Journal of Cellular Biochemistry 48:61-72 (1992)

ARTICLES

Expression and Release of Phosphatidylinositol
Anchored Cell Surface Molecules by a Cell Line Derived
From Sensory Neurons

M. Théveniau, P. Durbec, G. Gennarini, J.N. Wood, and G. Rougon

Laboratoire de Biologie de la Différenciation Cellulaire, URA179 CNRS, Université de Luminy, 13288
Marseille Cedex 9, France (M.T., P.D., G.R.); Centre d’Immunologie, INSERM-CNRS, 13288 Marseille

Cedex 9, France (G.G.); The Sandoz Institute for Medicai Research, London WCIE6BN, United Kingdom
J.N.W))

Abstract Early postnatal mouse dorsal root ganglion neurons were found to express several glycosylphosphatidyli-
nositol-anchored (GP) molecules from the immunoglobulin superfamily (neural cell adhesion molecule 120 kD
isoform, F3, Thyl) whose expression is developmentally regulated. A hybrid cell line (ND26), made by fusing
postmitotic rat dorsal root ganglion (DRG) neurons with the mouse neuroblastoma N18Tg2, could be induced to
differentiate by manipulating the composition of the culture medium and expressed similar GPl molecules to DRG
neurons. We used this model system to investigate the metabolism of GPI-anchored molecules. We found that neural
cell adhesion molecule 120 Kd isoform expression decreased upon differentiation, whereas the level of F3 and Thy1l
increased, suggesting a role in neurite outgrowth processes.

The ratio of molecules cleavable by exogenous phosphatidylinositol phospholipase C (PI-PLC) was similar for all the
GPl-anchored molecules, which could mean that cell-specific modifications of the basic anchoring structure determine
the level of potentially releasable molecules. Measurements of spontaneous release indicated that this reflected the
overall level of expression of these molecules by the ND26 cell line.

Finally, we observed an effect of dibutyryl cAMP on the level of expression of F3 and Thy1 but not of N-CAM.
However, we could not detect any significant effect of nerve growth factor (NGF) either on the level of expression or on

the amount of spontaneously released molecules.
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The growth of neuritic processes is one of the
first cellular events leading to the differentia-
tion of the neuronal cell. This event involves
many interactions between axons, neighbouring
cells, and the extracellular matrix [Dodd and
Jessell, 1988]. Potential mechanisms by which
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axons adapt to a changing cellular environment
involve spatio-temporal regulation of glycopro-
tein expression, either on individual cells or on
different segments of the same axon, post-
translational modifications of pre-existing mole-
cules, and modification of the extracellular ma-
trix by deposition of new molecules.

Many glycoproteins have been identified and
shown to play a role in neurite extension and
fasciculation [Doherty and Walsh, 1989; Jessell,
1988]. Several of them are adhesion molecules
which, on the basis of their predicted primary
structure, have been grouped into larger fami-
lies. Most of them belong to the immunoglobulin
superfamily [Williams and Barclay, 1988]. The
most studied of these are neural cell adhesion
molecules (N-CAM) [Edelman, 1988] and L1
[Ratjen and Schachner, 1984]. Thyl, the small-
est member of this family, is also expressed on
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neural cells although its role in neurite out-
growth has not been clearly demonstrated [Liesi
et al., 1990].

The recent sequencing of the neuronal sur-
face protein F3 in mouse [Gennarini et al,
1989a,b] had led to the definition of a new
member of the immunoglobulin superfamily.
This protein is prominently expressed on neu-
ronal processes rather than on the correspond-
ing cell bodies in long-term primary cultures
{Gennarini, 1989b). It is anchored to the plasma
membrane by a GPI-group. This post-transla-
tional modification [Ferguson and Williams,
1988] is expressed by Thy1l [Tse et al., 1985] the
smallest member of the immunoglobulin super-
family also found on neural cells, and by the
smallest isoform of N-CAM, N-CAM120 [H¢ et
al., 1986].

One feature of the GPI-anchored molecules is
that they are found as either membrane-bound
or soluble forms spontaneously released by cells
[Hé et al., 1987]. The diversity of GPI-anchored
molecules expressed by developing neurons and
their existence as membrane-bound or soluble
forms suggests that they could play a role in
neural development. The mechanisms impli-
cated in their liberation have not been eluci-
dated. So far, it is not known whether release is
controlled by mechanisms specific to groups of
molecules involved in similar functions or depen-
dent of the GPIl-anchored. In the last case, re-
lease could be specific to each GPI-anchored
molecule or common to all molecules expressed
by a given cell. Observation of GPI-anchored
molecule expression and monitoring of release
during neuronal differentiation should give some
insight into the functions of these molecules.

In this study, we first assessed on primary
cultures of DRG neurons the expression of three
GPl-anchored molecules from the immunoglob-
ulin superfamily among which at least two (N-
CAM and F3) are thought to play a role in
neurite outgrowth and fasciculation. While such
cultures allow spatic-temporal expression of mol-
ecules to be analysed by immunofluorescence
staining, biochemical studies are often frus-
trated by difficulties in obtaining an adequate
number of cells. To overcome these difficulties,
we used an immortalised cell line, termed ND26,
obtained by fusing post-mitotic rat DRG neu-
rons with a mouse neuroblastoma cell line
(N18Tg2) [Wood et al., 1990]. We showed that
this cell line faithfully expressed properties of its
sensory neuron parent and that its state of

differentiation could be controlled by manipulat-
ing the composition of the culture medium. This
model was then used to monitor the expression
and the release of GPI-anchored molecules un-
der various conditions.

MATERIALS AND METHODS
Materials

Tissue culture media were supplied by Gibco
BRI (France). Plastic for tissue culture was
supplied by Nunc (France). [***I]Na (carrier free)
was purchased from Amersham (GB). Protein
A-Sepharose coated beads were from Pharma-
cia (France). Sulfo-NHS-biotin was from Pierce
(USA). All other reagents were from Sigma
(USA). P1-PLC enzyme was purified in our labo-
ratory from B. thuringiensis [Théveniau et al.,
1990]. Iodine-[**1] labelled protein A and strepta-
vidin were iodinated in our laboratory with a
specific radioactivity of 1 Ci/mmol.

Cell Culture

The ND26 cell line originated from a panel of
hybridomas made by fusing rat DRG neurons
with a mouse neuroblastoma cell line N18Tg2
[Wood et al., 1990]. In standard condition, these
cells were grown in 50% Dulbecco’s modified
Eagle medium (DMEM)/50% HamsF12 supple-
mented with 10% fetal calf serum (FCS) and 50
IU/ml penicillin, 50 wg/ml streptomycin. For
our experiments, the cells were maintained in
defined medium composed as follows: 50%
DMEM, 50% HAMsF12 buffered with Hepes
(pH 7.4), supplemented with 1.2 g/I NaHCO,, 50
wg/ml human transferrin, 30 nM selenium, 100
pM putrescin, 20 nM progesterone, 1 pM 8
estradiol, and antibiotics. This medium will be
referred to as minimum medium. When men-
tioned, 1 mM dibutyryl cAMP (Bt2cAMP) and/or
50 ng/ml NGF were also added.

Dorsal Root Ganglia Cultures

Primary cultures were prepared on poly-L-
lysine coated glass coverslips or Petri dishes
from DRG [Fields et al., 1978] of 1-day-old mice,
and grown in 10% FCS medium supplemented
with 50 ng/ml NGF for 1 or 3 days before
experiments. For some experiments this me-
dium was changed for minimum medium supple-
mented with NGF.

Antibodies

Different antibodies were used: a site directed
rabbit antisera anti-N-CAM recognizing the NH,-
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terminal domain of all the isoforms [Rougon
and Marshak, 1986], and a rat monoclonal anti-
body (H28) recognizing mouse N-CAM [Hirn et
al., 1981]. A polyclonal anti-Thy1 antibody (pre-
pared in our laboratory), an anti-F3 rabbit poly-
clonal [Gennarini et al., 1989b]. An anti-MAP1
(microtubule associated protein 1) mouse mono-
clonal antibody (a kind gift from Dr. C. Garner,
Hamburg, FRG) [Tucker et al., 1988]. Affinity
purified goat anti-rabbit, anti-rat, and anti-
mouse F(ab), fragments labelled either with flu-
orescein or with rhodamine were from Immuno-
tech (France).

Immunofluorescence Staining

Cells were seeded on poly-L-Lysine coated cov-
erslips and maintained in minimum medium
containing 50 ng/ml NGF. Immunofluorescence
staining was realized after various periods of
time as described by Rougon et al. [1983]. For
visualization of cytoskeletal proteins, anti-MAP
antibodies were used after permeabilization of
the cells for 5 min in a 50% acetic acid/50%
ethanol solution at —20°C. In all cases the pri-
mary and secondary antibodies were incubated
for 45 min at room temperature. Coverslips
were examined under a Olympus microscope
and photographs taken on ASA 400 TRI-X Kodak
films.

Immunoprecipitation

Cells were kept for 3 days in defined medium.
Then sulfo-NHS-biotin labelling was performed
with 0.5 mg/ml sulfo-NHS-biotin in PBS con-
taining 0.1 mM CaCl,, 1 mM MgClL, for 20 min
at room temperature according to Lisanti et al.
[1988]. Cells were washed, scraped, and recov-
ered in the same buffer supplemented with 0.5
mM phenylmethylsufonyl fluoride (PMSF) and
5 pg/ml o2-macroglobulin as protease inhibi-
tors. After centrifugation, cells were resus-
pended in the same buffer as above and incu-
bated for 1 h at 37°C with or without 0.01 IU/ml
of PI-PLC. Supernatants were recovered by ul-
tracentrifugation at 100,000g for 30 min in a
TL100 Beckman ultracentrifuge. Pellets were
solubilized in RIPA buffer: 50 mM Tris-HCI (pH
7.4) buffer containing 150 mM NaCl, 1% Noni-
det P40, 1% deoxycholate, 0.1% sodium dodecyl-
sulfate, and protease inhibitors. Then the sus-
pension was submitted to one cycle of freezing
and thawing, and centrifuged for 30 min at
100,000g.

Supernatants and RIPA solubilisates of the
pellets were used for immunoprecipitation. Pre-
clearing was done with 50 wl Protein
A-—Sepharose coated beads for 15 h at 4°C. Then
immunoprecipitation was carried out for 5 h at
4°C with preformed complexes made by preincu-
bation of antibodies (5 ul of serum) with 20 wl of
Protein-A beads. Immunoprecipitates were sub-
mitted to three washes in three different buffers
as described [Gennarini et al., 1984] and boiled
in reducing electrophoresis sample buffer. Sam-
ples were loaded on 7 or 12% SDS-polyacryla-
mide gels as a function of the molecular weight
(Mr.) of analysed molecules, which were de-
tected after blotting onto nitrocellulose™ mem-
brane (Amersham) by incubation with 10°
cpm/ml streptavidin and subsequent autoradiog-
raphy.

Protein Slot Analysis

Cells (15 x 10° cells/well) were seeded in 96-
well plates coated with poly-L-lysine. They were
maintained in minimum medium containing
when needed either 1 mM Bt2¢cAMP and/or 50
ng/ml NGF for 4 days. Medium was changed
every day in order to keep up a steady level of
factors, and recovered. Media from the two days
and from the two following days of culture were
pooled and slot-blotted onto nitrocellulose sheets.

GPI molecules expressed at the cell surface
were analysed by treatment with PI-PLC (0.01
IU/ml) for 1 h at 37°C, and slot-blotting of the
recovered incubation media. This experiment
was performed after 2 and 4 days in culture with
defined medium.

Similarly, the presence of non—P1-PLC cleaved
molecules, either resistant or intracellular, was
investigated by slot-blotting of cells solubilized
in 20 mM TRIS-HCI buffer (pH 8.5) containing
1% deoxycholate, 20 mM NaCl, 1 mM MgClL,, 5
mM dithiothreitol, 0.5 mM PMSF, and 5 pg/ml
«2 macroglobulin.

After slot-blotting of proteins, nitrocellulose
sheets were washed in phosphate buffered sa-
line (PBS) and saturated for 1 h in PBS-5%
defatted milk. Incubation with the relevant anti-
bodies was conducted for 16 h at 4°C and bound
antibodies were detected with 0.5 x 10° cpm/ml
[**T] protein A. Sheets were autoradiographed
using Fuji X-Ray films. Care was taken to use
saturating levels of antibodies and the same
batch of ["**I] protein A in each series of experi-
ments, in order to be able to perform quantita-
tive estimations. Experiments were conducted
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at least in triplicate and on 4 wells for each given
condition.

Quantification of the Data

Immunoslot densitometric analysis was con-
ducted by image analysis of autoradiogram expo-
sures performed in the linear range of sensitiv-
ity of the film, using a digitized program Biolab
TM with Macintosh Programming Workshop
for Macintosh II. In this program images are
digitized to 8 bits (256 grey levels) with picture
definition of 768 X< 576 pixels (picture ele-
ments). Image acquisition is handled by camera
CCD. Grey levels were measured by using a
superimposed rectangular window; the values
obtained were stored and transferred to the
statistical program. In some instances radioac-
tive slots were cut from the nitrocellulose sheet
and individually counted in a gamma-counter.

RESULTS

Expression of GPI-Anchored Molecules by
Developing DRG Neurons

Primary cultures prepared from 1 day postna-
tal mouse and cultured in 10% FCS medium
containing NGF were chosen for the analysis of
the expression of GPIl-anchored glycoproteins.
Visualization of these molecules was conducted
first by immunofluorescencé staining. After one
day in culture all neurons strongly expressed
N-CAM on their surface whereas F3 and Thyl
were hardly detectable. After 3 days in vitro,
cells grew dense neuritic networks and ex-
pressed Thyl and F3 on their cell bodies and on
their neurites (Fig. 1B-D). Not every neuron
expressed F3 and the expression of this mole-
cule was restricted to large neurons as already
reported [Gennarini et al., 1989b].

The spontaneous release of these molecules
from the membrane of DRG neurons was as-
sessed by probing the culture medium with rele-
vant antibodies. To this end, the cell surface of
cultures maintained for 3 days in vitro was
biotinylated as described in Methods; then the
cells were incubated for 1 h in biotinylation
buffer. Soluble fractions were collected, cells
were lysed in RIPA buffer, and samples were
submitted to sequential immunoprecipitation
with the antibodies. Then the immunoprecipi-
tated molecules were run on SDS-PAGE under
reducing conditions, blotted on nitrocellulose,
and revealed by incubating the blots with [**1]-
labelled streptavidin. We observed that the mol-

ecules studied (i.e., N-CAM120, F3, and Thyl)
were found both in the cell lysates and in the
soluble fraction (Fig. 2). The liberation of GPI-
anchored molecules that we observed in the
culture medium was not due to damaging the
cells by biotinylation as the two transmembra-
nar isoforms of N-CAM (N-CAM140 and 180)
were exclusively found in the cell lysate. From
this experiment we concluded that N-CAM120,
F3, and Thyl molecules are spontaneously re-
leased in the medium from cell membranes;
thus, a mechanism should exist that controls
their release. However, the heterogeneity of the
culture and the possible perturbating effects of
biotinylation on this mechanism prevented us
from performing quantitative studies on the
amounts released. To overcome these diffi-
culties we turned to a cell line expressing these
molecules.

Differentiation of the ND26 Cell Line

We recently prepared and characterized im-
mortalized cell lines obtained by fusing postmi-
totic rat DRG neurons with a mouse neuroblas-
toma cell line (N18Tg2) [Wood et al., 1990). We
investigated the differentiation state of one of
these cell lines, ND26, by manipulating the com-
position of the culture medium. When cells were
cultured in minimum medium whose composi-
tion is given in Methods, either alone or contain-
ing Bt2cAMP (1 mM), NGF (560 ng/ml) or a
mixture of both, we observed that cells did not
divide as controlied by estimating cell numbers
at various intervals of time. However, addition
of Bt2cAMP to the minimum culture medium
induced drastic changes in morphology of the
cells consisting of an intense neurite outgrowth.
NGF has a less intense effect on neurite out-
growth and slower kinetics of growth. These
differences were clearly seen after 4 days in
culture, when neurite outgrowth was compared
in minimum medium by itself (Fig. 3A), and in
this medium containing either NGF (Fig. 3B) or
Bt2cAMP (Fig. 3C).

To unambiguously establish that these
changes in morphology corresponded to a true
differentiation towards a more mature neuronal
phenotype, we analysed such cultures for their
expression of MAP1 (Fig. 4) whose expression is
known to be developmentally regulated [Tucker
et al., 1988]. After one day of culture in mini-
mum medium containing Bt2cAMP, MAP1 im-
munoreactivity was confined to cell bodies (Fig.
4A B) whereas after 4 days in such medium
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Fig. 1. Expression of GPl-anchored molecules on early postnatal DRG neurons after 3 days of culture in
10% FCS medium supplemented with NGF. Immunofluorescence labelling with polyclonal anti-Thy1 (B)
and anti-F3 antibodies (D). A and C are the corresponding phase contrasts. Note that some neurite
processes (arrows) are not stained for F3 antibody. Bar = 20 pm.

immunoreactivity was clearly detectable in some
processes (Fig. 4C, D). These observations are in
good agreement with a differentiation of the
cells towards a more mature neuronal pheno-
type [Nixon et al., 1990].

Expression and Quantitative Analysis of
GPl-Anchored Molecules by the ND26 Cell Line

We tested by immunofluorescence staining
that the N18Tg2 parental neuroblastoma ex-
presses N-CAM but not Thyl and F3 [Wood et
al., 1990]. These molecules must therefore be
encoded by a gene transmitted from the DRG
parental cell of the hybrid. For N-CAM the
situation was more ambiguous, as we could de-
tect a slight immunoreactivity with the rat anti-
N-CAM monoclonal H28 recognizing mouse
N-CAM. Nevertheless, a polyclonal anti-N-CAM
antibody showed strong staining, suggesting that

rat N-CAM is also expressed by the hybrid cell
line.

To quantify the expression of GPI-anchored
molecules during the differentiation processes
without disturbing the physiological state of the
cells by chemical treatments such as biotinyla-
tion, we set up a slot-blotting procedure that
allows a quantitative estimation of the mole-
cules in various compartments. We measured
the overall cell content, the quantity of mole-
cules cleavable by PI-PLC enzyme, and spontane-
ously released molecules in the culture medium.
This procedure allowed us to compare several
samples under various conditions and to deter-
mine the kinetics of the release on the same
sample of cells, during differentiation. To this
end, cells were cultured in 96-well trays as de-
scribed in Methods. Culture medium was
changed every day and collected; after 2 and 4
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Fig. 2. Spontaneous release of GPl-anchored molecules from
DRG neurons. Primary cultures were maintained for 3 days in
culture medium supplemented with NGF. Then cells were cell
surface biotinylated. After 1 h at 37°C, membrane-bound and
spontaneously released products were immunoprecipitated,
separated on SDS-polyacrylamide gels, and transferred to Nitro-
screen® membranes and detected using ['**11-labelled streptavi-

days, respectively, cells were treated with PI-
PLC enzyme, the medium of cleavage was col-
lected, and the corresponding cells harvested
and solubilized in detergent containing buffer.
The samples, corresponding to individual wells,
were blotted on a nitrocellulose sheet and exam-
ined for their content of the tested molecules by
incubation with the relevant antibodies. Figure
5 shows examples of results obtained in such
slot-blotting experiments with N-CAM and Thy1
molecules, respectively.

Quantitative analysis of such autoradiograms
by densitometry or counting of the radioactive
slots showed that replacement of FCS contain-
ing medium by minimum medium induced a
decreased expression of N-CAM (20% between
day 2 and day 4). However, our test did not allow
us to differentiate between the GPI-anchored
and the transmembranar isoforms. By contrast
this medium induced the expression of F3 and
Thy 1 molecules; moreover, their expression
was increased over time in culture (Table I).

din. Polyclonal antibodies directed against N-CAM, F3, and
Thy1 molecules were used. SN corresponds to the released
molecules after 1 h incubation at 37°C, while P corresponds to
membrane-bound molecules. Molecular weights are shown for
each blot. Note that N-CAM140 and N-CAM180 (*) are only
found in the P fraction, and that no released products were
observed in the SN fractions.

Therefore, data shown in Table I indicate that
suppression of FCS from the medium besides
stopping cell division also modifies protein ex-
pression without inducing noticeable neurite out-
growth.

Influence of Conditions of Differentiation on
GPI-Anchored Molecules Expression

Three conditions of defined medium—namely,
addition of NGF, Bt2cAMP, or both to mini-
mum medium—were tested for their influence
on GPI-anchored molecules expression. To this
end we measured the overall quantity of GPI-
anchored molecules after 2 and 4 days of culture
in such media. Results are shown in Figure 6 for
4 days of culture. N-CAM did not exhibit any
significant change of the levels of expression
whatever the medium tested. F3 and Thyl ex-
pression was increased when differentiation was
carried out in medium containing Bt2cAMP.
This increase was approximately 25% over the
values obtained in minimal medium. We also
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Fig. 3. Cell morphology in various differentiating media. ND26
cells were cultured in three different media for 4 days: mini-
mum medium (A), plus NGF (B) or Bt2cAMP (C). In minimum
medium (A), some cells grow small neurites, while in the
presence of NGF (B) and more particularly B2cAMP (C) neu-
rites are longer. In this latter mediurm outgrowth was more rapid
and more intense than with NGF.

observed that NGF alone did not significantly
change the level of expression when compared to
minimum medium without supplementation.

Quantitative Estimation of PI-PLC Releasable
Molecules

Purified PI-PLC from B. thuringiensis had
been used to selectively remove GPI-anchored
proteins from a variety of cell types. However, it
has been shown [Roberts et al., 1988; Presky et
al., 1990] that some GPI-anchored proteins are
resistant to this treatment and that this resis-
tance is variable with the molecule studied or
dependent on the cell type expressing it. We
analysed this parameter for the various mole-
cules studied on cells maintained either for 2 or
4 days in the four media.

We calculated the percentage of release for
each molecule by comparison with the overall
quantity expressed by the cells. The percentages
were very similar whatever the composition or
the state of the cell differentiation (2 or 4 days in
Bt2cAMP containing media). Results are shown
in Table II for cells maintained for 4 days in
Bt2cAMP containing medium. To confirm this
result, we also enzyme treated cells after biotiny-
lation of their cell surface and analysed the
cleavage medium for its content of released mol-
ecules after immunoprecipitation and gel analy-
sis. Comparison of the data obtained from the
two approaches showed that the results were
similar.

Spontaneous Release of GPl-Anchored
Molecules During ND26 Differentiation

We estimated the quantity of spontaneously
liberated molecules from a sample of cells main-
tained in the different defined media. In the 0.2
em® wells the quantities liberated were usually
too low to be quantified after 24 hours of cul-
ture; thus, we made measurements on deposits
corresponding to a pool of medium from 48
hours.

For N-CAM a clear decrease of the release of
the GPI-anchored isoform was observed, as the
quantity recovered for the first 2 days (taken as
100%) was significantly higher than the quan-
tity released during the 2 following days what-
ever the medium considered. By contrast, for
the two other molecules, the quantity of re-
leased molecules increased (Fig. 7A). Thus, the
amount of released molecules reflects the
amount of molecules expressed by the cells and
varied with their differentiation state. Hence,
when the overall quantity liberated was com-
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Fig. 4. Immunofluorescence staining for MAP isoforms. Cells were cultured for 1 (A, B) or 4 (C, D) days
in minimum medium containing B{2cAMP. After one day of culture neuritic extensions are not labelled
with anti-MAP1 (arrows in B), while they become labelled after 4 days (arrows in D). Bar = 20 pm.

pared with the total quantities expressed at a
given time (i.e., 2 or 4 days in differentiation
medium), we observed that the calculated ratio
was constant; this is shown for F3 in Fig. 7B,
where ratios of 66 and 65% were found, respec-
tively.

DISCUSSION

The first series of observations described in
this report have established that early postnatal
DRG neurons express N-CAM120 isoform, F3,
and Thy1 that are GPl-anchored proteins, mem-
bers of the immunoglobulin superfamily. These
molecules are likely to play a role in cellular
recognition processes. Observations by immun-
ofluorescence staining after different times in
vitro showed that the expression of these mole-
cules is temporally regulated. F3 and Thy1l be-
came more heavily expressed after 3 days of
culture. Such cultures are heterogeneous for the
expression of F3, as some neurons do not ex-
press it. Moreover, they are dependent for their
survival on the presence of NGF.

As already reported for N-CAM120 in cul-
tures of C6 astrocytoma cells [Hé et al., 1987;
Théveniaun et al., 1991], we observed that all the
molecules we studied could be spontaneously
released into the culture medium. Biotinylation

experiments of the cell surface unambiguously
indicated that these liberated molecules origi-
nated from the cell surface and were not directly
secreted from an intracellular pool.

So far very little is known about the metabo-
lism and regulation of expression of GPI-an-
chored molecules in general. We have investi-
gated parameters such as expression,
accessibility to PI-PLC cleavage, and spontane-
ous release of such molecules in the hope that
this would give insights into their metabolism.
Moreover, the study of a neuronal system under-
going differentiation and neurite outgrowth al-
lowed us to investigate whether the parameters
studied were dependent upon such phenomena.
DRG primary cultures were not well suited for
our studies, since it was difficult to obtain ade-
quate numbers of cells and that heterogeneity
made biochemical studies difficult.

We therefore used a sensory neuron derived
hybridoma termed ND26 (neuroblastoma x DRG
neuron hybrid) that we recently generated [Wood
et al., 1990). Here we show that differentiation
of this cell line can be controlled by manipulat-
ing the composition of the culture medium. Neu-
rite outgrowth was dependent on the presence
of Bt2cAMP or to a lesser extent of NGF in the
medium. The probing of MAP1 isoform expres-
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Fig. 5. Immunoslot analysis of GPl-anchored molecules. The
same number of cells (15 x 10° cells/well) were seeded in
96-well trays and cultured with 4 different media: minimum
medium alone or supplemented with NGF, Bt2cAMP, or both.
Culture media were pooled from the first two days (R2) and the
following two days (R4). After 2 and 4 days of culture, respec-
tively, half of the wells were treated with PI-PLC. The correspond-
ing media of cleavage are termed PI-PLC2 and PI-PLC4. After
PI-PLC treatments, cells were lysed and proteins recovered

sion showed that these morphological changes
corresponded to differentiation.

The ND26 cell line retains thus enough fea-
tures of its sensory neuronal parent to provide a
useful model for studies of aspects of GPI-
anchored molecules regulation. Moreover, its
lack of dependence on NGF for survival allowed
us to investigate the effect of this factor on
GPI-anchored molecules expression and metab-
olism in comparison with another differenti-
ating agent, Bt2cAMP, an analogue of the sec-
ond messenger cAMP [Rydel et al., 1988).

NGF has been shown in vitro to elicit a wide
variety of cellular responses, including promot-
ing the survival and morphological differentia-
tion of neurons from embryonic sensory ganglia
[Barde, 1980]. In this regard, various groups

(Mb2, Mb4) as described in Materials and Methods. Every
fraction corresponding to an individual well was slot-blotted
onto a nitrocellulose sheet. Each given condition was tested
simuitaneously on 4 wells. The presence of GPl-anchored mole-
cules was probed by incubation of the nitrocellulose sheet with
the corresponding antibody. Bound antibody was revealed by
['#1]-labelled protein A. The results for N-CAM and Thy1 mole-
cules are shown. Note that N-CAM expression decreased from
2 to 4 days of culture, while Thy1 expression increased.

TABLE 1. Effect of FCS Removal
From the Medium on GPI-Anchored Molecules
Expression*

Difference of expression between
day 2 and day 4 (%)

N-CAM ~187+42(n=3)
F3 +294+20(n=4)
Thyl +10.0 +50(n=2)

*Qverall expression of molecules was estimated by summing
the values obtained in the fractions (culture media + PI-
PLC releasable + membranar proteins) at 2 and 4 days,
respectively. Cells were maintained in minimum differentia-
tion medium; data (mean + SEM) gave the difference of
expression for individual proteins between day 2 and day 4
(the level of expression at day 2 was taken as the 100%
value). n indicates the number of separate experiments
performed. Statistical treatment (Duncan’s test) showed a
significant variation of expression (P < 0.05).
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Fig. 6. Overall expression of GPl-anchored molecules after 4
days of culture. Expression of the GPl-anchored molecules was
made by a quantitative analysis of the autoradiograms. Data are
shown for cells maintained for 4 days in the different media.
Overall expression of a given molecule was obtained by sum-
ming the values from each compartment—that is, spontaneous
release (R2 + R4), releasable by PI-PLC (PI-PLC4), and cell
attached (Mb4). Data were analysed using one way treatment
analysis of variance, followed by Duncan’s multiple range test
[1955] for the determination of significant differences between
means. The results are expressed as percentages of the expres-
sion in the minimum medium. Data are (mean + SEM) from 3
to 5 experiments. Star indicates a significant difference
(P < 0.01).

have reported that cAMP analogs and NGF have
both synergistic and differential actions on NGF
responsive cells [Heidmann et al., 1985]. How-
ever, the effect of cAMP analogs and NGF on rat
PC12 cell morphology and neurite outgrowth
[Riechter-Landsberg and Justorff, 1986] sug-
gests a divergent pathway of action. In our cul-
ture conditions when the level of expression of
GPI-anchored molecules was monitored in min-
imum medium supplemented with NGF or
Bt2cAMP and compared with levels measured
in minimum medium alone, they fall into two
groups. The first one includes N-CAM, whose
expression was not significantly affected what-
ever the medium used. The second is comprised
of F3 and Thyl molecules, whose expression
increased approximately 25% in presence of
Bt2cAMP. This increase could be correlated with
the more intense neurite outgrowth that we
observed in this medium and the observations
made on the involvement of F3 molecules in
promoting this process [Gennarini et al., 1991].

TABLE I1. Percentage of PI-PLC
Releasable Molecules*

Released molecules (%)

N-CAM120 50.0 + 5.0 (n = 4)
F3 39.5 = 6.0 (n = 6)
Thyl 424 +54(n=3)

*Amounts of released molecules were estimated by analysis
of PI-PLC and Mb fractions on the autoradiograms, except
for N-CAM, for which biotinylation experiments were ana-
lyzed. The values obtained were compared with the cell
content (PI-PLC releasable + membrane values). Data
(mean + SEM) obtained for PI-PLC released molecules are
expressed as a percentage of the cell content calculated after
4 days in culture. n indicates the number of separate experi-
ments. No statistically significant differences could be found
by comparing the percentage of release for each molecule
(Duncan’s test).

NGF has been reported to upregulate N-CAM
and Thyl expression in PC12 cells [Prentice et
al., 1987; Doherty et al., 1988]. However, con-
trol of N-CAM level by NGF does not seem to be
a general phenomenon, and NGF had no effect
on N-CAM expression by PC12 cells in another
study [Friedlander et al., 1986]. ND26 cells were
responsive to NGF, since it was able to induce
some neurite outgrowth; a possible explanation
is that our quantitation test was not sensitive
enough to detect minor significant changes.

One of the features of GPI-anchored mole-
cules is that they can be released as a soluble
form upon treatment with bacterial PI-PLC en-
zyme. However, several studies have shown that
some GPIl-anchored molecules exhibit resis-
tance to this treatment [Low et al., 1988]. An
unanswered question is whether this is a gen-
eral property of all anchored structures ex-
pressed by a given cell type, or a property charac-
teristic of each individual molecule, whatever
the cell expressing it. Our observations would
favor the first hypothesis, as the percentage of
molecules resistant to PI-PLC treatment ap-
peared rather constant. The basis for the resis-
tance of GPI molecules to P1-PLC treatment has
not been fully explored.

Detailed studies on anchor compositions have
shown that structural variations can exist, such
as a modification of the inositol rings with fatty
acid which renders the molecule insensitive to
PI-PLC treatment. This is the case, for example,
in human brain acetylcholinesterase. Interest-
ingly, the molecule expressed by bovine erythro-
cytes does not exhibit the same properties. Data
from our laboratory [Théveniau et al., 1991] on
N-CAM120 isoform sensitivity to PI-PLC treat-
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Fig. 7. Spontaneous release of GPl-anchored molecules from
ND26 cell line. This is shown for Bt2cAMP medium. A: Sponta-
neous release was estimated by quantification of R2 and R4
spots on the autoradiograms. Values obtained for R4 were taken
as 100%. Note that spontaneous release increased for every
molecule except N-CAM, for which we measured a decrease.
The differences measured were significant. B: Spontaneous
release of F3 protein analysed after 2 and 4 days of culture (R2
and R4) by comparison with its overall expression at day 2 (12)
and day 4 (T4). The expression of F3 increased during differenti-
ation, but the ratios R2/72 and R4/74 are constant.

ment showed that it was almost (>95%) com-
pletely releasable from the C6 astrocytoma cell
membrane. Other studies on the role of GPI-
anchored proteins on T cells [Presky et al., 1990]
showed that T cell activation led to a marked
decrease in the ability of PI-PLC to remove
GPI-anchored surface proteins from activated
cells. Taken together these observations suggest
that the sensitivity of GPI-anchors to PI-PLC is
regulated by the cell. Moreover, as in the differ-
entiating ND26 cell line, the percentage of releas-
able molecules is rather similar for all the mole-

cules we studied; this suggests that there is a
common mechanism of control for the anchors
of GPI-linked proteins.

All molecules were shown to be spontaneously
released into the medium. If such molecules
have a different role from their membrane coun-
terpart, we may expect this release to be regu-
lated. For each studied protein a clear correla-
tion was observed between the overall amount
expressed by the cells and the quantity released.
These data are intriguing and are in favor of a
shared mechanism of release. The amount of
released molecules would not be individually
modulated by mechanisms taking place at the
cell surface, but rather controlled by the level of
expression of each individual molecule. This does
not preclude a role for the soluble form in con-
trolling the level of expression of the considered
molecule by an autocrine mechanism of regula-
tion of synthesis [Roubin et al., 1990], and fur-
ther experiments are needed to address this
issue. Alternatively, we cannot exclude the pos-
sibility that modulation of release can occur via
extrinsic factors such as surface phospholipase
C of neighbouring cells as suggested by Furley et
al. [1990]. Our system is not well suited to
detect this possibility, as the culture is homoge-
nous, and fasciculation is not observed.
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