 
extracellular matrix (Collins, 1980; Edgar et al., 1984; Lander 
et al., 1982; Vlodavsky et al., 1982). 

In order for a growth factor to be purified and studied it is 
very useful to have a rich source of the factor and a convenient 
assay. The activity of NIF recovered from mouse salivary gland 
is comparable to the activity of NGF. Thus, salivary glands are 
a rich source of the factor from which the peptide should be 
able to be purified to homogeneity. Since NIF causes neurite 
extension in the cloned PC 12 line, a relatively convenient assay 
is available. The cloned pheochromocytoma line PC12 has 
proven to be a useful system to study the mechanism of action 
of NGF and provides a convenient assay for the presence of 
NGF-like molecules (Benowitz and Greene, 1979; Greene and 
Shooter, 1980; Greene and Tischler, 1976). 

We report the partial purification from mouse submaxillary 
glands of a factor that causes neurite extension in PC12 cells 
but appears to be distinct from PNGF. This factor (NIF, for 
neurite-inducing factor) can be distinguished from ,f3NGF by 
immunological, pharmacological, and biochemical criteria, sug- 
gesting that it is a distinct gene product. It is possible that NIF 
may be an alternative form of PNGF, but, if this is the case, 
then alternative processing must alter not only the immuno- 
logical properties, but also the physiological responses regulated 
by the gene product. 

Materials and Methods 

Cell culture 
PC1 2 cells were grown in Dulbecco’s modified Eagle’s medium (DME) 
supplemented with 5% horse serum (Kansas City Biological) and 10% 
fetal calfserum (Flow Laboratories, Inc.) on Falcon T flasks or multiwell 
plates in 10% CO,. Cells were harvested and passaged as described by 
Greene and Tischler (1976). Cells that had an extension of one-half cell 
body to one-and-one-half cell bodies with a clear growth cone attached 
to the cell body by a narrow process were considered to have a short 
neurite. To be scored as having a long neurite, a cell had to have a 
similar process ofgreater than one-and-one-half&l diameters in length. 
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Preparation of NGF and NIF 
Both NGF and NIF were prepared from mouse salivary glands using 
the purification procedure described by Mobley et al. (1976). Briefly, 
this procedure relies on the difference in affinity of 7s NGF-a high 
molecular weight protein containing several peptides including @NGF 
(Greene and Shooter, 1980)-and BNGF for carboxymethyl cellulose 
to remove basic proteins from an extract with one ion-exchange column 
before the 7S NGF is dissociated and the BNGF can be isolated on a 
second carboxymethyl cellulose column. Most proteins fail to bind to 
the second column, and bound protein is eluted with two buffers. The 
first buffer (0.05 M Tris. pH 9.0) elutes a fraction that, as we demonstrate 
in this report, contains -a factor that causes neurite extension in PC 12 
cells. The second buffer (0.05 M Tris. 0.4 M NaCl) elutes BNGF. SDS- 
PAGE was performed using the butfer system described by Laemmli 
(1970); gels were stained with Coomassie brilliant blue or the more 
sensitive silver-staining method of Oakley et al. (1980). 

Assay for ornithine decarboxylase (EC 4. I. I. 17) 
PC12 cells were washed at 4°C with a buffer containing 0.32 M sucrose 
and 10 mM HEPES (N-2-hydroxyethyl-piperazine-N1-2-ethane sulfonic 
acid, pH 7.4) harvested into the same buffer by trituration, and con- 
centrated by centrifugation (800 x g, 15 min). The pelleted cells were 
resuspended in a buffer containing 50 mM NaH,PO,, 0.1 mM EDTA, 5 
mM dithiothreitol, and 40 PM pyridoxal phosphate, and lysed by son- 
ication. Debris was removed by centrifugation at 8800 x g for 15 min 
at 4°C and the supematant fraction was assayed for omithine decar- 
boxy&e activity as described by Djurhuus (198 1) at a protein concen- 
tration of 0.2 mPJm1. The assav was terminated at 0, 15, 30, and 45 
min by spotting an aliquot of the assay mixture onto PS 1 ion-exchange 
paper (Whatman) and washing in 0.10 M NH,OH, pH 11.3. Specific 
activity was calculated from the slope of the line calculated by linear 
regression. The assay was linear with time and protein under conditions 
used. 

Materials 
NGF and NIF were purified from male mouse submaxillary glands 
supplied by Pel-Freez Biologicals. Pronase (53702) was from Calbio- 
chkm-Behhnger Corp., and chymotrypsin (LSOO-0 1450) was from Wor- 
thinaton. ‘H-omithine (NEN484) was ourchased from New England 
Nuclear. Rabbit antiserum to NGF (40615) was obtained from Collab- 
orative Research. Acrylamide and N,N,N’,N’-tetramethyl ethyl- 
enediamine were from Eastman; Tris, HEPES, and SDS were from 
Sigma. 

Results 

NIF causes the extension of neurites in PC12 cells 
We have found that mouse submaxillary gland contains two 
peptides that are capable of stimulating neurite formation in 
PC 12 cells. When BNGF is prepared according to the procedure 
of Mobley et al. (1976), the final CM-cellulose column is loaded 
and then eluted with four buffers. The fourth and final buffer 
that elutes 99% pure @NGF contains both 0.05 M Tris (pH 9.0) 
and 0.40 M NaCl (Mobley et al., 1976; and unpublished data). 
We have found that the material that is eluted from the CM- 
cellulose column by the third buffer (0.05 M Tris, pH 9.0) con- 
tains NIF, which induces neurites in PC1 2 cells but appears to 
be distinct from PNGF by several criteria. 

The fraction that contains NIF causes the extension of both 
short (% to 1% cell diameters in length) and long (greater than 
1% cell diameters in length) neurites in PC1 2 cells (Fig. 1). When 
PC 12 cells are plated in the presence of either NIF (100 r&ml) 
or NGF (50 r&ml), the cells begin to produce neurites after a 
characteristic lag of 48 hr. Micrographs of both NIF- and NGF- 
induced neurites are shown in Figure 1. We have not observed 
any apparent structural difference between neurites elicited by 

NGF and NIF, and the production of both long and short neu- 
rites occurred with the same time course in response to the two 
factors (data not shown). Thus, the NIF-induced neurites are 
more like NGF-induced neurites than the short (% to 1% cell 
diameter) neurites produced by agents that act exclusively by 
modulating CAMP metabolism (Greene and Tischler, 1976; 
Gunning et al., 198 1; Huffaker et al., 1984). 

Induction of neurites by NIF is not inhibited by 
antibody to NGF 
Figure 2 shows a dose-response curve for the induction of neu- 
rites by both @NGF and NIF. In this assay, neurite induction 
saturates at about 30 rig/ml for PNGF and 60 &ml for NIF. 
Thus, at this stage of purification NIF is nearly as active as 
NGF, yet, as we will indicate below, NIF has not yet been 
purified to homogeneity. The activity of NIF can be distin- 
guished from the activity of PNGF by immunological criteria. 
Incubation of PNGF with rabbit antisera directed against @NGF 
blocks the induction of neurite extension by PNGF (Fig. 2); 
however, incubation of NIF with the same concentration of 
antiserum does not meaningfully affect the induction of neurites 
by NIF (Fig. 2). Note that three times the concentration of 
antisera required to inhibit neurite extension by a saturating 
dose of NGF was used in all incubations. Thus, we conclude 
that NGF and NIF are immunologically distinct. 

Induction of ODC distinguishes NIF from NGF 
NIF can also be distinguished from NGF using pharmacological 
criteria as follows. NGF is known to induce the enzyme ODC 
in PC1 2 cells at concentrations significantly below that required 
to induce neurite formation (Greene and McGuire, 1978). Pre- 
liminary experiments showed that ODC was not induced by 
NIF even at concentrations above those required for maximal 
stimulation of neurite outgrowth. The relative abilities of both 
NGF and NIF to induce ODC is quantitated in Figure 3. As 
expected, ,f3NGF can maximally induce ODC at 10 &ml (Fig. 
3) while about 30 r&ml PNGF is required to maximally induce 
neurite outgrowth (Fig. 1). Thus, the concentration of NGF 
required to induce ODC is less than that required to stimulate 
neurite outgrowth. On the other hand, NIF was capable of max- 
imally inducing neurite formation at 60 r&ml (Fig. l), while 
ODC was only marginally induced at this concentration (Fig. 
3). Indeed, ODC induction was not saturated by NIF until con- 
centrations of more than 1000 &ml were reached (Fig. 3B). 
Thus, NGF can clearly be distinguished from NIF on the basis 
of the relative potencies of these peptides in inducing biological 
responses in PC 12 cells. It has not yet been established that the 
peptide in our preparation of NIF that induces neurites is the 
same peptide that induces ODC, in fact, a 1% contamination 
of NIF by NGF (or another peptide that induces ODC) would 
be sufficient to account for our results. Thus, it is still possible 
that the peptide inducing neurite formation is not capable of 
inducing ODC. 

ODC can be induced by NGF, epidermal growth factor (EGF), 
and agents that increase cellular CAMP levels, and all three 
classes of these agents act synergistically with one another (Gur- 
off et al., 1981). Table 1 shows the level of ODC induction 
observed with NGF, NIF, and cholera toxin, as well as paired 
combinations of these three agents at concentrations saturating 
for ODC induction. NIF induces ODC synergistically with chol- 
era toxin, but the combination of NIF and NGF does not induce 
ODC significantly more than either agent alone. Thus, we con- 

Figure 1. Morphology of PC1 2 cells grown in the presence of NIF. PC12 cells were plated in the presence of NIF (100 ngml) or NGF (50 ng/ 
ml) and photographed in phase contrast as indicated. Note that a single cell is capable of producing a complex pattern of branching neurites. 
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Figure 2. Neurite extension induced by NIF is insensitive to antibodies 
to NGF. PC12 cells were plated at 5 x 10Vml in the presence of in- 
creasing concentrations of NIF in either the presence (0) or absence (0) 
of antisera to NGF, and neurite extension was scored at 48 hr after 
plating. The concentration of NGF antiserum was chosen to be three 
times that required to block neurite extension elicited by a saturating 
dose of NGF. The effect of NGF (30 @ml) or NGF that had been 
previously incubated with antiserum to NGF is also shown. Both NIF 
or NGF were incubated with antiserum 4 hr before adding cells. 

elude that induction of ODC by NIF is probably not mediated 
by CAMP and that NIF and NGF may share elements of a 
common pathway. The assay used in these experiments to mea- 
sure ODC relies on the formation of 3H-putrescine from labeled 
ornithine rather than the measurement of the rate of CO, for- 
mation from 14C-omithine (Guroff et al., 1981). Because or- 
nithine decarboxylation can occur by pathways that do not re- 
quire ODC, the assay we use is more specific for the ODC (for 
discussion, see Djurhuus, 198 1). 

Neurite formation by NIF is not due to contamination by pNGF 
Preparations of NIF do not contain any measurable NGF when 
assayed by SDS-PAGE. Figure 4 shows the protein composition 
of the fraction that contains neurite-inducing activity. When 1 
rg of protein was loaded, there was a single band (ca. IV, = 
49,000 Da) which, as shown below, does not correspond to 
neurite-inducing activity. When increasing concentrations of NIF 
(3, 10, or 30 Mg) were loaded, several minor bands were detected, 
but the most abundant of these bands was present in less than 
6% of the concentration of the 49,000 Da peptide, and the 
49,000 Da peptide made up more than 80% of the Coomassie 
brilliant blue binding material on the gel as estimated by den- 

Table 1. Levels of ODC induction observed with NGF, NIF, cholera 
toxin, and their paired combinations 

Omithine decarboxylase 
(nmol putrescine/hr/mg protein) 
Experiment 1 Experiment 2 

Control 1.07 0.94 
NGF 4.85 6.01 
NIF 9.18 7.14 
Cholera toxin 7.26 7.01 
NIF + NGF 10.6 8.04 
NIF + cholera toxin 31.6 34.0 
NGF + cholera toxin 27.7 26.7 

PC I2 cells were incubated with NIF (1000 n&l), NGF (10 @ml), cholera toxin 
(2 x lO-‘O M), or a combination of these agents, and ODC was measured at 5 hr 
as described in Materials and Methods. 
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Figure 3. Induction of ODC by NIF and NGF. PC 12 cells were grown 
to 40-50% confluence, washed with DME containing 1% horse serum, 
and incubated in DME containing 1% horse serum plus NGF (0), NIF 
(a), or 2 x lo-r0 M cholera toxin as indicated. At 5 hr, the ODC activity 
was measured as described in Materials and Methods. 

sitometry tracings. Silver staining of these gels showed a similar 
relative distribution of proteins. We were unable to detect any 
protein fractionating in the region of PNGF (13,000 Da; Greene 
and Shooter, 1980; Mobley et al., 1976). Control experiments 
showed that we could detect 0.3 pg of PNGF, thus, the NIF 
fraction contains less than 1% PNGF. This degree of contam- 
ination is clearly inadequate to explain the net&e-promoting 
activity in the NIF fraction. If the neurite-inducing activity of 
the NIF fraction resides in any of the minor peptides, then such 
a peptide must be significantly more active than NGF in eliciting 
neurite extension. 

Neurite-inducing activity is not present in the major 
peptides of the fraction containing NIF 
To help identify the active peptide in our preparation, we frac- 
tionated NIF on SDS-polyacrylamide gels, electroeluted various 
regions of gel, and assayed the fractions for net&e-inducing 
activity. The distribution of neurite-inducing activity with ap- 
parent molecular weight is shown in Figure 5. There was a peak 
of net&e-inducing activity in the region of 16,000-20,000 Da. 
Thus, neurite-inducing activity does not appear to copurify with 
the major polypeptide in the fraction (49,000 Da) nor with any 
of the most abundant minor peptides. We thus tentatively con- 
clude that the specific activity of the biologically active peptide 
in this preparation is probably significantly higher than the spe- 
cific activity of PNGF. Biological activity may have been lost 
from the 49,000 Da protein or one of the other proteins during 
the experimental manipulations described above, so we used a 
second method to determine if neurite-inducing activity co- 
purified with the major proteins in this fraction. We fractionated 
preparations of NIF on sucrose velocity gradients and assayed 
the resulting fractions for both biological activity and protein 
composition on SDS-PAGE. These experiments also demon- 
strated that the major 49,000 Da peptide of this fraction does 
not copurify with net&e-inducing activity (Fig. 6), supporting 
the conclusion that neurite-inducing activity probably resides 
in one of the less abundant peptides of this fraction. There are 
several candidates for the protein containing net&e-inducing 
activity in the appropriate molecular weight range, but these 
experiments do not conclusively identify NIF. 

NIF behaves like a protein 
To provide evidence that NIF was a protein, the sensitivity of 
NIF activity to acid (5% TCA or 0.10 M HCl), heat (100°C for 
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Figure 4. Separation of fraction containing NIF on SDS-PAGE. In- 
creasing concentrations of the fraction containing neurite-inducing ac- 
tivity as well as a sample of pure BNGF were separated on SDS-PAGE 
as described in Materials and Methods and stained with Coomassie 
brilliant blue. 

2 min) or proteases (100 &ml chymotrypsin or 100 &ml 
pronase) was tested as described in the legend to Figure 7. Boil- 
ing completely inactivated NIF, and each of the other treatments 
substantially reduced the activity of the NIF. In each case, 400 
ng of the treated NIF had less biological activity than 60 ng of 
untreated NIF, suggesting that treatment with acid or protease 
destroys more than 80% of the biological activity of NIF. Thus, 
we conclude that the active element in this preparation behaves 
like a protein. 

Discussion 
Extracts of mouse salivary glands contain not only /3NGF, but 
also NIF. Like @NGF, NIF promotes the extension of neurites 
in PC12 cells. NIF behaves like a 20,000 Da peptide on SDS- 
PAGE. The specific activity of the partially purified preparations 
is only twofold lower than pure BNGF, yet the net&e-inducing 
activity does not appear to reside in any of the more abundant 
proteins of the fraction. Thus, we expect that the specific activity 
of pure NIF will be significantly higher than that of NGF. NIF 
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Figure 5. Recovery of net&e-inducing activity after fractionation of 
NIF by SDS-PAGE. NIF (5.6 pg) was fractionated on SDS-PAGE, but 
the sample was not boiled prior to electrophoresis. The gel was cut into 
slices, and each slice was placed in a dialysis sack containing 500 11 of 
Tris-glycine running buffer @H 8.3) and electroeluted (2 mA/cm for 
2.5 hr and then with reversed polarity for 2 min). Samples were dialyzed 
overnight against buffer containing 50 mM Tris, pH 9.0, at 4°C. Aliquots 
(75 ~1) of the dialysates were mixed with DME containing serum (1 ml) 
and added to PC1 2 cells (0.5 ml at 2.0 x lo4 cells/ml). Neurite extension 
was scored 70 hr later. An average of about 30°h of neurite-inducing 
activity was recovered over four experiments of this type. Aliquots of 
each fraction were also acid-precipitated and again fractionated on SDS- 
PAGE. These experiments showed that the dialysate contained proteins 
that fractionated on SDS gels, as would be expected from their original 
position on the first gel. 

can be distinguished from BNGF by immunological, pharma- 
cological, and biochemical criteria. The most direct explanation 
of these observations is that NIF and NGF are distinct gene 
products that regulate sets of overlapping but nonidentical re- 
sponses. 

An alternative explanation of our observations is that NIF is 
either a precursor to @NGF or an alternatively processed form 
of j3NGF. There is evidence that the j3 subunit of NGF is syn- 
thesized as a precursor that is cleaved to the mature form from 
biochemical studies of j3NGF synthesis (Berger and Shooter, 
1977). Analysis of the cDNA for @NGF also suggests that /3NGF 
may be synthesized as a polyprotein of 33,000 Da and that 
cleavage sites exist in this protein that could result in the pro- 
duction of proteins of 22,000 or 18,000 Da (Uhich et al., 1983). 
NIF could be one of these forms; however, if NIF is an alter- 
native form of PNGF, then it must have distinctly different 
potencies for inducing biological responses (neurite formation 
and ODC induction) than BNGF. This is a particularly inter- 
esting possibility, because it would suggest that the biological 
responses regulated by the NGF gene product must be modified 
by the exact mode of proteolytic processing of the precursor 
protein. Furthermore, the alternative form of NGF must be 
immunologically different than mature NGF. A definitive de- 
cision about the relationship of NGF to NIF will require a more 
detailed purification and characterization of NIF. The obser- 
vation that NGF and NIF are not additive for the induction of 
ODC suggests that the two peptides probably influence a com- 
mon regulatory pathway. 

The behavior of NIF during purification also suggests that it 
may share some features with NGF. Both NGF and NIF fail to 
bind to a CM column equilibrated at pH 6.8, but both NGF 
and NIF bind to that same column after the eluate is adjusted 
to pH 4.0. It is possible that NIF, like NGF, may be associated 
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Figure 6. Fractionation of NIF on a sucrose velocity gradient. A prep- 
aration of NIF (500 ~1 containing 48 ag protein) was fractionated on a 
linear 5-2096 sucrose gradient (10 ml) in a SW41 rotor, at 36,000 rpm 
for 41 hr at 4°C. Fractions were collected and assayed for neurite- 
inducing activity (top panel), and the protein composition of each fmc- 
tion was determined by fractionation on SDS gels that were subsequently 
silver-stained. All lanes contained an artificially staining band (*) due 
to the presence of keratins (Ochs, 1983). The major 49,000 Da band 
present in these preparations of NIF is marked with an arrow; it clearly 
does not copurify with the neurite-inducing activity. 

NIF hg/ml) 

Figure 7. Sensitivity of NIF to treatment with protease and acid. NIF 
(100 &ml) was incubated with either HCl(O.10 M; 0), trichloroacetic 
acid (5%; Cl), pronase (100 &ml; A), or chymotrypsin (100 &ml; A), 
or in the absence of any additive (0). An aliquot of NIF was also 
incubated at 100°C for 2 min m. Incubation withacid was at 4”c, while 
incubation with protease was at 30°C. Incubation of NIF at 30°C did 
not affect biological activity. Aliquots of NIF were added to PC 12 cells, 
and neurite extension was assayed at 36 hr. 

with a complex that is dissociated at low pH to release a bio- 
logically active peptide. 

NIF may also be related to peptides other than NGF that are 
thought to regulate the growth and differentiation of nerve cells. 
While this issue cannot be resolved at the present time, a few 
points can be made. It is clear that NIF is not EGF for two 
reasons: ( 1) EGF does not elicit neurite extension in PC 12 cells, 
and (2) induction of ODC by NGF is not additive with NIF, 
whereas induction of ODC by NGF is additive with EGF (Guroff 
et al., 198 1). It is unclear whether NIF is related to any of the 
factors promoting neurite outgrowth from ganglionic nerves that 
have recently been described in extracts from a number of tissues 
(see Berg, 1984, for a review), and a more detailed character- 
ization of both NIF and other NGF-like factors is clearly re- 
quired to resolve this issue. We have unsuccessfully attempted 
to absorb net&e-inducing activity from preparations of NIF 
onto tissue culture dishes as well as dishes coated with collagen 
or polylysine (Collins, 1980) and we have been unable to dem- 
onstrate binding of NIF to heparin-affinity columns. Thus, we 
have no evidence to suggest that NIF acts as a substrate adhesion 
factor or by first binding to a component of the extracellular 
matrix, as may be the case for other factors. It will also clearly 
be necessary to determine if NIF acts as a survival factor or 
differentiation factor as well as a neurite-extension factor, and 
what classes of neural cells are the in vivo targets of this factor. 
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