cies (BC1-RNA) complementary to the
ID sequence is present in brain, but
absent in other organs such as liver and
kidney. As shown in Fig. 1F, we confirm
that the ~160 nucleotide RNA species is
very evident in poly(A)* cytoplasmic
RNA of the brain, but not in liver and
kidney (/5). In the latter organs, hybrid-
ization is observed as a faint smear
throughout the blot. While no functional
role of this brain cytoplasmic 160 nucleo-
tide species has been shown experimen-
tal]’.y, it might serve as a signal in selec-
tive transport via attachment to brain-
specific mRNA-protein complexes, be-
ing freed from the complex once
transport is complete. Other possibilities
for this RNA might be in modulation of
translation of mRNA or as a component
of a signal recognition particle, perhaps
analogous to 7 SL. RNA (76).

The observation that the copy number
of this sequence in mouse and rat varies
by nearly an order of magnitude seems to
be inconsistent with a regulatory role in
the selective expression of genes (/7). It
seems that the copy number of an impor-
tant transcriptional control element
would be conserved relative to the num-
ber required for function, because the
probability of deleterious location of
such a sequence increases with copy
number. Thus, while this 82 base pair
repeat and respective small RNA’s might
have a control function, a role as a
control element in governing brain spe-
cific gene expression at the transcrip-
tional level seems improbable.
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Superinduction of c-fos by Nerve Growth Factor in the

Presence of Peripherally Active Benzodiazepines

Abstract. Alterations in proto-oncogene expression after stimulation of rat pheo-
chromocytoma (PC12) cells by nerve growth factor (NGF) have been investigated. A
specific stimulation of c-fos messenger RNA and protein was detected 30 minutes
after treatment. This induction was enhanced more than 100-fold in the presence of
peripherally active benzodiazepines. The effect was specific as very little change was
observed in the levels of c-rast®, c-ras®!, c-myc, and N-myc messenger RNA’s.
Under the conditions used here, NGF treatment ultimately results in neurite
outgrowth, with a reduction or cessation of cell division. Thus, stimulation of the c-
fos gene in this system appeared to be associated with differentiation and not with
cellular proliferation. The effect of benzodiazepines was stereospecific and repre-
sents a novel action of these compounds at the level of gene expression.

ToM CURRAN

Department of Molecular Oncology
and Developmental Biology,
Hoffmann-La Roche, Inc.,

Nutley, New Jersey 07110

JAMES 1. MORGAN

Department of Physiological
Chemistry and Pharmacology,
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Neoplastic transformation is a conse-
quence of the subversion of normal
growth regulatory mechanisms. Further-
more, several retroviral oncogenes and
their cellular progenitors are intimately
associated with the normal processes of
proliferation and differentiation. Many
oncogene products share sequence ho-
mology with growth factors and their
receptors (/), while expression of the c-
myc and c-fos proto-oncogenes is stimu-
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lated by a variety of polypeptide growth
factors and other mitogenic agents (2).
On the basis of these observations, in-
vestigators have suggested that the c-
myc and c-fos oncogenes are directly
involved in the stimulation of mitogene-
sis. However, the induction of c-fos and
c-myc has been observed in the absence
of mitogenesis (3), and c-fos expression
occurs in various differentiated cells that
have reduced proliferative capacities (4).
To distinguish between the potential
roles of c-fos in proliferation and differ-
entiation, we chose to study a system in
which treatment with growth factor re-
sults in growth and differentiation with a
concomitant reduction or cessation of
cell division (5).

Fig. 1. Time course of c-fos
protein induction by NGF.
Cultures of PC12 cells in 35-
mm dishes were treated with
NGF (300 ng/ml) for (lanes 1) 0
minutes, (lanes 2) 30 minutes,
(lanes 3) 60 minutes, and
(lanes 4) 120 minutes. At each
time point, [**S]methionine
(200 pCi/ml; Amersham) was
added for an additional 15 min-
utes. Cell extracts were pre-
pared, treated with control
antiserum (V) and c-fos pep-
tide antiserum (M), and ana-
lyzed by SDS-polyacrylamide
gel electrophoresis as de-
scribed (/4). (Lanes 5) As a
control, NIH 3T3 cells stimu-
lated with 20 percent fetal bo-
vine serum (I2) are also
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shown. The numbers on the left indicate the molecular sizes of '*C-methylated marker proteins.

Nerve growth factor (NGF) is a multi--

meric protein that modulates the differ-
entiation of several neuronal cell types in
vivo and in vitro (6). In the rat pheochro-
mocytoma cell line PC12 (7), NGF acts
via a specific receptor (8) to induce a
series of alterations that include neurite
growth, modification of the cytoskele-
ton, and changes in neurotransmitter
synthesis, as well as induction of the
enzyme ornithine decarboxylase (ODC)
(9). Certain types of peripheral benzodia-
zepines (BZD’s) can interact with NGF
to modify its action both on neurite out-
growth and on the induction of ODC
(10). The mechanism of action of NGF
and BZD’s at the level of gene expres-
sion is unclear (11).
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in kilodaltons (Amersham). Each lane represents the immunoprecipitate from equivalent
amounts of cell lysate in terms of radioactivity in trichloroacetic acid (TCA)-insoluble protein.
The positions of the c-fos, p39, and the 46-kD proteins are indicated.
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Fig. 2. Superinduction of c-fos protein by BZD’s. (A) Cultures of PC12 cells were (lane 1)
untreated, or treated with (lane 2) NGF (100 ng/ml), (lane 3) 100 uM 7-3351, or (lane 4) NGF
plus 100 pM 7-3351 for 30 minutes. Cells were labeled for 15 minutes with [**S]methionine, and
lysates were prepared and immunoprecipitated with fos-specific peptide antiserum (M) (14).
The numbers on the left indicate molecular size markers (kD). (B) PC12 cells were (lane 1)
untreated, (lane 2) treated with NGF (100 ng/ml), or (lanes 3-12) treated with NGF (100 ng/ml) in
the presence of 100 uM of the following BZD’s: (lane 3) 5-4864, (lane 4) 5-3464, (lane 5) 7-3351,
(lane 6) 5-6531, (lane 7) 5-6993, (lane 8) 5-6669, (lane 9) 11-6893, (lane 10) 11-6896, (lane 11) 5-
4023, (lane 12) 5-2180. Lysates were prepared and treated with M-fos peptide antiserum as

described above.
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The level of expression of c-fos in
PC12 cells was measured by immuno-
precipitation and Northern blot analyses
as described (12). The c-fos protein mi-
grates on sodium dodecyl sulfate (SDS)-
gels with an apparent size of 55 to 62
kilodaltons (kD), the heterogeneity being
a result of post-translational modifica-
tion (13) (Fig. 1). The peak of synthesis
of the c-fos product was at 30 minutes
after NGF treatment. In addition to the
c-fos protein, p39 [the cellular protein to
which c-fos is complexed (14)] and a
series of proteins in the 46-kD size range
were also detected. A small amount of
p39 was detected in unstimulated PC12
cells while maximum levels occurred at
60 to 120 minutes after stimulation (Fig.
1). As p39 is detected only by its ability
to bind to c-fos, the detection of p39 in
the apparent absence of c-fos protein
represents the binding of newly synthe-
sized, and therefore radioactive, p39 to
previously synthesized, nonradioactive
c-fos protein. The 46-kD products (Fig.
1) were also observed after stimulation
of fibroblasts with serum (12) and are
thought to represent an antigenically re-
lated protein that is also induced by
growth factors. A candidate gene for this
role is r-fos (15), which has homology to
c-fos in the exact region of fos used to
predict the peptide to which antisera
were raised (14).

Thus, treatment of PC12 cells with
NGEF results in a transient induction of c-
JSos similar in degree and time course to
that observed after treatment of fibro-
blasts with mitogenic growth factors (2).
Immunofluorescence analysis has indi-
cated that c-fos induction was not re-
stricted to a subpopulation of NGF-stim-
ulated PC12 cells. In these studies, PC12
cells were maintained in growth medium
prior to induction and thus represented
an asynchronous population of prolifer-
ating cells. Thus, there was no absolute
requirement for a progression from the
Gy to the G, phase of the cell cycle for c-
fos induction. Analysis of the dose-re-
sponse relation indicated that an NGF
concentration of 50 to 100 ng/ml was the
smallest concentration that gave the
maximum induction of c-fos. For the
PC12 cells used in this study, this was
also the minimum concentration of NGF
required to induce and support vigorous
neurite outgrowth.

The induction of ODC by NGF is
stimulated by a variety of BZD’s (10).
Treatment of PC12 cells with the BZD 7-
3351 alone at a concentration of 100 pM
had little effect on the rate of c-fos pro-
tein synthesis (Fig. 2A). However, a
significant overstimulation of c-fos syn-
thesis was detected in the presence of
NGEF; the levels of both p39 and the 46-
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kD protein were also increased. Dose
response analysis indicated that 25 to 100
rM was the minimal concentration range
of BZD’s that gave the maximum super-
induction of c-fos at several NGF con-
centrations. Superinduction also caused
an increase in the degree of post-transla-
tional modification of c-fos, and perhaps
also of p39 (Fig. 2). The major change in
cells treated with NGF plus 7-3351 was
an increase in the highly modified 62-kD
form of c-fos. Indeed, in some experi-
ments, an even larger form of approxi-
mately 80-kD was also observed (Fig. 2).
It is possible that either the enzymes or
the substrates involved in the modifica-
tion of c-fos could be induced, or the
increased level of c-fos protein may al-
low more efficient modification. The
expression of p39 appeared to increase
concomitantly with c-fos. However, as
p39 is detected only by its ability to bind
to the c-fos product, its expression may
not be modulated. In this event, there
must be sufficient p39 available in non-
stimulated cells to accommodate the in-
creased amount of c-fos after stimula-
tion.

The derivative 7-3351 is not the only
BZD that can superinduce c-fos (Fig.
2B). BZD’s that bind only to the central
receptor of brain and not to PC12 cells
(5-2180 and 5-4023) (13) were essentially
inactive (Fig. 2B). A pharmacologically
distinct BZD binding site, usually re-
ferred to as the peripheral BZD site (16),
is found on a wide variety of cell types
including PC12 (I0). Although many
BZD’s that bind to PC12 cells at the
peripheral BZD site (peripheral-type
BZD’s) were active in superinducing c-
fos (Fig. 2B), individual affinity con-
stants did not predict biological activity.
The c-fos response to BZD’s was stereo-
specific; 11-6896 was active, but its en-
antiomer (11-6893) was inactive (Fig.
2B). However, both ligands bound
equally well to PC12 cells (10). This
stereoselective structure-activity rela-
tion has been shown for the BZD modu-
lation of NGF-induced neurite out-
growth (10) and for the direct BZD in-
duction of differentiation of Friend
erythroleukemia cells (FEL) (7).

We next determined the effects of
NGF and 7-3351 on the steady-state level
of c-fos messenger RNA (mRNA). The
maximum level of c-fos mRNA was de-
tected 30 minutes after treatment with
NGEF (Fig. 3A). Simultaneous addition of
7-3351 increased the absolute level of c-
fos mRNA, but did not change the rate of
induction. After 60 minutes, the amount
of c-fos mRNA was reduced by a factor
of five in both situations, and dropped to
the basal level after 120 minutes (Fig.
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3A). This profile of mRNA induction is
similar to that obtained after stimulation
of fibroblasts with mitogenic growth fac-
tors (12). A small amount of stimulation
of c-fos mRNA was obtained with 7-3351
alone (Fig. 2A). Densitometric analysis
indicated that NGF treatment resulted in
an approximately 20-fold increase in the
level of c-fos mRNA. In the presence of
7-3351, this was increased to more than
100-fold. The level of c-fos mRNA in
superinduced PC12 cells is much higher
than that in fibroblasts transformed by
the FBJ murine sarcoma virus (Fig. 3A).
In previous studies, induction was
shown to affect the rate of transcription
of c-fos rather than the half-life of the
mRNA (18). Although this has not yet
been demonstrated directly for NGF, the
identical induction profile makes it seem
likely. The superinduction of c-fos by
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BZD’s also appears to be at the level of
transcription because the decrease in c-
Jos mRNA at 60 minutes and 120 minutes
after induction occurs at the same rate as
that after stimulation by NGF alone.

In contrast to the large fluctuations of
c-fos mRNA synthesis, very little change
was observed in the synthesis of mRNA
from a variety of other oncogenes (Fig.
3B). As also noted in stimulated fibro-
blasts (18) the levels of c-ras™® and c-
ras® were altered no more than two-
to threefold in PC12 cells by the various
treatments. Surprisingly, little change was
detected in the amount of c-myc mRNA,
a gene induced along with c-fos in many
other situations (2, 4). At 120 minutes
after stimulation there was a threefold
increase in c-myc; but in contrast to c-
Jos, there was no superinducing effect of
7-3351 on c-myc expression (Fig. 3B).
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Fig. 3. Analysis of oncogene mRNA levels after treatment with NGF and 7-3351. (A) PC12 cells
were treated with NGF (300 ng/ml), 100 pM 7-3351, or NGF (300 ng/ml) plus 100 pM 7-3351 for
0, 30, 60, or 120 minutes as indicated. RNA was isolated (25) and 10-pg fractions were analyzed
by electrophoresis on agarose-formaldehyde gels and transferred to nitrocellulose (26). As a
control, 10 pg of RNA from the FBJ murine sarcoma virus-transformed nonproducer cell line
(RS2) was also analyzed. The filter was hybridized with a 32P-labeled, nick-translated fos DNA
fragment (corresponding to the entire c-fos coding region) (27). Before transfer, the gel was
stained with ethidium bromide (10 pg/ml) for 30 minutes, destained for 40 minutes, and
photographed under ultraviolet light. The positions of 285 and 18§ ribosomal RNA’s are
indicated. (B) Identical aliquots of RNA were separated on agarose-formaldehyde gels and
transferred to nitrocellulose as described above. Filters were hybridized with c-ras™® (28), c-
ras® (29), c-myc (30), and N-myc (19) probes as indicated (31).

1267



Virtually no modulation was observed in
the level of N-myc mRNA during the
time course analyzed. N-myc is fre-
quently amplified and expressed at high
levels in neuroblastoma cells (/9). Thus,
treatment of PC12 cells by NGF and 7-
3351 results in a very dramatic and spe-
cific stimulation of the c-fos oncogene.

The actions of NGF on PC12 cells may
be divided into two categories. The first
category consists of effects that occur
relatively soon after addition of NGF
and that do not require transcription,
such as the altered phosphorylation of
endogenous substrates (20). The second
category contains the more long-term
actions that are transcription-dependent.
Alterations requiring transcription in-
clude the elevation of ODC activity (21),
the increase in microtubule-associated
proteins (22), and the generation of neur-
ites (23). Of the transcription-dependent
changes caused by NGF, the induction
of c-fos is the most rapid described thus
far (Fig. 3). If proto-oncogenes are in-
volved in the normal control of cell de-
velopment, c-fos could fulfill a critical
early function in coupling NGF to other
long-term transcription-dependent events.
This is supported by the finding that c-
fos is superinduced when certain periph-
eral-type BZD’s are present in the cul-
ture with NGF (Fig. 2). This finding is
significant for two reasons. First, the
concentrations of BZD’s used are suffi-
cient to modify both the neurite and
ODC responses of PC12 cells to NGF
(10). That is, a modification in c-fos
expression correlates with an alteration
in biological response. Furthermore,
both of these responses occur subse-
quent to the induction of c-fos (Fig. 1)
(24). Second, the structure-activity rela-
tion for the superinduction of c-fos is
indistinguishable from that for the modi-
fication of NGF-induced neurite out-
growth (Fig. 2B) (10). Thus, it would
appear that the mechanism of action of
the BZD’s is the same in both instances.
That such a mechanism is relevant to
other cell types is emphasized by the fact
that the structure-activity relation for
BZD’s reported here (as well as previ-
ously for PC12 cells) is the same as that
for the direct BZD induction of hemoglo-
bin synthesis in FEL cells (/7). The same
mechanism appears to modify differenti-
ation in cells of two quite distinct pheno-
types. It is possible that c-fos fulfills a
similar function in the other cell types in
which it is expressed. However, the dif-
ferentiated or physiological state of the
stimulated cell may determine the nature
of the long-term events to which c-fos
action is coupled.
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Migration and Differentiation of Cerebral Cortical Neurons

After Transplantation into the Brains of Ferrets

Abstract. Cells from the cerebral proliferative zones of newborn ferrets were
labeled with tritiated thymidine and a fluorescent dye and were transplanted as a
single-cell suspension into the occipital region of newborn ferrets. The transplanted
cells became thoroughly integrated into the host environment: many cells migrated
through the intermediate zone and into the cortical plate, where they developed as
pyramidal neurons. Other transplanted cells came to resemble glial cells. After 1 to 2
months most transplanted neurons had taken up residence in layer 2 + 3, the normal
destination of neurons generated on postnatal days 1 and 2. Thus the sequence of
morphological differentiation and the eventual laminar position of the isochronically
transplanted neurons closely paralleled that of their normal host counterparts.
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The laminar arrangement of neurons in
the mammalian cerebral cortex is one of
the most striking features of cortical or-
ganization. Not only do most neurons in

a given layer tend to share certain mor-
phological features, but they also have
similar patterns of connectivity and
physiological properties (I). Tritiated
thymidine ‘‘birth-dating’’ studies have
revealed that neurons in a layer undergo
their terminal mitotic divisions at about
the same time and that the layers are
generated in an inside-out manner, with
cells of the deepest layers being born
first and those of the most superficial
layers last (2, 3). That cortical neurons in
a lamina share common birth dates and
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