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Abstract During development, axonal projections have a

remarkable ability to innervate correct dendritic subcompart-

ments of their target neurons and to form regular neuronal

circuits. Altered axonal targeting with formation of synapses

on inappropriate neurons may result in neurodevelopmental

sequelae, leading to psychiatric disorders. Here we show that

altering the expression level of the polysialic acid moiety,

which is a developmentally regulated, posttranslational mod-

ification of the neural cell adhesion molecule NCAM, critically

affects correct circuit formation. Using a chemically modified

sialic acid precursor (N-propyl-D-mannosamine), we inhibited

the polysialyltransferase ST8SiaII, the principal enzyme

involved in polysialylation during development, at selected

developmental time-points. This treatment altered NCAM

polysialylation while NCAM expression was not affected.

Altered polysialylation resulted in an aberrant mossy fiber

projection that formed glutamatergic terminals on pyramidal

neurons of the CA1 region in organotypic slice cultures and in

vivo. Electrophysiological recordings revealed that the ectopic

terminals on CA1 pyramids were functional and displayed

characteristics of mossy fiber synapses. Moreover, ultrastruc-

tural examination indicated a ‘‘mossy fiber synapse’’-like

morphology. We thus conclude that homeostatic regulation of

the amount of synthesized polysialic acid at specific devel-

opmental stages is essential for correct synaptic targeting and

circuit formation during hippocampal development.
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Introduction

Many molecules that guide axonal pathfinding have been

described. However, the mechanisms underlying precise

synaptic targeting are largely unknown. Unraveling

these mechanisms is thus essential for understanding how

neuronal connectivity is accomplished, and for a better

understanding of mental diseases that are associated with an

altered brain connectivity, such as schizophrenia [1].

Polysialylation is a unique posttranslational modification of

the neural cell adhesion molecule (NCAM). Polysialic acid

(PSA) expression reaches the highest levels during the for-

mation of neuronal circuits in the perinatal period and, at this

stage, largely depends on ST8SiaII, one of two known

polysialyltransferases [2]. In the adult brain, PSA expression

decreases to basal levels but is upregulated under patho-

physiological conditions associated with synaptic plasticity-

like temporal lobe epilepsy [3]. This expression pattern

indicates that the levels of PSA expression are tightly regu-

lated during development and in the adult brain. However,

the role of PSA in the formation of correct neuronal circuits

and the effects of altered PSA levels on these circuits

remained largely unclear. ST8SIA2 (SIAT8B, STX) is a

candidate susceptibility gene for schizophrenia (for review

see [4, 5]) and single-nucleotide polymorphisms in the pro-

moter region of ST8SIA2 but not of ST8SIA4 have been

linked to schizophrenia [6, 7]. This is in line with findings

that single nucleotide polymorphism in the coding region of

ST8SIA2 from schizophrenic patients induced a dramatic

decrease of PSA expression [8] and that PSA expression was

significantly decreased in the dentate gyrus of schizophrenic

patients [9]. All together, these data suggest that homeostatic

regulation of PSA expression is critical for correct formation

and stability of neuronal circuitry.

A major function of PSA is believed to reside in its anti-

adhesive properties controlling NCAM-mediated interac-

tion by masking extracellular parts of the NCAM protein

[10–12]. However, neuroanatomical defects that are

equally observed in NCAM and PSA-deficient knockout

mice suggest a specific function of the PSA proper [10].

This assumption is supported by recent data showing that

PSA itself exerts NCAM-independent effects [8, 13–15].

To analyze the effect of PSA on neuronal circuitry

formation, we have chosen a new approach using a syn-

thetic sialic acid precursor (N-propanoyl-D-mannosamine:

ManNProp), which differs in one CH2 group in the N-acyl-

side chain from its natural form ManNAc, and acts as a

potent inhibitor of the polysialyltransferase ST8SiaII [16–

18]. Applying this biochemical inhibition strategy, we have

examined the effects of an altered PSA expression on

axonal targeting and synaptic specificity at defined devel-

opmental time-points in organotypic slice cultures (ex

vivo) and in vivo. Hippocampal mossy fiber axons (MF),

which express PSA up to adulthood [19], are particularly

useful in investigating the role of polysialylation in neu-

ronal circuitry formation for several reasons: (1) they have

a layer-specific distribution in the stratum lucidum of the

CA3 region, and strictly avoid the CA1 region [20]. This

target specificity is a prominent feature of MF and is

maintained in organotypic slice cultures [21] and in

embryonic transplants in vivo [22]; (2) since PSA-deficient

mice have severely damaged axon tracts [10, 12], postnatal

alteration of PSA during MF development, allows to study

the effect of PSA on MF tract synaptic targeting without

bias resulting from mistargeted fiber tracts formed at earlier

developmental stages; (3) alterations in the dentate gyrus

and in the mossy fibers were described in postmortem

brains of patients with schizophrenia and in genetic mouse

models for this disease (reviewed in [23]).

Here we show that altering homeostasis of PSA

expression via inhibition of ST8SiaII resulted in a loss of

target selectivity in vivo with aberrant MF overriding the

CA3/CA1 border and entering the CA1 region. Moreover,

we found aberrant glutamatergic MF terminals forming

inappropriate synapses on CA1 pyramidal cells. Electro-

physiological recordings and electron microscopic analysis

confirmed that these newly formed MF contacts were in

fact functional, glutamatergic, and displayed MF synaptic

features such as expression of the presynaptic inhibitory

group 2 metabotropic glutamate receptors. These data

suggest that PSA synthesis by ST8SiaII at specific devel-

opmental time-points has to occur at the right amount and

at the right place for correct neuronal connectivity while

perturbation of ST8SiaII function may lead to neurode-

velopmental deficits similar to those seen in genetic models

of schizophrenia.

Materials and methods

Neuraminic acid precursors and measurement of PSA

expression

The physiological precursor of neuraminic acid, N-acetyl-

mannosamine (ManNAc), was purchased from Sigma.

Synthetic derivatives of neuraminic acid precursors with

prolonged N-acyl-side chains are not commercially available

and were synthesized as described [24]. PSA and propyl-

PSA (pPSA) expression on cell membranes of slice cultures

was measured by Western-blot analysis as described in

‘‘Supplemental Material and Methods’’.

Organotypic slice cultures

Hippocampal slice cultures were prepared from P0 C57BL/

6 mice as described previously [25]. For embryonic studies
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of the entorhinal perforant path we used slices from E17

C57BL/6 mice. For co-cultures, we positioned the dentate

gyrus of wild-type mice either to the CA3 or CA1 region

from heterozygous mice that expressed GFP under the

ß-actin promoter [26]. In different sets of experiments, slice

cultures from the same litter were treated either with 8 mM

of the chemically modified sialic acid precursor

(ManNProp), 8 mM of the natural sialic acid precursor

ManNAc (MP Biomedicals, Solon, OH, USA), or they were

left untreated. The glucose concentration of media was

adjusted for the additional sialic acid concentration. Tracing

of the mossy fiber tract was performed by applying small

biocytin crystals onto granule cells of the dentate gyrus.

After the cultivation period, slices were fixed with 4%

paraformaldehyde (PFA) and processed as described [25].

Immunocytochemistry

Animal experiments and housing were in accordance with

the guidelines of European Laboratory Animal Science

Associations and were approved by the local ethics com-

mittee. Breeding and genotyping of ST8SiaII-/- and

ST8SiaII-/-/ST8SiaIV-/- mice was performed as descri-

bed [10]. Treatment of male Sprague–Dawley rats from the

same litter was performed after birth every day for 4 weeks

with 800 mg/kg s.c. of unnatural sialic acid precursors or

with PBS as described [27]. For Timm staining, the brains

were cryoprotected, frozen, and sectioned on a cryotome at

a thickness of 40 lm. For staining of organotypic slice

cultures, slices were fixed in 4% PFA for 2 h and resliced

in 50-lm-thick slices. Primary antibodies against NCAM

(5B8, 1:1000), PSA (735, 1:1000), propyl-PSA (pPSA)

(13D9, 1:1000), calbindin (1:5000, Swant, Bellinzona,

Switzerland) and synaptoporin (1:750, Synaptic Systems,

Göttingen, Germany) were diluted in blocking solution. For

electron microscopy, double stainings were performed

using consecutive DAB and DAB Ni/Co as described [28].

Traced mossy fibers were visualized either by conjugation

with ABC-Elite complex (Vector Laboratories, Burlin-

game, CA, USA) followed by DAB visualization or by

conjugation with Avidin-Texas Red (Vector Laboratories,

Burlingame, CA, USA).

Quantification and statistical analysis

All morphometric measurements were performed on a

stereology work station consisting of a modified light

microscope, motorized specimen stage, CCD video color

camera, and stereology software (StereoInvestigator,

Microbrightfield, Williston, VT, USA).

For axonal outgrowth analyses, calbindin-stained mossy

fibers from treated and control cultures were imaged with a

fluorescent microscope (Olympus, BX 50) equipped with a

Cool SNAP ES digital camera (Roper Scientific, Ottob-

runn, Germany). Morphometric measurements were

performed with the image-analysis software Metamorph

(Molecular Devices Corporation, Downington, PA, USA)

by investigators blind to experimental conditions. Statisti-

cal analyses were calculated with the two-tailed t test.

Comparisons between more than two groups were per-

formed by one-way analysis of variance (ANOVA)

followed by post hoc Bonferroni tests for pairwise com-

parisons. Statistical significance was established at

p \ 0.05. All calculations were performed with GraphPad

Software (San Diego, CA, USA). Graphs show mean val-

ues ± standard error of the mean (SEM). Asterisks indicate

statistical significance with *p \ 0.05, **p \ 0.01,

***p \ 0.001.

Results

ManNProp treatment decreases PSA expression

via ST8SiaII-inhibition

Analysis of NCAM polysialylation in CHO cells revealed

that the chemically modified sialic acid precursor ManN-

Prop (formula shown in Fig. 1a) reduced polysialylation by

inhibiting ST8SiaII function and not by altering ST8SiaII

activity (Fig. 1b) or NCAM biosynthesis (Supplementary

Fig. 1). In line, in a more complex environment like the

organotypic hippocampal slice cultures, treatment with

8 mM ManNProp reduced the level of PSA expression.

However, neurons were able to take up, to metabolize

ManNProp and to express chemically modified propyl-PSA

(pPSA) thereby preventing the expression of naked NCAM

as shown by measuring the level of PSA and pPSA in

membranes of slice cultures by Western-blot analysis

(Fig. 1c). These results demonstrate a potent inhibition of

ST8SiaII-mediated PSA synthesis by ManNProp, resulting

in a strong decrease of PSA levels on neuronal membranes

during hippocampal development ex vivo.

ST8SiaII inhibition affects fasciculation and targeting

of MF

We next investigated the effect of decreased PSA levels on

developing neuronal fiber tracts. Hippocampal cultures

from newborn mice were treated for 21 DIV (days in vitro)

either with 8 mM of the natural precursor ManNAc or with

8 mM ManNProp and compared to untreated cultures. In

untreated cultures, hippocampal mossy fibers (MF) fas-

ciculated in the hilus and formed a laminated fiber

projection that was confined to the stratum lucidum (SL) of

the CA3 region (Fig. 1d). In contrast to ManNAc treat-

ment, after application of ManNProp, the MF projection
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Fig. 1 PSA-depleted axons defasciculate and terminate on aberrant

targets. a Left: schematic illustration of the PSA residue attached to

the extracellular portion of NCAM; Right: formula of the N-acyl-side

chain (R) of the naturally occurring sialic acid precursor ManNAc and

the chemically modified precursor ManNProp. b PSA-negative CHO

cells of the complementation group 2A10 expressing PSA-free

NCAM were stably transfected with either ST8SiaII or ST8SiaIV
vectors. PSA-NCAM expression on cell membranes was assessed by

Western-blot analysis under control conditions and in the presence of

5 mM ManNAc or of 5 mM ManNProp. Normal PSA expression was

observed under control conditions and in the presence of ManNAc. In

the presence of ManNPorp, only ST8SiaIV-transfected cells were

capable of polymerizing this unnatural sialic acid derivate and thus

expressed polySia, while PSA synthesis in ST8SiaII-transfected cells

was almost abolished. c Western blotting of cell membrane fractions

from control organotypic slice cultures (C) and slice cultures treated

with ManNAc (Ac) revealed high amounts of PSA (left). In contrast,

application of ManNProp (Prop) substantially inhibited PSA synthesis

on cell membranes. In a similar experiment (right), using an antibody

specific for ManNProp (13D9), Western-blot analysis showed that

ManNPorp was metabolized and expressed on the cell membranes.

d Suprapyramidal mossy fibers typically converged in the stratum

lucidum (marked by dotted lines). e After inhibiting PSA formation,

MF defasciculated (arrows) and spread throughout the CA3 pyrami-

dal layer. f Area measurements showed a significant aberrant

targeting of MF axons after 8 mM ManNProp treatment. g The

entorhinal perforant path (EC-PP), which started to form prenatally,

was not affected by postnatal application of ManNProp. h However,

when ManNProp application started at an embryonic age (at E17),

aberrant perforant path fibers (arrows) were observed to pass through

the granule cell layer of the DG and to aberrantly target the CA3

pyramidal layer. i PSA expression on developing entorhinal fibers

(entorhinal perforant path projection, EC-PP). Scale bar, 100 lm,

***p \ 0.001
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was highly defasciculated, and had left the SL, spreading

aberrantly into the entire CA3 pyramidal cell layer

(Fig. 1e, arrows). The ratio of aberrant MF invading the

CA3 pyramidal region (n = 9) was quantified by area

measurements that confirmed significant aberrant targeting

of MF when compared to controls (n = 9) or slice cultures

treated with the natural sialic acid precursor ManNAc

(n = 9) (Fig. 1f). This effect depended on the develop-

mental stage of the axonal projection at the time of altering

the PSA synthesis. As shown by the example of the

entorhinal perforant path, which starts to form around E17

and expresses PSA-NCAM (Fig. 1i), lowering postnatal

PSA expression when first connections were already

established, did not affect correct termination (Fig. 1g). In

contrast, when inhibition of ST8SiaII started at embryonic

stages (E17), these fibers lost their specific termination in

the outer molecular layer of the dentate gyrus overriding

repulsive properties of the inner molecular layer to aber-

rantly invade the hilus (Fig. 1h). Our experiments suggest

that PSA influences fasciculation and axonal targeting only

in a critical developmental time window when the axonal

projection starts to grow out.

ManNProp treatment promotes axonal outgrowth

We subsequently investigated the effect of an altered

polysialylation on MF outgrowth. At DIV7, the MF pro-

jection in slices treated with 8 mM ManNProp had

progressed significantly as compared to control slices

(Fig. 2a, b). Using identical experimental settings, we

measured the fluorescence intensity and the area of cal-

bindin-immunofluorescent MF projections and found a

significant axonal outgrowth-promoting effect after

ManNProp treatment (Fig. 2c).

Ectopic mossy fibers express NCAM

but not PSA-NCAM

Analysis of NCAM expression in organotypic slice cultures

revealed that MF expressed NCAM (Fig. 3a, b). After inhib-

iting ST8SiaII, NCAM-positive MF defasciculated and

diffusely distributed into the CA3 pyramidal layer (Fig. 3c).

These aberrant fibers expressed calbindin, a marker of mature

MF [29] (Fig. 3d). In line, PSA expression clearly coincided

with the regular MF pattern in the SL of CA3 (Fig. 3e, f).

However, after inhibiting ST8SiaII, PSA immunoreactivity

was almost undetectable, being just faintly visible in the stra-

tum lucidum on correctly positioned MF (Fig. 3g, h). Aberrant

fibers that had left the stratum lucidum expressed pPSA (Fig. 3

i, j, Supplementary Fig. 3). Of further interest, pPSA was

expressed by aberrant MF but was not found in the calbindin-

positive en-passant boutons of these aberrant fibers (Fig. 3j,

inset). This pattern of pPSA expression by MF but not by MF

synapses recapitulated the distribution of PSA immunoreac-

tivity on naive MF [29, 30]. Taken together, these data suggest

that PSA-expressing fibers were restricted to their correct

termination layer, while loss of PSA after ST8SiaII inhibition

allowed axons to cross the borders of their termination area and

to form ectopic contacts. However, NCAM expressed at the

membranes of aberrant axons was not in a naked form as in

ST8SiaII-/-/ST8SiaIV-/- animals, where expression of PSA-

negative NCAM impaired axonal outgrowth [12], but was

covered by pPSA and therefore did not interfere with the

axonal outgrowth capacity as shown in Fig. 2a–c.
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of the integrated signal intensity (right) of the calbindin-stained MF
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(supra), as well as for the infrapyramidal portion (infra) of the MF

tract. Scale bar, 100 lm. *p \ 0.05, **p \ 0.01
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Electrophysiological coupling of aberrant MF

and CA1 neurons

To further investigate as to what extent inhibition of PSA

synthesis alters synaptic targeting and connectivity of MF,

we co-cultured the dentate gyrus with slices containing

either the CA3 or CA1 region. CA1-containing slices from

mice expressing GFP under the b-actin promoter [26] were

cultivated with non-fluorescent slices to distinguish

between the two co-cultured slices (see Supplementary

Fig. 4 for schematic representation). While MF were able

to enter the CA3 region (Fig. 4c), they were not able to

invade this region when confronted with the CA1 region

(Fig. 4a). In contrast, ManNProp-treated MF entered the

CA1 region for long distances (Fig. 4b, d), even extending

into the subiculum in some cultures (data not shown).

Stainings for synaptoporin, a marker for presynaptic MF

terminals [31], suggested that MF not only entered the CA1

region but also formed presynaptic terminals around CA1

pyramids (Fig. 4e–h).

We have then examined whether these MF contacts on

CA1 pyramids represented functional synapses, and

performed whole-cell patch clamp recordings from CA1

pyramidal neurons in current-clamp and voltage-clamp

mode (n = 18, see ‘‘Supplemental Material and Meth-

ods’’). In 15 of 18 such recordings, we found synaptic

input from the co-cultured dentate gyrus on CA1 pyrami-

dal neurons (Fig. 4i, upper trace). Other studies have

shown that markers of the glutamatergic and GABAergic

phenotypes may coexist in developing hippocampal gran-

ule cells. Recent electrophysiological data suggest that

activation of granule cells produces simultaneous gluta-

mate-receptor-mediated and GABA-receptor-mediated

responses in their postsynaptic cells [32]. Such a scenario

was unlikely in our experimental conditions since the

potent GABAA receptor antagonist GABAzine did not

block the synaptic currents, but induced polysynaptic

excitatory postsynaptic currents (EPSC) (see arrow in

Fig. 4i, lower left trace) instead. The AMPA/kainate

receptor antagonist NBQX completely abolished the syn-

aptic currents (Fig. 4i, lower right trace; 4k). Additionally,

MF synapses express presynaptic inhibitory group 2

metabotropic glutamate receptors (mGluRs), whereas

associational/commissural synapses do not [33, 34].
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Fig. 3 NCAM and PSA expression in the stratum lucidum of control

and ManNProp-treated slices. a NCAM is expressed by MF in the

stratum lucidum (SL, dashed line). b Higher magnification shows the

strong fasciculation of MF in the SL. c After inhibiting the embryonic

polysialyltransferase ST8SiaII, PSA-depleted MF lost their lamina-

tion and invaded the pyramidal CA3 layer. d Staining for calbindin

(CB) shows that these aberrant MF have ectopically maturated. e MF

that run in the SL express PSA. f Higher magnification shows the

precise lamination of the PSA signal in the SL. g, h Overview and

higher magnification shows that although PSA was markedly

decreased, it was still correctly expressed by regularly running MF

in the SL (dashed line). i, j Staining for CB and pPSA (derived from

metabolized ManNProp) revealed that pPSA was mainly found on

aberrant MF (arrow). Higher magnification of aberrant pPSA-

expressing MF shows co-expression of CB (inset). However, pPSA

was not found in the CB-positive MF boutons (inset and Supplemen-

tary Fig. 2). Scale bars, 100 lm (a, c, e, g), 40 lm (b, d, f, h, i, j)
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Figure 4j shows an experiment in which the specific

mGluR group 2 agonist DCG-IV inhibited dentate gyrus-

evoked EPSCs by about 75%, confirming that these

contacts on CA1 neurons display MF synaptic features.

A summary of six such experiments is shown in Fig. 4k.

These experiments substantiate the observation that PSA

levels are critical in the synaptic target selectivity of

glutamatergic MF terminals and suggest that the excitatory

presynaptic MF terminals are sufficient to establish func-

tional and specific synapses on CA1 neurons.
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Fig. 4 Altered PSA expression allows MF to form functional

synapses on CA1 neurons. a, c In co-cultures where the DG was

cultivated with either CA3 or CA1, biocytin-traced MF show clear

region preferences, as they were repelled by CA1 explants (a) but

were able to innervate the CA3 region (c). b, d After inhibiting PSA

synthesis with ManNProp, MF were able to invade the CA1 region

(b) where they distributed around calbindin-positive CA1 neurons (d).

e–g Calbindin-positive MF invading the CA1 region expressed

synaptoporin (Syn). h Higher magnification of the CA1 region

confirms that traced mossy fibers contacted the CA1 neurons (*) and

formed synaptoporin-positive boutons (arrowheads). i Schematic

drawing of the whole-cell patch clamp recording setup. Recordings

were taken of CA1 pyramidal neurons while DG granule cells were

stimulated. The upper inset displays an example of stimulus-evoked

postsynaptic currents. Lower left trace depicts a similar experiment

using the GABAA receptor antagonist GABAzine. Note the polysyn-

aptic EPSC (arrow). As can be seen in the lower right trace, the

AMPA/kainate receptor antagonist NBQX completely blocked the

EPSCs. j The specific mGluR group 2 agonist DCG-IV reversibly

inhibited EPSCs. Scale bars, 30 ms, 10 pA. k A summary of five and

six such experiments for NBQX and DCG-IV, respectively. CB,

calbindin, Syn, synaptoporin, Scale bars, 100 lm (a–i), 25 lm (j)
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Reduced PSA expression allows MF to form synaptic

contacts on CA1 pyramids in vivo

We next assessed the effect of ST8SiaII inhibition on

neuronal circuit formation in vivo and treated rats with

800 mg/kg ManNProp as described [27]. The treatment

started at postnatal day 1 (P1) and continued for up to

4 weeks after birth, covering the phase when MF grow out

and maturate. MF from sham-treated (n = 5) (Fig. 5a) and

ManNProp-treated littermates (n = 5) (Fig. 5b) were

visualized by Timm staining. ManNProp-treated rats dis-

played a significantly longer infrapyramidal MF tract,

which is a characteristic phenotype of ST8SiaII Ko mice

[35], pointing to a specific inhibition of the ST8SiaII by

ManNProp (Supplementary Fig. 5a–c). In line with in vivo

biochemical studies [27], we observed a lower level of PSA

staining on MF in ManNProp-treated mice (Fig. 5g and

Supplementary Fig. 5e). However, in addition to the phe-

notype described in ST8SiaII Ko mice, the suprapyramidal

MF projection crossed the CA3/CA1 border and entered

into the CA1 pyramidal layer, which is characterized by the

appearance of small pyramidal cells [20] leading to the

typical compact appearance of the Nissl-stained CA1

pyramidal layer (Fig. 5b, c). To confirm that MF have

crossed the CA3/CA1 border, we have additionally per-

formed immunostainings, which confirmed that the

synaptoporin-positive MF entered the CA1 region that is

characterized by the appearance of calbindin-positive

pyramids [36]. Interestingly, a similar finding was observed

in an animal model for schizophrenia induced by DISC-1

disruption in the presynaptic compartment [37]. Since

synaptoporin-positive terminals on CA1 pyramids might

also originate from interneurons [31], we have analyzed

Timm-stained MF in the CA1 region at higher magnifica-

tion. Higher magnification (Fig. 5c, inset) revealed

abundant Timm-stained MF en-passant boutons around

typical CA1 small pyramidal cell bodies supporting MF

innervation of CA1 pyramidal neurons. We then analyzed

the expression of NCAM and PSA in these aberrant fibers

and found a normal NCAM expression (Fig. 5d, e). In

contrast, PSA was not expressed on fibers that entered the

CA1 region and contacted calbindin-positive CA1 pyra-

mids but was only found on correctly terminating MF

fibers in the CA3 region (Fig. 5f, g).

Investigation of the synaptic characteristics of the

aberrant MF on the CA1 pyramids showed that these fibers

formed synaptoporin and calbindin-positive presynaptic

terminals on CB-positive CA1 pyramids (double-labeling

in Fig. 5 i, j). To determine whether these aberrant MF

synapses on CA1 neurons had an adequate postsynaptic

specialization, we performed electron microscopic analysis

on identified MF synapses on CA1 neurons (Fig. 5k and

inset). Double-immunolabeling against CB (DAB) and

synaptoporin (DAB Ni/Co) revealed that the synaptoporin-

positive MF terminals contacted the proximal dendritic

segment of a presumed calbindin-positive CA1 pyramid

(Fig. 5l). Higher magnification shows (Fig. 5l, inset) that

this synapse was asymmetric, which is a typical feature of

excitatory synapses. However, since the depicted cell could

represent a calbindin-positive interneuron—which in the

CA3 region is a common target of MF [38], we performed

another set of experiments where we combined immuno-

gold (for CB) and DAB (for synaptoporin) detection

(Fig. 5m, n). Ultrastructural analysis revealed DAB-stained

typical, complex synaptoporin-positive MF terminals

forming excitatory contacts with immunogold-stained CB-

positive dendrites of CA1 neurons (Fig. 5n). Since we did

not observe typical postsynaptic features of MF synapses

[39], i.e., large postsynaptic excrescences, we performed

Golgi staining of the hippocampus from control and

ManNProp-treated animals, which enabled us to investi-

gate the MF typical, postsynaptic, giant thorny

excrescences on a large scale [40]. Golgi impregnation of

CA1 neurons revealed none of these postsynaptic structural

features of MF synapses (Supplementary Fig. 6a–d). These

data suggest that PSA expression influences the presynaptic

as well as the postsynaptic compartment allowing MF to

target ectopic hippocampal subfields where they form new

synaptic contacts on inappropriate postsynaptic targets

(CA1 instead of CA3).

Retrograde MF innervation and altered spine formation

after ST8SiaII inhibition

We next investigated whether the PSA influence on syn-

aptic targeting was restricted to the anterograde MF

projection or was a more general phenomenon and ana-

lyzed recurrent MF after ManNProp-treatment in vivo.

Recurrent MF aberrantly crossed the granule cell layer to

terminate on neurons in the molecular layer (Fig. 6b). Such

an aberrant innervation was even observed close to the

hippocampal fissure (Fig. 6c). This innervation pattern

resembled the mossy fiber sprouting observed after kainate

induced status epilepticus [41]. Stereological assessment of

the recurrent MF confirmed the significant recurrent MF

innervation as well as their extension outside the normal

termination area (Fig. 6d).

To analyze the influence of native PSA formation via

ST8SiaII on the postsynaptic compartment, we treated

primary hippocampal neurons with ManNProp for 14 days.

Continuous ST8SiaII inhibition resulted in a significant

dysregulation of spine development leading to significant

spine head shrinkage and spine length reduction (Fig. 6e,

f). This finding is in line with the long-term effect observed

on spines after DISC-1 disruption [42] and suggests that

ST8SiaII-mediated polysialylation during synaptic
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Fig. 5 Altered PSA expression influences MF synaptic targeting in

vivo. a Timm staining showed a normal MF pattern in the

hippocampus of a control rat aged 4 weeks. b At the same postnatal

age, the suprapyramidal MF tract did not stop at the CA3/CA1 border,

but entered the CA1 region. c Higher magnification of Timm-stained

MF in the CA1 region shows typical presynaptic en-passant boutons

in the stratum radiatum (where CA1 dendrites are localized) and

around CA1 pyramids (arrow). Inset shows a CA1 principal cell

(asterisk) surrounded by MF boutons. d, e MF in the CA1 region were

CB- and NCAM-positive. f, g In contrast, aberrantly targeting MF did

not express PSA. PSA expression was confined to the regularly

terminating MF at the CA3 border. h In control animals, CB-positive

MF stopped at the CA3 border and did not reach the CB-positive CA1

neurons. i, j MF axons of ManNProp-treated animals crossed the CA3

border forming synaptoporin (Syn)-positive presynaptic terminals

around CA1 neurons. k Double staining against synaptoporin (dark

staining surrounding the neuronal cells in CA1, Ni/Co intensified

DAB) and CB (light staining, DAB) showed MF innervation (small

arrows) of CB-positive CA1 neurons. Higher magnification (inset)
shows a brown DAB-stained CB-positive presumable CA1 neuron

(indicated by the large arrow in the overview) contacted by dark

DAB-Ni/Co-stained synaptoporin-positive MF terminals. Arrow in

the inset points to the identified terminal, which is shown at

ultrastructural level in l. l Electron microscopy of the identified

synaptoporin-positive synaptic contact (arrow) on the calbindin-

positive neuron shown in the inset in k (l, inset). Higher magnification

reveals that the contact was asymmetric, which is a morphological

feature of an excitatory synapse. m Ultrastructural double-labeling of

a DAB-stained synaptoporin-positive MF terminal on an immunogold

labeled calbindin-positive CA1 dendrite. Since the MF terminal was

also positive for calbindin, immunogold signal could be also observed

in this MF terminal. n Example of a complex, synaptoporin-positive

MF terminal (DAB) in the CA1 region contacting an immunogold

labeled calbindin-positive CA1 dendrite. Scale bar, 100 lm (a, b),

50 lm (c–k), 2 lm (l), 200 nm (m, n)
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formation is important for correct development of the

presynaptic as well as of the postsynaptic compartment.

Together with previous data and an unaltered NCAM

expression, this finding supports the assumption that PSA

deficiency itself alters glutamatergic connectivity leading

to phenotypes observed under pathophysiologic conditions

like epilepsy and schizophrenia.

Effect of constitutive ST8SiaII and ST8SiaII/ST8SiaIV

disruption on MF targeting

Since ManNProp application in vivo represents a targeted

biochemical intervention at a specific developmental stage,

we analyzed MF formation in constitutive ST8SiaII-/- and

ST8SiaII-/-/ST8SiaIV-/- mice. Analysis of MF synapses

by Timm staining (Fig. 7a, b) and immunostaining of

presynaptic MF terminals by calbindin and synaptoporin

(Fig. 7 g, h) in ST8SiaII-/- mice revealed an attenuated

phenotype with some MF beyond the CA3 border con-

tacting calbindin-positive pyramids. However, Timm

staining revealed no recurrent MF innervation of the DG

(Fig. 7c), suggesting quantitative and qualitative differ-

ences in the degree of aberrant MF observed after targeted

inhibition of ST8SiaII by ManNProp and constitutive

ST8SiaII disruption. In line with previous data [10, 12],

ST8SiaII-/-/ST8SiaIV-/- mice displayed a rather hypo-

morphic MF tract, which did not reach the CA1 region nor

displayed recurrent MF targeting (Fig. 7d–f, i, j).

Discussion

Polysialylation is a unique, posttranslational modification

of NCAM that occurs at embryonic and at early postnatal

stages during the formation of neuronal circuitries and, in

this time window, mainly relies on the polysialyltransferase

ST8SiaII [2]. ST8SIA2 is a strong candidate gene for

schizophrenia predisposition [4, 5], and point mutations in

ST8SIA2 described in schizophrenic patients were found to

strongly decrease PSA synthesis [8]. These data are in line

with significantly decreased PSA expression in the dentate

gyrus of schizophrenic patients [9] and suggest that altered

PSA levels during neuronal circuit formation may be the

underlying pathology contributing to the development of

this disease. Although various knockout animals have been

generated [10, 35, 43, 44], the exact functions of PSA are
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Fig. 6 Retrograde MF innervation and altered spines after ST8SiaII

inhibition by ManNProp. a, b While control animals at 4 weeks show

a normal MF innervation pattern as shown by Timm staining (a),

ManNProp-treated animals display an intense recurrent innervation of

the gcl and the molecular layer (b). c Recurrent innervation was

observed even at the border of the outer molecular layer (OML) on a

neuron located close to the hippocampal fissure (HF). d Stereological

assessment of the number and the overall length of the recurrent MF

confirms significant recurrent innervation after PSA depletion by

ManNProp. e When compared to controls, ManNProp-treated neurons

displayed smaller spines with a clearly reduced spine head area.

f Morphometric analysis revealed significantly smaller spines with

almost halved spine head areas. Scale bar 25 lm (a, b), 5 lm (c, e)
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still debated [45, 46]. Constitutive polysialyltransferase-

deficient mice show multiple neurodevelopmental defects

ranging from migration deficits, increased apoptotic cell

death through to defects in the formation of specific axon

tracts [10, 12, 47]. While on the one side the broad range of

developmental defects hampers the interpretation of PSA

functions, constitutive deficiency prevents investigation of

the dynamic regulation of PSA levels during development.

To circumvent the bias derived from developmental

deficits, we inhibited ST8SiaII function using N-propyl-

D-mannosamine (ManNProp), a chemically engineered

sialic acid precursor [16–18], at specific developmental

time-points. Using this approach, we significantly reduced

NCAM polysialylation while minimizing possible com-

pensatory effects (upregulation of ST8SiaIV), which have

been described in ST8SiaII-deficient animals [10, 48] and

which most probably resulted in the unaltered PSA content

in the hippocampus described in these animals [35].

A major finding of the present study is that altering PSA

levels disrupted axonal and synaptic target specificity of

MF, leading to ectopic MF axons that crossed the CA3

border and terminated on CA1 pyramids. Together with

enhanced axonal outgrowth, this finding was similar to the

MF phenotype described after presynaptic DISC-1 dis-

ruption, which is a genetic model for schizophrenia [37].

Analysis of spine formation after ManNProp application

showed significant spine shrinkage and correlated with the

long-term effect of DISC-1 disruption in spines [42], sug-

gesting that lowering PSA levels and DISC-1 disruption

alter targeting of presynaptic terminals as well as the

postsynaptic compartment during glutamatergic synapse

formation in a similar way. This data is further corrobo-

rated by downstream analysis of ManNProp, which

revealed downregulation of the 14-3-3e protein [49], which

is encoded by a recently identified susceptibility gene for

schizophrenia (YWHAE) [50], and is a downstream target

of DISC-1 [51].

In vivo analysis of targeted ST8SiaII inhibition by

ManNProp showed that PSA inhibition resulted in aberrant

MF axons, which formed ectopic synaptic contacts on

calbindin-positive CA1 neurons expressing MF-specific

presynaptic proteins like synaptoporin. Interestingly,

CA3
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SynSyn

ca b

fd
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e

h i j

CB
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Fig. 7 MF termination in constitutive ST8SiaII-/- or ST8SiaII-/-/
ST8SiaIV-/- mice (a–c). To precisely depict the amount of aberrant

MF, Timm staining was depicted without Nissl staining. ST8Sia2-/-

mice show the typical longer infrapyramidal MF projection [43] while

some aberrant MF crossed the CA3 border and entered the CA1

region characterized by the compact morphology resulting from the

densely packed small pyramidal CA1 neurons (b). However,

ST8Sia2-/- mice did not display a recurrent innervation of the

dentate gyrus (c). d–f Constitutive ST8SiaII/ST8SiaIV deletion does

not affect MF targeting at the CA3 border (e) or promote a recurrent

MF innervation of the molecular layer (f). g, h Aberrant MF crossed

the CA3 border, illustrated by the appearance of CB-positive

pyramids and innervated these pyramids. i, j In contrast, MF in

ST8SiaII-/-/ST8SiaIV-/- mice did not reach the CA3 border even

showing a hypomorphic appearance. Scale bar 250 lm (a, d), 50 lm

(b, c, e, f, g–j)
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ST8SiaII-/- mice displayed an attenuated phenotype sup-

porting the assumption that constitutive ST8SiaII

deficiency was counterbalanced by ST8SiaIV as shown by

others [48]. Since DISC-1-deficient MF entered the wild-

type CA1 region but did not form synaptic contacts on CA1

neurons, MF-CA1 synaptic contacts after ManNProp

treatment may be due to PSA inhibition on the postsynaptic

compartment, here the CA1 dendrite, which also expresses

PSA-NCAM [29, 44]. These data point to a more general

function of PSA, suggesting that precise synaptic targeting

via PSA-NCAM not only involves targeting of the pre-

synaptic terminals but also prevents postsynaptic targets

from inadequate innervations. Electrophysiological analy-

sis showed that the ectopic MF-CA1 synapses were

functional and MF-specific while electron microscopic

analysis of identified synaptoporin-positive synapses on

CA1 calbindin-positive neurons confirmed that these con-

tacts were excitatory. However, these synapses did not

display typical postsynaptic features of MF synapses such

as large postsynaptic excrescences [39]. These findings

reinforce the idea that the CA3 border is not only a

repulsive but also a functional barrier for MF.

While NCAM expression on aberrant MF was not

affected, which is in line with recent data [48, 52], after

inhibiting ST8SiaII by ManNProp, PSA expression was

dramatically reduced. PSA, synthesized presumably by

ST8SiaIV, was only found at very low levels on correctly

extending MF in the stratum lucidum. In line, neurons were

able to metabolize ManNProp and to express pPSA on their

cell membranes. Interestingly, pPSA was almost exclu-

sively located on aberrant fibers. In contrast to studies that

analyzed the effects of PSA loss by EndoN application [19]

or in ST8SiaII-/-/ST8SiaIV-/- mice [10, 12], suppression

of PSA formation via inhibition of ST8SiaII by ManNProp

did not result in a complete loss of PSA and expression of

‘‘naked’’ NCAM. Functional outgrowth experiments sug-

gest that pPSA expression on cell membranes could

partially substitute for PSA function counterbalancing

gain-of-function effects caused by the expression of PSA-

free NCAM [10], which have been described to result in

hypoplastic axon tracts [12].

Since (1) detailed analysis revealed an attenuated

phenotype of aberrant MF beyond the CA3 border but no

retrograde MF sprouting in constitutive ST8SiaII-/- mice,

and (2) the entorhinal cortex projection was only affected

in a critical prenatal period but not by postnatal ST8SiaII

inhibition, our data suggest that homeostatic regulation of

PSA synthesis leading to the right amount of polysialy-

lated NCAM at the right developmental stage mediates

precise targeting of glutamatergic presynaptic terminals

while it prevents postsynaptic structures from inadequate

innervations. All together, these data show that altered

PSA formation via ST8SiaII inhibition lead to profound

changes in glutamatergic neuronal connectivity. Together

with (1) morphological findings showing a region-specific

decrease in PSA expression in the dentate gyrus of

patients suffering from schizophrenia [9] and (2) bio-

chemical data showing that SNPs found in schizophrenic

patients decreased the amount of PSA [8], our data sug-

gest that affecting homeostasis of NCAM polysialylation

may lead to alterations in precise neuronal circuit for-

mation, which in sum may contribute to the development

of psychiatric diseases.
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