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Sialylation is essential for development and regeneration in mam-
mals. Using N-propanoylmannosamine, a novel precursor of sialic
acid, we were able to incorporate unnatural sialic acids with a
prolonged N-acyl side chain (e.g., N-propanoylneuraminic acid)
into cell surface glycoconjugates. Here we report that this bio-
chemical engineering of sialic acid leads to a stimulation of neu-
ronal cells. Both PC12 cells and cerebellar neurons showed a
significant increase in neurite outgrowth after treatment with this
novel sialic acid precursor. Furthermore, also the reestablishment
of the perforant pathway was stimulated in brain slices. In addi-
tion, we surprisingly identified several cytosolic proteins with reg-

ulatory functions, which are differentially expressed after treatment
with N-propanoylmannosamine. Because sialic acid is the only
monosaccharide that is activated in the nucleus, we hypothesize
that transcription could be modulated by the unnatural CMP-N-
propanoylneuraminic acid and that sialic acid activation might be
a general tool to regulate cellular functions, such as neurite
outgrowth.
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Sialic acids represent a family of amino sugars, which are com-
ponents of complex N- and O-glycans of glycoproteins and glyco-
lipids. Sialylation of glycoproteins and glycolipids plays an impor-
tant role during development, regeneration, and pathogenesis
(Varki, 1993, 1997). Within the nervous system at times of exten-
sive neuronal plasticity, e.g., during development or regeneration,
the sialylation of glycoproteins and glycolipids differs from that
found during tissue maintenance. One well characterized exam-
ple is the unique polysialylation of the neural cell adhesion
molecule (Finne et al., 1983; Sadoul et al., 1983; Santoni et al.,
1988).

The biosynthesis of sialic acids starts in the cytosol. The phys-
iological precursor of all sialic acids is N-acetylmannosamine
(ManNAc). In previous studies we have shown that the novel
nonphysiological N-propanoylmannosamine (ManNProp) is me-
tabolized (like the physiological ManNAc) to N-propanoyl-
neuraminic acid (Neu5Prop) in vitro and in vivo using the same
metabolic route as ManNAc (see Scheme 1). The simple addition
of ManNProp to the cell culture medium leads to the expression
of Neu5Prop on cell surface glycoconjugates (Kayser et al., 1992;
Keppler et al., 1995; Schmidt et al., 1998, 2000). This biochemical
engineering, applied to different cell systems, has so far revealed
several important biological functions of the N-acyl side chain of

sialic acid. Treatment of lymphoma cells with ManNProp re-
duced their infectibility by several sialic acid-dependent viruses,
e.g., influenza A virus (Keppler et al., 1995). Human diploid lung
fibroblasts displayed a loss of density-dependent growth control
after biochemical engineering (Wieser et al., 1996). Treatment of
neural cell cultures of newborn rats with ManNProp led to
proliferation of astrocytes and microglia and increased the num-
ber of oligodendrocyte progenitor cells (Schmidt et al., 1998).
These oligodendrocytes show calcium spiking in response to
GABA after biochemical engineering of their cell surface with
ManNProp (Schmidt et al., 2000). Biochemical engineering has
not only been used to stimulate cells. This new method has been
modified by the group of Carolyn Bertozzi. They used
N-levulinoylmannosamine in which the acyl group contains a
reactive ketone structure (Mahal et al., 1997). This enables the
selective detection of the engineered cells and makes cells acces-
sible for chemical modification. Furthermore they reported that
N-butanoylmannosamine (ManNBut), a sialic acid precursor with
an unnatural butanoyl residue, interferes with polysialylation of
the neural cell adhesion molecule (Mahal et al., 2001).

One more important feature of engineered sialylation is an
increase in the biological stability of glycoconjugates. The half-
life of CEACAM-1, a member of the immunoglobulin superfam-
ily, was increased after incorporation of Neu5Prop (Horstkorte et
al., 2001; for review, see Keppler et al. 2001).

Here we report that the incorporation of N-propanoylneura-
minic acid into cell surface glycoproteins of neuronal cell cultures
results in a stimulation of neurite outgrowth. Furthermore, rees-
tablishment of functional connections, such as the perforant path-
way, is increased after incorporation of N-propanoylneuraminic
acid. On the molecular level, we identified several regulatory pro-
teins in the cytosol that were expressed differentially after bio-
chemical engineering using ManNProp.
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MATERIALS AND METHODS
Cell culture. PC12-cells were routinely cultivated in Falcon plastic flasks
using RPMI 1640 supplemented with 10% horse serum. Differentiation
(e.g., neurite outgrowth) was induced with a suboptimal concentration
(10 ng/ml) of nerve growth factor (NGF) (Roche Biochemicals).

Small cerebellar granule cells were prepared as described (Keilhauer
et al., 1985). In brief, coverslips were coated overnight with 0.01%
poly-L-lysine or laminin at 37°C and washed three times with H2O.
Purified small (3 � 10 5) cerebellar neurons from 6- to 7-d-old mice were
seeded onto each coverslip, yielding a final volume of 400 �l. Cultures
were maintained for 20 hr.

Slices of entorhinal cortex and dentate gyrus were prepared from
6-d-old BALBC mice of either sex. Slices (425 �m) were orientated as in
vivo and fixed on microelectrode arrays (MEAs) (NMI, Reutlingen,
Germany) of 60 substrate-integrated electrodes by a plasma clot. Cul-
tures were maintained at a temperature of 36°C in 50% BMEM, 25%
HBSS, and 25% horse serum containing 36 mM D-glucose and 1 mM
L-glutamine. Medium was changed twice a week (Egert et al., 1998).

Analytical procedures. Protein was determined in 96-well ELISA plates
using 200 �l of bicinchonic acid protein reagent (Pierce, Rockford, IL)
and a 50 �l sample. Plates were evaluated in a 96-well ELISA reader
(Spectra) at 570 nm.

Preparation of cell extracts. Cell pellets were solubilized at 4°C for 1 hr
in buffer containing 150 mM NaCl, 50 mM Tris, 1 mM CaCl2, 1 mM
MgCl2, 1% Triton, and protease inhibitor mixture (Sigma, Deisenhofen,
Germany) at pH 7.4. Solubilisates were centrifuged at 13000 rpm for 30
min, and supernatants were collected.

Cells were homogenized in homogenization buffer by passing them 10
times through a syringe with a 22 � 1.25 ga needle. Homogenates were
then centrifuged for 1 hr at 100,000 � g, and the supernatants represent-
ing the cytosols were collected.

Quantification of N-acetyl acid and N-propanoylneuraminic acid. PC12-
cells were maintained for 1 or 3 d in the presence or absence of 5 mM
ManNProp and then harvested and pelleted. Cell pellets (10 7 cells) were
lysed by hypotonic shock in distilled water and repeated freezing and
thawing (two times). The crude membrane fractions were pelleted by
centrifugation at 30,000 � g for 20 min (4°C), and the pellets were
lyophilized.

Quantification of total sialic acids. The pellet was washed twice with
water and lyophilized. The content of membrane glycoconjugate-bound
sialic acid was determined by hydrolyzing the pellet for 1 hr with 2 M
acetic acid at 80°C. Sialic acids were quantified by the thiobarbituric acid
method (Aminoff, 1961) and HPLC analysis, as described (Keppler et al.,
1995). Similar results were obtained by both methods.

Quantification of protein-bound N-acetyl- and N-propanoylneuraminic
acid. Glycolipids were extracted using three different methanol /chloro-
form mixtures (1:2, 1:1, 2:1, v/v) for 30 min each, followed by centrifu-
gation at 10,000 � g (30 min, 4°C). Glycoprotein-containing pellets were
hydrolyzed, and sialic acids were purified and fluorescence labeled as
described (Hara et al., 1987). Labeled sialic acids were chromatographed
using a reversed phase C18 column (Lichrosorb C18, 5 �m, 250 � 4.6
mm; Knauer, Berlin, Germany) with a fluorescence detector (Ginkotek;
excitation wavelength, 377 nm; emission wavelength, 448 nm). Eluent A
contained distilled water, and eluent B contained acetonitrile/methanol
(60:40, v/v). The flow rate was 1 ml/min. Separations were performed
using a gradient running for the first 20 min in the isocratic mode with
10% eluent B. Eluent B was then raised to 25% within 25 min and finally
to 50% within the subsequent 15 min. Eluted neuraminic acids were
identified by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) and quantified using defined
standards as already described (Keppler et al., 1995).

Quantification of neurite outgrowth. Cultures of PC12 cells or small
cerebellar neurons were fixed and stained with cresyl violet. Photographs
of each culture were taken randomly. Neurite outgrowth was quantified
by computer-assisted process analysis (ITC, Kriftel, Germany) of at least
1500 cells per experiment (PC12 cells) or with the help of IP-Lab (NIH)
software (small cerebellar neurons). Data were analyzed for significance
by ANOVA.

Multi-electrode array. Beginning from 2 d in vitro (DIV), responses in
cortex and dentate gyrus to electrical stimulation of layer II neurons of
the entorhinal cortex were monitored at 2, 3, 4, 7, and 8 DIV. Electro-
physiological activity was recorded simultaneously in 59 electrodes at 25
kHz, stored, and analyzed off-line (hardware and software from Mul-
tichannel Systems). Responses of dentate gyrus neurons to electrical
stimulation indicated reestablishment of the perforant pathway. The day

of recovery was noted. Accumulated data for each substance were com-
pared with control experiments in which no substance had been added to
the culture medium (Hofmann et al., 2000) (analysis by NMI, Tübingen,
Germany; see Figure 4 A for detail).

Two-dimensional-gel electrophoresis. Two-dimensional (2D)-gel elec-
trophoresis was performed using the procedure as described previously
(Löster and Kannicht, 2002). Cell extracts were mixed with 1.2-fold dry
strip rehydration buffer to reach a final concentration of 2 M thiourea, 7
M urea, 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate, 0.3% (w/v) DTT, and 2% (v/v) immobilized pH gradient
(IPG) buffer, pH 4–7. After a 30 min incubation at 25°C and a subse-
quent centrifugation for 5 min at 12000 rpm, pH 4–7 IPG strips (18 cm)
(Amersham Biosciences, Freiburg, Germany) were rehydrated overnight
at room temperature in 360 �l volume of rehydration buffer/cell extract
mixture. IEF was performed for 38,500 Vh at a maximum of 3500 V using
the Multiphor II system (Amersham Biosciences). After end of focusing,
IPG strips were treated with equilibration buffer [50 mM Tris, 6 M urea,
30% (v/v) glycerol, 2% (w/v) SDS] supplemented with 0.15% (w/v) DTT,
followed by a secondary 15 min treatment with equilibration buffer
supplemented with 0.24% (w/v) iodoacetamide. The pretreated IPG
strips were then transferred onto 5–15% SDS-PAGE gels (25 � 20 cm,
1.5 mm, linear acrylamide gradient), and electrophoresis was performed
overnight at a constant voltage of 100 V at 10°C according to the
Amersham Biosciences instructions.

In situ digestion with trypsin and MALDI mass spectrometry. After
2D-electrophoresis, proteins were stained by colloidal Coomassie bril-
liant blue (Pierce). The spots of interest were cut off the gel, cut into
small pieces, destained with 50% (v/v) ethanol in aqua (aq.) bidest,
washed extensively with aq. bidest to remove ethanol, and dried in a
vacuum centrifuge. Trypsin (Trypsin, Sequencing Grade, Sigma) con-
taining buffer (trypsin dissolved at 5 �g/ml in 100 mM Tris-HCI, pH 8.5)
was added to gel pieces. Protein digestion was performed overnight at
37°C. Digestion was stopped by addition of 2.5% trifluoroacetic acid
(TFA).

Supernatant and gel pieces were separated by centrifugation. Peptides
were extracted and purified from supernatant by absorption onto a
stationary reversed-phase matrix in pipette tips (ZipTipC18, Millipore,
Eschborn, Germany) according to the instructions of the manufacturer.
After five washes with 0.1% TFA in aq. bidest (v/v), bound peptides were
eluted with 10 �l saturated matrix solution (�-cyano-4-hydroxycinnamic
acid, Sigma) in 0.1% TFA (v/v) in 50% (v/v) acetonitrile/water. One
microliter of each eluted sample was applied to the target and allowed to
dry at room temperature. MALDI-TOF MS was performed on a Bruker
Biflex instrument (Bruker, Bremen, Germany). Ionization was accom-
plished with a 337 nm beam from a nitrogen laser. Mass spectra were
recorded in the positive ion mode using the reflector. The masses of
peptides were determined using adrenocorticotropic hormone fragment
18–39 (Sigma) and angiotensin II (Sigma) as internal standards.

RESULTS
Biochemical engineering of the acyl side chain of sialic acid, using
ManNProp as an unnatural precursor, has been shown to stimu-
late glia cells and interfere with transmitter functions (Schmidt et
al., 1998, 2000). In the present study, we inquired whether the
most important prerequisite for regeneration of neural cells,
namely neurite outgrowth, is affected by this new kind of bio-
chemical engineering.

Incorporation of Neu5Prop into the plasma membrane
We first investigated whether neural cells are able to metabolize
ManNProp and incorporate it as Neu5Prop on their cell surface
(Scheme 1). For this purpose, PC12 cells were cultured for 1 or
3 d in the presence of 5 mM ManNProp. To test whether PC12
cells synthesize Neu5Prop from the appropriate precursor
(ManNProp), all sialic acids of membrane glycoproteins of
ManNProp-treated PC12 cells were isolated and quantified by
HPLC. When maintained for 1 d in the presence of ManNProp,
24% of the protein-bound sialic acids consisted of N-propanoyl-
neuraninic acid, reaching 35% after 3 d (Fig. 1).
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Biochemical engineering does not increase cell
surface sialylation
To determine whether the treatment of ManNAc or ManNProp
leads to increased overall sialylation, we quantified the total cell
surface-bound sialic acids of PC12 cells cultured in the absence
and presence of ManNAc or ManNProp. PC12 cells were culti-
vated for 48 hr in the absence or presence of 5 mM ManNAC or
ManNProp, respectively. We found that treatment of PC12 cells
with ManNAc led to a slightly increased sialylation (Table 1);
treatment with ManNProp resulted in a nonsignificant increase of
cell surface sialylation (Table 1).

Biochemical engineering stimulates neurite outgrowth
of PC12 cells
Rat PC12 cells have been widely used as a standard system to
study neurite outgrowth. These cells express neural cell adhesion
molecule in its nonpolysialylated form (Horstkorte et al., 1999)

and respond to NGF by extending neurites via a Ras-dependent
pathway. We first quantified neurite outgrowth of PC12 cells,
grown in the absence or presence of ManNProp, on different
substrates.

PC12 cells were cultured in the presence of suboptimal con-
centrations of NGF on poly-D-lysine, collagen I, or laminin. The
best neurite outgrowth was observed on laminin. In the presence
of 0.5 mM ManNProp, PC12 cells had nearly 30% longer neurites
on laminin compared with control cultures without ManNProp.
Neurite outgrowth was not stimulated on collagen I and poly-D-
lysine. At an increased concentration of ManNProp of 5 mM,
neurite outgrowth was stimulated on laminin by 69% and to a
lesser extent also on collagen (14%), but not on poly-D-lysine. In
the presence of 25 mM ManNProp, neurite outgrowth was stim-
ulated on laminin (61%), collagen (21%), and poly-D-lysine
(18%). In another set of experiments, PC12 cells were grown in
the presence of the 5 mM ManNAc (the physiological precursor of
sialic acid) (Fig. 2B). ManNAc is also capable of stimulating
neurite outgrowth on laminin, but not on collagen or poly-D-
lysine and to a much lesser extent compared with ManNProp
(Fig. 2B). Figure 2C shows two representative micrographs of
PC12 cells grown in the absence or presence of 25 mM

ManNProp.
As demonstrated in Figure 2, the maximal response of PC12

cells was at 5 mM ManNProp. We therefore performed subse-
quent experiments in the presence of 5 mM ManNProp.

Biochemical engineering stimulates neurite outgrowth
of small cerebellar granule cells
Using collagen I or laminin as substrate, we analyzed neurite
outgrowth of small cerebellar granule cells in vitro in the absence
or presence of ManNProp or ManNAc (Fig. 3).

Analysis of �600 cells showed that neurite outgrowth of small
cerebellar granule cells was also stimulated by ManNProp (Fig.
3A). When cultures were grown in the presence of 5 mM

ManNProp on collagen I, neurite outgrowth was stimulated by
25% compared with control cultures. However, when small
cerebellar granule cells were grown on laminin in the presence
of ManNProp, neurite outgrowth was stimulated by �120%
(Fig. 3A). Again, the physiological precursor of sialic acid
(ManNAc) also stimulated neurite outgrowth, but this stimu-
lation was only half of that observed after biochemical engi-
neering with ManNProp (Fig. 3A).

Reestablishment of the perforant pathway
Establishment of functional connections is a basic requirement
for the correct interaction of neurons of the CNS. To test the
regenerative capacity of ManNProp, i.e., to stimulate the rees-
tablishment of connections within central nervous tissue, organo-
typic cocultures were combined with extracellular multi-electrode
recording technology (Fig. 4A,B). Four preparations, each with
15 cocultures of entorhinal cortex and dentate gyrus, were started.
Figure 4C illustrates the percentage of explants showing recovery

Table 1. Quantification of total sialic acids in PC12 cells cultured in
the absence or presence of ManNac or ManNProp

Culture condition nmol/mg

No additive 8.8 � 1.8
ManNAc 11.8 � 0.3
ManNProp 9.0 � 0.5

Each value is represented by four experiments.

Scheme 1. Biosynthetic pathway of physiological and engineered sialic
acid precursors.

Figure 1. Incorporation of N-propanoylneuraminic acid in PC12 cells.
PC12 cells were incubated in the presence of ManNProp for different
time periods. Incorporated N-propanoylneuraminc acid (Neu5Prop) was
quantified by HPLC analysis and compared with physiological sialic acid
(Neu5Ac).

Büttner et al. • Biochemical Engineering Stimulates Axonal Growth J. Neurosci., October 15, 2002, 22(20):8869–8875 8871



of the perforant pathway on each culture day. After 2 d of culture,
7% of the explants showed recovery of the perforant pathway.
However, when the explants were cultured in the presence of
ManNProp, 36% of the explants showed recovery after 2 d in
culture. In control experiments in the presence of ManNAc, 25%
of the explants showed recovery (Fig. 4C); 100% recovery was
attained after 7 d in the presence of ManNProp and after 8 d in
control and ManNAc cultures (data not shown).

Proteome analysis of engineered PC12 cells
Which molecular mechanisms underlie the stimulation of neurite
outgrowth? Neurite outgrowth is a complex mechanism involving
the intracellular signal transduction machinery and the expres-
sion of novel genes. Therefore, we stimulated PC12 cells with 5
mM ManNProp and compared the expression patterns of cytoso-
lic proteins. Cytosolic fractions of PC12 cells grown in the ab-
sence or presence of ManNProp were prepared and subjected to

2-D gel electrophoresis. Gels were stained with Coomassie blue
and analyzed. Figure 5 shows a representative 2-D gel of 15 gels
that were used for these analyses. We compared the proteins
from gels of PC12 cells grown in the absence or presence of
ManNProp and selected 12 proteins with significantly altered
expression. Corresponding spots were cut out of the gels and
in-gel digested with trypsin. Tryptic peptides were eluted from
the gel and further analyzed by MALDI-TOF MS. Ten proteins
could be identified; from the other two no matching peptides were
found in the swissprot-databank. Figure 5 shows the position of
these proteins on the 2D-gels, and Table 2 summarizes all data of
the spot analysis. The identified proteins form two major groups:
the first group represents proteins involved in the regulation of
growth and development, such as ULIP protein, 14-3-3 proteins,
and heat shock proteins. Interestingly, with the exception of the
heat shock protein 27, the expression of all proteins is downregu-
lated by treatment of the PC12 cells with 5 mM ManNProp. The
second group consists of enzymes such as � enolase, tyrosine-3-
monooxygenase, and ubiquitin C-terminal hydrolase isoenzyme
L1. These enzymes are involved in general cellular functions and
regulation of proteolysis.

DISCUSSION
This study demonstrates that the N-acyl side chain of sialic acid is
a potent tool for stimulating neuronal cells. After incorporation
of the unnatural N-propanoylneuraminic acid into cell surface
glycoconjugates, both PC12 cells and small cerebellar granule
cells showed increased neurite outgrowth in vitro. In addition,
regeneration, as shown by the reestablishment of the perforant

Figure 2. Stimulation of neurite outgrowth in PC12 cells. A, PC12 cells
were grown in the presence of 0.5, 5, or 25 mM ManNProp on poly-D-
lysine (PDL), collagen I (Col ), or laminin (LN ). Neurite outgrowth was
quantified and is expressed as percentage increase over control. Error
bars represent mean values � SD of 25 micrographs containing at least 25
cells each. B, PC12 cells were grown in the presence of 5 mM ManNProp
or ManNAc on poly-D-lysine (PDL), collagen I (Col ), or laminin (LN ).
Neurite outgrowth was quantified and expressed as percentage increase
over control. Error bars represent mean values � SD of 25 micrographs
containing at least 25 cells each. C, Representative micrographs of
PC12 cultures cultured on laminin (LN ) grown in the absence (con-
trol ) or presence of 25 mM nonphysiological N-propanoylmannosamine
(ManNProp).

Figure 3. Stimulation of neurite outgrowth of small cerebellar granule
cells. A, Small cerebellar granule cells were grown in the absence or
presence of 5 mM ManNProp or ManNAc on collagen I (Col ) or laminin
(LN ). Neurite length was quantified and set at 100% in the absence of
additives. Error bars represent mean values � SD of 20 micrographs
containing at least 15 cells each. B, Representative micrographs of small
cerebellar granule cells cultured on collagen I (Col ) or laminin (LN )
grown in the absence (control ) or presence of 5 mM ManNProp.

8872 J. Neurosci., October 15, 2002, 22(20):8869–8875 Büttner et al. • Biochemical Engineering Stimulates Axonal Growth



pathway in slice cultures, was also stimulated. The increased
neurite outgrowth was accompanied by a changed protein expres-
sion pattern.

Our experiments show that neurite outgrowth and regener-
ation are stimulated by the unnatural sialic acid precursor,
ManNProp, but also to a lesser degree by the physiological sialic
acid precursor, ManNAc. These data correspond to earlier ob-
servations that not only ManNProp but to a lesser extent also
ManNAc stimulated the enrichment of A2B5-positive oligoden-
drocytes, and both were also stimulators of astrocyte proliferation
(Schmidt et al., 1998). This might be explained by a constitutive
undersialylation of the investigated cells in culture, because ap-
plication of both precursors, ManNAc or ManNProp, respec-
tively, led to a slightly increased cell surface sialylation (Table 1)
(Keppler et al., 1999, Mantey et al., 2001). It remains to be
elucidated whether increased sialylation is beneficial per se to
regeneration in vivo. The stimulation of neurite outgrowth was
twice as high when cells were biochemically engineered with the
unnatural ManNProp compared with cells treated with the phys-
iological precursor of sialic acid. This increased neurite out-
growth is the specific effect of the prolonged N-acyl side chain of
sialic acid, e.g., biochemical engineering.

This stimulation of neurite outgrowth by ManNProp is matrix
dependent. It is much better on laminin than on collagen I or
poly-D-lysine, which suggests an involvement of integrin recep-

tors. It has been shown in various experiments that �1-integrins
are regulators for neurite outgrowth (Treubert and Brummen-
dorf, 1998; Ivins et al., 2000; Werner et al., 2000). Biochemical
engineering of the side chain of sialic acid might activate �1-
integrins. It has been shown that �1-integrins can be activated by
removal of sialic acid; treatment with sialidases increases the
adhesion of HL60 cells to fibronectin (Pretzlaff et al., 2000). This
activation might be one explanation for the specific stimulation of
neurite outgrowth on laminin induced by ManNProp treatment.
The differences between laminin and collagen substrates might be
the result of different � integrins. PC12 cells express mainly �1
�1, and �3 �1 integrins, which are receptors for both laminin and
collagen (Tomaselli et al., 1990). In contrast, cerebellar neurons
express �1 �1 as a collagen/ laminin receptor and �6 �1 as
receptor for laminin (Hall et al., 1997).

In most of our experiments, we used 5 mM ManNProp, because
this concentration supported maximal stimulation. Such a high
concentration is necessary because membranes are not permeable
for ManNProp, and no transport mechanism exists. Preliminary
data suggest that peracetylation of ManNProp enables it to cross
membranes and could help to reduce the necessary concentration
of ManNProp by a factor of 100. Nevertheless, even a high
concentration of ManNProp does not affect the viability of any of
the cells investigated so far (Keppler et al., 2001).

NGF-mediated neurite outgrowth in PC12 cells is controlled
via Ras and the MAP-kinase pathway (Szeberenyi et al., 1990;
Fukuda et al., 1995). Therefore, we decided to investigate the
expression of cytosolic proteins in PC12 cells before and after
stimulation with ManNProp. This strategy was intended to throw
light on the molecular intracellular mechanism underlying the
ManNProp-stimulated neurite outgrowth. In previous studies we
have already shown that treatment of cerebellar explants with
ManNProp leads to an increased expression of the A2B5 epitope
(Schmidt et al., 1998).

Some of the molecules, identified in PC12 cells after stimula-
tion of neurite outgrowth with ManNProp, are involved in neu-
rite outgrowth. The role of 14-3-3 proteins as potential regulators
of neurite outgrowth has been debated for many years (for re-
view, see Fu et al., 2000). They are associated with GABA
receptors (Couve et al., 2001), which are known to be modulated
by ManNProp, leading to calcium spiking in oligodendrocytes
(Schmidt et al., 2000). Furthermore, 14-3-3 proteins are associ-
ated with sialyltransferase IV (Gao et al., 1996), suggesting that
14-3-3 proteins might be involved in both neurite outgrowth and
biosynthesis of sialoglycoconjugates.

Unc-33-like phosphoprotein (ULIP) is involved in axon guid-
ance and outgrowth (Quinn et al., 1999). Interestingly, we also
identified ULIP as a target of ManNProp treatment. Although
the general expression of ULIP correlates with neurite out-
growth, we measured a downregulation of ULIP expression in
response to ManNProp.

This is the first evidence that biochemical engineering of the
acyl side chain of sialic acid not only influences cell surface
receptors via expression of protein-bound unnatural sialic acids,
but that ManNProp also influences the expression of cytosolic
proteins that are involved in signal transduction. The mechanism
whereby ManNProp changes protein expression will be the object
of future investigations. In contrast to all other monosaccharides,
which are activated in the cytosol, sialic acid is activated to
CMP-sialic acid in the nucleus (Coates et al., 1980; Kean, 1991).
Therefore it might be possible that transcription could be modu-
lated by the unnatural CMP-Neu5Prop in the nucleus.

Figure 4. Reestablishment of the perforant pathway. A, Coculture of
entorhinal cortex (EC) and dentate gyrus (DG) after 2 d in culture on
microelectrode array. Electrodes have a spacing of 200 �m and a diameter
of 30 �m each. Not all electrodes are covered by tissue. B, Electrophysi-
ological activity recorded in both slices simultaneously. Preparation is the
same as in A. The electrode marked by the asterisk was used as the
stimulating electrode. C, Cocultures of entorhinal cortex and dentate
gyrus were grown in the absence (control ) and presence of ManNAC or
ManNProp. Bars represent percentage of cultures that are reestablished
after days in culture (div) as indicated.
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On the basis of all these results, we propose a novel mechanism
for the stimulation of neurite outgrowth via biochemical engi-
neering of the acyl side chain of sialic acid.
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