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Cell adhesion molecules play a central role in neural in the peripheral nervous sytem, migration of neuronal
development and are also critically involved in axonal cell bodies, neurite outgrowth and fasiculation, and
regeneration and synaptic plasticity in the adult synaptic plasticity (for reviews, see Wong et al., 1995,
nervous system. We investigated whether the neural Hortsch,1996). L1 has an extracellular part consisting of
cell adhesion molecule L1 was capable of stimulating six immunoglobulin-like domains and five fibronectin
survival and differentiation in the mid-brain dopamin-  type Il homologous repeats (Moos et al., 1988) which are
ergic neurons which degenerate in Parkinson’s dis- differentially involved in neurite outgrowth, homophilic
ease. Monoclonal L1 antibodies, known to enhance and heterophilic binding and signal transduction. These
neurite outgrowth, were substrate-coated or added at signal transduction events are triggered by binding of the
the time of plating to medium of cultures containing natural ligands to L1 or mimicked by binding of antibod-
mid-brain dopaminergic neurons from 14-day-old ies to L1 at the cell surface which lead to complex
fetal rats. Tritiated dopamine uptake per well and the cascades of intracellular events involving the non-
number of tyrosine hydroxylase-immunopositive neu- receptor tyrosine kinasesc, G-proteins, protein kinase
rons increased in a dose-dependent manner with C, cyclic AMP and the tyrosine receptor kinase fibroblast
increasing concentrations of L1 antibody, suggesting growth factor receptor (Atashi et al., 1992; Beggs et al.,
that L1 acts directly or indirectly as a growth factor 1994; Klinz et al., 1995; Wong et al., 1995; Hall et al.,
for dopaminergic neurons. A monoclonal L1 antibody 1996; Schuch et al., 1989; Bixby and Harris, 1991).

not enhancing neurite outgrowth was ineffective. The Different second messenger pathways are activated
growth-promoting effects of L1 antibodies on dopamin- by L1 in different cell types. Dorsal root ganglion cells
ergic neurons in culture did not appear to be mediated and Schwann cells respond to the addition of purified L1,
by the cAMP-activated protein kinase A pathway, or a variety of monoclonal and polyclonal antibodies to
since combined treatment with a phosphodiesterase L1, with increased inositol phosphate turnover and cal-
inhibitor had only additive effects on the L1-induced cium mobilisation (von Bohlen und Halbach et al., 1992),
increase of dopamine uptake, and in addition, antibod- while PC12 cells show a drop in inositol phosphate
ies against L1 failed to protect cultures of dopaminer- metabolism (Schuch et al., 1989). Cerebellar neurons
gic neurons against the neurotoxin MPP, whereas respond with a marked increase in cAMP levels, in
pretreatment with forskolin and phosphodiesterase addition to elevated intracellular calcium and IP3 (von
type-1V inhibitors was strongly protective. J. Neuro- Bohlen und Halbach et al., 1992). These responses to L1
sci. Res. 53:129-134, 19980 1998 Wiley-Liss, correlate with increased neurite outgrowth in cerebellar
Inc.  © 1998 Wiley-Liss, Inc. neurons and are mediated by the region at the border
between the fibronectin type Ill homologous repeats 2
and 3, since a monoclonal antibody directed at amino
acids 818-832 in this region of L1 elicit neurite out-
growth, when substrate-coated and lead to increases in
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intracellular levels of calcium and IP3 (Appel et al.shown to promote neurite outgrowth and participate in
1995). short-term cell adhesion with varying efficacy (Appel et
Since an elevation of cCAMP levels has been foungl., 1993; Holm et al., 1995). Furthermore, a monoclonal
to be a most effective means of improving the survival gfntibody (557) reacting with a short peptide connecting
dopaminergic neurons, and of protecting them both {Re fibronectin type Il repeats 2 and 3 is as effective as
vitro and in vivo from the cytotoxic effects of MPTP, athe purified L1 molecule itself in increasing both intracel-
specific toxin for dopaminergic neurons (Hartikka et aly,|ar calcium levels and inositol phosphate turnover, and
1992; Hulley et al., 1995), we were interested 10 S&g hromoting neurite outgrowth (Appel et al., 1995). We
whether L1 would mediate an increase in intracellulafe efore ysed antibody 557 to evoke an intracellular
cAMP and enhance survival of these neurons. We hay Sponse in dopaminergic neurons and stringently con-

used dopamine uptake and cell counts to quantitativ ) . . .
assess the effects of L1 antibodies on survival ofdopameli%-)”(Ed its effects by using another antibody against L1

ergic neurons, alone or in combination with phosphodie 527), which does not generate changes in second messen-

terase type IV (PDE-IV) inhibitors which prevent theders nor enhance neuri_te o_utgrowth. We have compared
breakdown of cAMP in the cell. the effects of these antibodies, both as substrates and as

culture medium additives, on survival of primary mid-
brain cultures containing 3—5% embryonic rat dopaminer-
METHODS gic neurons.

Cell culture, dopamine uptake and treatment with  Cultures from embryonic rat mid-brain exhibit a
MPP* have been described (Hartikka et al., 1992)ramatic post-plating loss of dopaminergic neurons, with
Primary cultures containing dopaminergic neurons We{R) to 50% of cells dying in the first three days of culture,
prepared from the ventral mesencephalon of 14-day-glffiowed by a more gradual decrease to around 80% cell
fetal rats and_ plated in 24 well plates. A _culture wellss by 13 days after plating (Hartikka et al., 1992).
usually cont:_;uned_ 6 10° cellswell, O.f which 3-5% Therefore, in the experiments described here, cultures
were dopaminergic. There are no available methods 1:%re treated with potential survival factors at the time of

isolating pure cultures of dopaminergic neurons from .. : .
mesencephalic tissue. Duplicate cultures were prepal%latmg.and then left for three days. At t.h's point C“'“‘Tes
ere either fixed for immunocytochemistry or dopamine

for dopamine uptake or tyrosine hydroxylase stainingd. . .
Dopamine uptake was measured using tritiated dopam 'f[ake was pgrformed. The anubody 5,57 improved
at concentrations of 50 nM (sp. act. 45 Ci/mmol, Neftiated dopamine uptake by dopaminergic neurons (a

England Nuclear, Boston, MA). The survival of dopaminféasure of dopamine metabolism) at concentrations of
ergic neurons in the culture was assayed by countif§ H9/ml whether used to coat the culture well or when
tyrosine hydroxylase (TH) immunopositive neurongdded to the culture medium at the time of plating (not

stained with a monoclonal antibody to TH (Boehringeghown). Therefore most subsequent experiments were
Mannheim, Mannheim, Germany). done using antibodies as culture medium additives and all

The monoclonal L1 antibodies 327 and 557.B&he results presented here are from this treatment method.
(referred to as 557) were added to the culture medium éndose response curve was made using concentrations
the day of plating at concentrations of 7.5-120 ug/ml andnging from 7.5-120 pg/ml and dopamine uptake/well
left for 3 days. In addition to treatment of the culturéncreased in a dose-dependent manner, even at 7.5 pg/ml,
medium with antibodies, they were also substrate coatetien a slight increase was observed (Fig. 1). The control
prior to plating of the cells, as described (Appel et almonoclonal L1 antibody, 327, which reacts with a
1993). In experiments with MPP(active metabolite of conformational epitope on the sixth Ig-like domain of L1
methyl-phenyl-tetrahydropyridine, MPTP), antibodies qiappel et al.,1995) had no effect on dopamine uptake in

CAMP-elevating agents were added to the culture mgre concentration range 7.5-120 pg/ml (result for 60
dium of 5-day-old cultures, followed by 1 pM MPRON ,4/m| shown in Fig. 1).

day 6 and cells were fixed on day 8 forimmunocytochem-" |, grder to determine whether triggering of L1 at the
istry. The PDE type IV inhibitor NQ-A (1-(3-carbome- ¢ grface might increase dopamine uptake by elevating
thoxyphenyl)-3-benzyl-quinazoline-2,4-dione) was Syngy-aceliular cAMP levels, the three day treatment of cells
thesised at Novartis Ltd, Basel accordlng_to a publish th antibody was combined with exposure to phosphodi-
\F/)vrecz):g?r?)lngLSOiWri;tLtillq(IBll?c?hls) ng?tzfg;ie\knoolll)n and MPP esterase inhibitor NQ-A, which blocks the breakdown of
9 ’ ' ' CAMP (Lowe et al., 1991). While the phosphodiesterase

inhibitor NQ-A caused a slight elevation of dopamine

RESULTS uptake at 0.5 pM concentration as previously reported
Both immunoglobulin-like domains and fibronectin(Fig. 1; Hulley et al., 1995), this increase in uptake was
homologous repeats of the L1 glycoprotein have beawditive to the effects seen with the 557 antibody, rather
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Fig. 1. Dose-dependent increase of tritiated dopamine uptake 30
in 3-day-old primary cultures of embryonic rat ventral mesen- £ 51
cephalon. Cultures were treated with 60 pg/ml of antibody 327 E .
(black bar), or the indicated concentrations of antibody 557 8 207
without (open bars), and with (stippled bars), 0.5 uM phospho- § ]
diesterase type-IV inhibitor NQ-A, on day of plating and F 5y
[®H]dopamine uptake was assayed 3 days later. Results from 4 % 101
independent experiments (each with 4 wells/dose point) are P ]
expressed as a percentage SEM, with untreated controls 9 o057
designated 100%. 100% corresponds to 429855, 4637+ 00
453, 3055+ 39, 4528+ 495 cpm/well in experiments 1, 2, 3 ' o 75 15 30 60
and 4 respectively.
Cc
.. . . 03+
than synergistic (Fig. 1). This suggests that the two T
substances are exerting their effects through separate 3
signal transduction pathways, since an exponential in- E o2l
crease in dopamine uptake is seen when forskolin and any 5
PDE-IV inhibitor are combined, both substances acting to 3 ]
elevate CAMP (Hulley et al., 1995). g orf
Dopamine uptake can be elevated in two ways, by 2
an increase in the number of dopaminergic neurons or by g ]
an increase in the number of uptake transporter sites per 0

7.5 15 30 60

o +

neuron which takes place during differentiation. In order
to establish which of these accounted for the L1 antibody- )
induced elevation of dopamine uptake, duplicate cultures Concentration of 557 (ug/mi)

were treated with 557 antibody for three (jays. Of thltleg. 2. Correlation between dopamine (DA) uptake and sur-
duplicate cultures, half were processed for immunocytQyya| of dopaminergic neurons in 3-day-old primary cultures of

chemistry using tyrosine hydroxylase antibodies angnpryonic rat ventral mesencephalon plated in the presence of
dopamine uptake measurements were performed on ih&easing amounts of anti-L1 antibody, 55¥. Number of
other half. Figure 2 shows that the number of tyrosineH* neurons/well.B: [3H] dopamine uptake/wellC: [3H]
hydroxylase immunopositive neurons increased with idopamine uptake per THneuron. This is one representative
creasing concentrations of L1 antibody, 557 (Fig. 2Agxample of 3 separate experiments: 1, =SD (4 wells/dose
and that this correlated well with dopamine uptake (Fig2in-

2B). The dopamine uptake per neuron remained un-

changed (Fig. 2C). This indicates that the L1-induced

increase in dopamine uptake was caused by an increase in

the number of surviving cells and not simply by an ~ Dopaminergic neurons can be protected from MPP
enhanced differentiation of existing cells or an increase iipduced neurotoxicity by treating 5 day old cultures with
uptake mechanisms. The control antibody 327 had 8&MP analogues or forskolin for one day before exposure
significant effect on either cell number or dopamint® MPP* (Hartikka et al., 1992). A similar result was
uptake (not shown). achieved here using a combination of forskolin and
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A DISCUSSION
6 Antibody 557, directed against the junction be-
5 B - wee tween repeats 2 and 3 of the fibronectin type 11l domain of
] the L1 neural cell adhesion molecule, promotes the
4] survival of fetal dopaminergic neurons either when added

acutely to the culture medium or as a coated substrate, as
shown by an increase in both dopamine uptake and cell
] number. This correlates with a previous report that
2 antibody 557 causes a pronounced second messenger
response and increased neurite outgrowth in small cerebel-
lar neurons (Appel et al.,, 1995). There is increasing
evidence that ligand binding alone does not automatically

TH+ neurons / well (x1000)
w

0 c E Eal cause a cellu!ar response, and t_hat not all domains of L1

are involved in signal transduction (Appel et al., 1995;

B Holm et al., 1995). The control antibody, 327, is directed
6 - against an immunoglobulin-like repeat which is unable to
1 ~wep activate signal transduction in cerebellar neurons, and

g 57 this proved to be true also for dopaminergic neurons.

S The neural cell adhesion molecules, L1 and N-
;o' 41 CAM, were first shown to influence second messenger
3 3_‘ systems when triggered with specific antibodies at the
a 3 surface of PC12 cells (Schuch et al., 1989). These
g 2] antibodies or the isolated molecules themselves have
2 ] been further shown to elicit cell type-specific responses
£ 4] that can be modulated by the substrate on which the cells
. ] are maintained (von Bohlen und Halbach et al., 1992).
0 : ; Depending on the cell type, treatment with antibodies or

c 557 327 CAMs triggers L1 or N-CAM connected pathways,

resulting in up- or down-regulation of inositol phosphate
Fig. 3. Influence of CAMP elevators and antibodies against lhirnover, by raising intracellular €a levels, or by an
on survival of dopaminergic neurons in the presence of MPRycrease or decrease of intracellular pH. Elevation of
neurotoxin (black bars). Five day old cultures were treated fRracellular cAMP in response to L1 and its antibodies

indicated with(A) 0.5 uM forskolin alone, or combined with 1h nlv been r rted in cerebellar neurons (von Bohlen
UM phosphodiesterase type-1V inhibitor, NQ-A g antibod- as only been reporte cerebellar neurons (von Bohle

ies 557 or 327 (120uM each). On day 6, 1uM MPRas und Halbach et al., 1992). In dopaminergic neurons it
applied and 48 hours later, the cells were stained with a tyrosifl@€s not seem as if CAMP is responsible for the improved
hydroxylase antibody and counted=Cuntreated control, =  Survival observed with L1 triggering, since phosphodies-

forskolin, F + | = forskolin in combination with PDE-IV terase inhibitors do not potentiate this response in an
inhibitor, NQ-A. Values are given= SD, n = 4 wells/point. exponential manner. Presumably another, as yet uncharac-
Experiments were repeated 4—6 times each. terised pathway is involved.

L1 has been shown to signal via the FGF receptor in
experiments where the neurite outgrowth response to L1
. . was completely blocked by specific antibodies for the
PDE-IV inhibitor NQ-A (Fig. 3A). The number of g receptor (Doherty et al., 1995), and in an FGF-

surviving dopaminergic neurons was assessed on Dayy eptor independent manner, by activatiosmfkinase

of culture. When cultures were treated according to trﬂ?gnelzi et al., 1994). Basic FGF has previously been
same schedule with 120 pg/ml concentrations of thgnorted to have beneficial effects on the survival of
antibodies 557 and 327, there was no protection fro&bpaminergic neurons in vitro and in vivo (Otto and

MPP*-induced neurotoxicity (Fig 3B). Concentrations ofynsicker, 1990; Date et al., 1993; Chadi et al., 1993).
30 pg/ml and 60 pg/ml 557 antibody were also tested witthis may be an indirect effect, since when astrocytes are
no protective effect (not shown). In untreated contreictivated with bFGF, they produce a factor or factors
cultures, there is a relatively slight decrease in dopamingshich strongly promotes the differentiation of mid-brain
gic cell number between Days 5 and 8 of culturdopaminergic neurons in culture (Gaul andbbert,
(Hartikka et al., 1992), hence the selection of thi$992). Further evidence for an indirect effect comes from
treatment period. a recent report by Hou et al. (1997) which shows that
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