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A B S T R A C T   

Dysregulated cortical expression of the neural cell adhesion molecule (NCAM) and deficits of its associated 
polysialic acid (polySia) have been found in Alzheimer’s disease and schizophrenia. However, the functional role 
of polySia in cortical synaptic plasticity remains poorly understood. Here, we show that acute enzymatic removal 
of polySia in medial prefrontal cortex (mPFC) slices leads to increased transmission mediated by the GluN1/ 
GluN2B subtype of N-methyl-D-aspartate receptors (NMDARs), increased NMDAR-mediated extrasynaptic tonic 
currents, and impaired long-term potentiation (LTP). The latter could be fully rescued by pharmacological 
suppression of GluN1/GluN2B receptors, or by application of short soluble polySia fragments that inhibited 
opening of GluN1/GluN2B channels. These treatments and augmentation of synaptic NMDARs with the glycine 
transporter type 1 (GlyT1) inhibitor sarcosine also restored LTP in mice deficient in polysialyltransferase 
ST8SIA4. Furthermore, the impaired performance of polySia-deficient mice and two models of Alzheimer’s 
disease in the mPFC-dependent cognitive tasks could be rescued by intranasal administration of polySia frag
ments. Our data demonstrate the essential role of polySia-NCAM in the balancing of signaling through synaptic/ 
extrasynaptic NMDARs in mPFC and highlight the therapeutic potential of short polySia fragments to restrain 
GluN1/GluN2B-mediated signaling.   

1. Introduction 

The neural cell adhesion molecule (NCAM) is a transmembrane 
glycoprotein that promotes cell-cell and cell-extracellular matrix adhe
sion. During development, NCAM regulates multiple processes, such as 
neurite outgrowth, neuronal migration, and synaptogenesis (Duncan 
et al., 2021; Schnaar et al., 2014). In mammals, the functions of NCAM 

are changed dramatically by the two complementary poly
sialyltransferases ST8SIA2 and ST8SIA4, which add polysialic acid 
(polySia) to the extracellular domain of NCAM. PolySia is a linear ho
mopolymer that is composed of varying numbers of sialic acid residues 
(Hildebrandt et al., 2010; Schnaar et al., 2014; Thiesler et al., 2022). In 
the mature hippocampus, polySia-NCAM is involved in N-methyl-D- 
aspartate receptor (NMDAR)-dependent synaptic plasticity (Becker 
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et al., 1996; Bukalo and Dityatev, 2012; Kröcher et al., 2015; Luthi et al., 
1994; Muller et al., 1996; Senkov et al., 2012; Varbanov and Dityatev, 
2017). Mice deficient in NCAM show decreased levels of hippocampal 
long-term potentiation (LTP) and long-term depression in the hippo
campus, accompanied by impaired spatial learning and fear condition
ing (Cremer et al., 1994; Muller et al., 1996; Senkov et al., 2006; 
Stoenica et al., 2006). Similar deficits have been observed following 
acute polySia removal using endosialidases such as endoNF (Stummeyer 
et al., 2005) and/or genetic ablation of the polysialyltransferase 
ST8SIA4 (Becker et al., 1996; Eckhardt et al., 2000; Kröcher et al., 2015; 
Muller et al., 1996). In a previous study, we reported that polySia sup
ports synaptic plasticity at hippocampal CA3-CA1 synapses and CA1- 
dependent contextual fear conditioning by restraining signaling 
through GluN2B-containing NMDARs (Kochlamazashvili et al., 2010). 
Mechanistically, polySia inhibits the activation of heterodimeric GluN1/ 
GluN2B and heterotrimeric GluN1/GluN2A/GluN2B NMDARs by low 
micromolar concentrations of glutamate (Hammond et al., 2006a; 
Kochlamazashvili et al., 2010) that are characteristic for the extra
synaptic space. 

Dysregulation of polySia predominantly carried by NCAM has been 
associated with several neuropsychiatric and neurodegenerative disor
ders, including schizophrenia, bipolar disorder, depression, and Alz
heimer’s disease (AD) (Brennaman and Maness, 2010; Sato and 
Kitajima, 2021; Thiesler et al., 2022). In AD patients, polySia-NCAM 
expression in the entorhinal cortex is significantly decreased and nega
tively correlated with hyperphosphorylated tau levels (Murray et al., 
2016; Murray et al., 2018). In schizophrenia patients, post-mortem 
studies have shown reduced polySia-NCAM expression in the hippo
campus and the dorsolateral PFC (Barbeau et al., 1995; Gilabert-Juan 
et al., 2012; Williams et al., 2020). In contrast, soluble fragments of the 
NCAM extracellular domain (NCAM-EC) are increased in the cerebro
spinal fluid of patients with AD and schizophrenia (Honer et al., 1997; 
Strekalova et al., 2006; Todaro et al., 2004; Vawter, 2000; Vawter et al., 
1998). Furthermore, a recent study demonstrated elevated serum levels 
of polySia-NCAM in schizophrenia, which might reflect enhanced pro
teolytic cleavage or clearance of polySia-NCAM from the brain. Notably, 
the increased polySia-NCAM serum levels correlate with negative and 
cognitive symptoms, and with decreased volume of Brodmann area 46 in 
the left PFC of schizophrenic patients. In support of the link between 
schizophrenia and polySia-NCAM, a recent microarray study has shown 
that the expression of the polysialyltransferase ST8SIA4 gene is strongly 
downregulated in lymphoblastoid cell lines from antipsychotic-naïve 
first-episode schizophrenia patients (Gasso et al., 2017; Sato and Kita
jima, 2021). However, there have been no causal studies investigating 
how the reduced polySia expression in the mPFC may affect cortical 
synaptic plasticity and cognitive functions. 

Here, we demonstrate the impact of polySia on synaptic plasticity in 
the mPFC and in mPFC-dependent cognition using well-established 
models of polySia deficiency, namely, endosialidase treatment and 
polysialyltransferase-deficient mice. We found that deficiency in polySia 
results in an imbalance in signaling through synaptic/extrasynaptic 
NMDARs in the mPFC. Intranasal administration of short-chain polySia, 
as well as the rebalancing of synaptic/extrasynaptic NMDAR signaling 
by application of either GlyT1 or GluN1/GluN2B-NMDARs antagonists 
abrogated the effects of deficiency in polySia. 

2. Materials and methods 

2.1. Experimental design 

The main aims of the present study were to investigate 1) how a 
deficit in polySia-NCAM leads to impaired PFC-dependent synaptic and 
cognitive functions, and 2) if small defined-size fragments of polySia, e. 
g. NANA12, consisting of 12 sialic acid (N-acetylneuraminic acid) resi
dues in α2,8-linkage, are sufficient to rescue these functions by restoring 
the balance between synaptic and extrasynaptic NMDA receptors. To the 

first aim, we sought to determine the impact of acute enzymatic and 
chronic genetic ablation of polySia on synaptic and extrasynaptic 
glutamate NMDARs using whole-cell patch-clamp recordings in brain 
slices and HEK293 cells as a heterologous expression system. Further, 
we aimed to investigate the effects of polySia removal on synaptic 
plasticity in the mPFC using extracellular field potential recordings of 
LTP in brain slices in several rodent models of polySia dysregulation, 
including ex vivo and in vivo endoNF treatment and the mouse lines 
St8sia4− /− and St8sia2− /− . To investigate the effects of polySia removal 
on PFC- and hippocampus-dependent learning, we used the novel object 
recognition task and the recency task. For the second aim, we tested 
whether these synaptic and behavioral deficits in polySia-deficient mice 
or in mice overexpressing mutated human microtubule associated pro
tein Tau can be restored by ex vivo or in vivo intranasal application of 
short polySia fragments and the clinically used glycine transporter type 
1 inhibitors sarcosine and SSR 504734. CNS delivery of NANA12 after 
intranasal administration was confirmed using two-photon imaging of 
fluorescently-tagged NANA12 in the PFC of anesthetized polySia- 
deficient mice. 

In all behavioral tests, the researcher was blind to mouse genotype 
and treatment, and the objects were randomly assigned and counter
balanced within a trial. The phenotypes of St8sia4− /− and St8sia4+/+

mice in the novel object recognition test were reproduced by a second 
researcher using a different cohort of mice. Impairment of LTP in 
St8sia4− /− mice was reproduced by a second researcher under similar 
experimental conditions. Sample sizes in electrophysiological and 
behavioral experiments followed previous publications using the same 
methods (Brennaman et al., 2011). 

For patch-clamp recordings of EPSCs in neurons, cells in which Rs 
changed by >20% throughout the experiment were excluded from the 
data analysis (1 in Fig. 1D; 4 in Fig. 1H; 3 in Fig. 3B; 2 in Fig. 5B, C; 1 in 
Fig. S8A). For fEPSP recordings in brain slices, the slices in which the 
fiber volley amplitude of the fEPSP changed by >15% were excluded 
from the data analysis (8 in Fig. 4A; 4 in Fig. 4I; 3 in Fig. 5D; 3 in 
Fig. S8C). 

To ensure proper evaluation of memory function in the NORT and 
recency test, anxious mice that may stay in the corners of the test arena 
instead of exploring it and objects need to be excluded. Here, out of 102 
mice we excluded 7 mice whose cumulative exploration time to both 
objects were <10 s in a 10-min test session (1 in Fig. 6C; 1 in Fig. 6D; 1 in 
Fig. 7D, 1 in Fig. 7E (left); 1 in Fig. 7E (right)). The effective sample sizes 
for each graph are specified in the respective paragraphs and figure 
legends. 

2.2. Animals 

All treatments and behavioral procedures were conducted in accor
dance with animal research ethics standards defined by German law and 
approved by the Ethical Committee on Animal Health and Care of the 
State of Saxony-Anhalt (42502–2-1159 DZNE, 42502–2-1343 DZNE, 
and 42,502–2-1346 DZNE) or by the Italian Committee on Animal 
Health and Care of the governmental body in Rome. 

C57BL/6J mice were bred at the animal facility of DZNE Magdeburg. 
Constitutively ST8SIA4-deficient mice (St8sia4− /− ) (Eckhardt et al., 
2000) were backcrossed with C57BL/6 J mice for >8 generations. Mice 
heterozygous for St8sia4 were crossed to produce homozygous mutants 
and littermate wild-type controls. As a model of amyloidosis, 5xFAD 
mice (B6.Cg-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax 
from the Jackson Laboratory) inbred on C57BL6J background for >5 
generations were used. These mice overexpress both mutant human 
amyloid beta (A4) precursor protein 695 (APP) with the Swedish 
(K670N, M671L), Florida (I716V), and London (V717I) Familial Alz
heimer’s Disease (FAD) mutations and human PS1 harboring two FAD 
mutations, M146L and L286V. Expression of both transgenes is regu
lated by neural-specific elements of the mouse Thy1 promoter to drive 
overexpression in the brain. This line was maintained at the animal 
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Fig. 1. Effects of endoNF treatment on evoked and tonic NMDAR-mediated currents in mPFC slices. 
(A) A representative coronal section through the mPFC (left) and a photomicrograph (4× objective) illustrating locations of electrodes for recordings of evoked EPSCs 
or fEPSPs (right). Cg1, cingulate; PrL, prelimbic; IL, infralimbic cortex; II/III, V, cortical layer; fmi, forceps minor of the corpus callosum; LV, lateral ventricle. 
(B) Representative examples of averaged evoked NMDAR-EPSCs from layer V pyramidal neurons, which were pharmacologically isolated at − 60 mV in modified 
aCSF containing low Mg2+ (0.1 mM), the selective antagonist of AMPA)/kainate receptors NBQX (10 μM), and the selective antagonist of GABAB receptors CGP- 
55845 (2 μM) (black). Bath application of the NMDAR-selective antagonist AP5 (50 μM) blocked these slow EPSCs almost completely (gray). 
(C) Representative examples (top) of fast AMPAR-EPSCs at − 60 mV in normal aCSF (gray) and slow NMDAR-EPSCs in the presence of low Mg2+ (0.1 mM), NBQX (10 
μM), and CGP-55845 (2 μM) (black). A bar graph (bottom) showing similar NMDAR/AMPAR ratio in endoNF- and sham-treated slices (n/N: 9/10 and 10/8, 
respectively; P = 0.313, unpaired Student’s t-test). 
(D) Examples (top) and time courses of normalized amplitudes (bottom) of evoked NMDAR-EPSCs before (basal, black) and after bath application of GluN1/GluN2B 
antagonist Ro 25–6981 (Ro25, 0.3 μM, gray). The mean amplitude recorded during a 5-min baseline period before Ro 25–6981 application was taken as 100%. 
(E, F) Increased Ro 25–6981 (0.3 μM)-mediated inhibition of amplitude (***P < 0.001, unpaired Student’s t-test) and of decay time (*P < 0.05, unpaired Student’s t- 
test) of NMDAR-EPSCs in endoNF-treated slices compared with sham controls (n/N: 9/9 in sham group, 1 outlier excluded for dacay time; 11/8 in endoNF group). 
Recordings in B–F were performed in voltage-clamp mode (holding potential − 60 mV), and EPSC examples represent averages of 8–10 traces. Amplitude (E) and 
decay time (F) of evoked NMDAR-EPSCs were measured during 5 min before (basal) and during 10–15 min after application of Ro25. 
(G) Representative traces of NMDAR-mediated holding currents (holding potential +40 mV) before and after bath application of AP5 (50 μM). The inset shows 
experimental design for tonic currents. Horizontal dotted lines indicate the basal level of holding current before AP5. 
(H) Quantification of tonic NMDAR-mediated currents recorded in the presence or absence Ro 25–6981 (0.3 μM). Two-way ANOVA revealed significant difference 
between sham and endoNF treated groups (P = 0.0018). *P < 0.05, Holm-Sidak post hoc test. Numbers of mice used: 4 for Sham, Sham+Ro25, endoNF+Ro25, 6 for 
endoNF. Data are shown as mean ± SEM. 
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facility of DZNE Magdeburg. Heterozygous mice were crossed with 
C57BL/6J mice to produce heterozygous and wild-type littermate 
controls. 

For electrophysiological experiments in brain slices, we used adult 2- 
to 4-month-old C57BL/6J (control and treated with endoNF) as well as 
St8sia4− /− mice and their respective age-matched wild-type littermates 
of both sexes. For behavioral experiments, we used 2- to 3-month-old 
C57BL/6J males (control and treated with endoNF) and 7- to 10- 
month-old St8sia4− /− males and their wild-type littermates. All mice 
were kept in a reverse light-dark cycle (12:12 h, light on at 9:00 pm) 
with food and water ad libitum, and they were tested during the dark 
phase of the cycle when mice are active. 

2.3. Electrophysiological recordings 

Coronal slices containing the mPFC were incubated in aCSF without 
(sham) or with the addition of endoNF (10 μg/ml) at 35 ◦C for 2 h. Field 
EPSP recordings were performed in 400-μm-thick mPFC slices, as 
described elsewhere (Brennaman et al., 2011). 

Evoked NMDAR-mediated EPSCs from layer V pyramidal neurons in 
mPFC slices were recorded in voltage-clamp mode, at a holding poten
tial of − 60 mV, and pharmacologically isolated, as reported previously 
(Chen et al., 2003). Tonic NMDAR-mediated holding currents were 
recorded and pharmacologically isolated at +40 mV, as described 
elsewhere. Bursts of IPSCs were evoked by TBS at holding potential 0 mV 
in normal aCSF. Before TBS application, 10 EPSCs were evoked by single 
pulses at 0.033 Hz at − 60 mV in normal aCSF in both sham- and 
endoNF-incubated slices. The stimulation intensity was set to produce 
EPSCs with the mean amplitude of approximately 100 pA in all slices. 
For electrophysiological recordings in brain slices, numbers of cells/ 
slices recorded (n) and mice used (N) were presented as “n/N". All data 
are shown as the mean ± SEM. 

For detailed descriptions of the brain slice preparation, whole-cell 
patch-clamp recordings in slices and transfected HEK293 cells, field 
EPSP recordings of LTP, reagents used, numbers of cells/slices recorded 
(n) and mice used (N), data analysis, and statistics for slice electro
physiology, please see Supplementary materials and methods. 

2.4. Immunohistochemistry 

To assess whether polySia was removed successfully by endoNF, 
sham- and endoNF-incubated coronal mPFC and hippocampal slices 
(400 μm) from Thy1-EGFP mice were fixed in 4% paraformaldehyde in 
phosphate buffer (PB, 0.24 M, pH 7.2) for 3 h at room temperature and 
cryoprotected with 30% sucrose in PB at 4 ◦C overnight. The tissue 
processing, immunostaining, and imaging were performed as described 
elsewhere (Eckhardt et al., 2000) with some modifications, as outlined 
in Supplementary materials and methods. 

2.5. Novel object recognition test 

A white open field arena (50 × 50 × 30 cm) was used in the novel 
object recognition task. All behavior was video recorded and analyzed 
automatically by software (ANY-maze, version 4.99, Stoelting Co., 
Wood Dale, IL). The test was performed using a standard protocol that 
includes two phases: a) a familiarization/encoding phase: mice were 
placed for 10 min in the arena, during which they have to explore two 
identical objects positioned in the center of the arena; b) a test/retrieval 
phase: one familiar object and one novel object were placed in the center 
of the arena, and mice were allowed to explore for 10 min. In the same 
trial, objects were counterbalanced, and between trials, different sets of 
objects were used. The interval between the encoding and retrieval 
phases was 2 h. 

2.6. Recent object recognition test 

The “recency” test comprised two encoding phases followed by a 
retrieval phase, modified from (Nelson et al., 2011). The interval be
tween the encoding phases was 1 h, and the interval between the second 
encoding phase and the retrieval phase was 10 min. In the first encoding 
phase, animals were placed into the open field arena and allowed to 
explore a pair of identical objects for 10 min. Then, a different pair of 
identical objects was presented in the second encoding phase (10 min 
total exploration time). During the retrieval phase, two different objects, 
one object from each encoding phase, were placed into the apparatus 
and animals were given 10 min to explore them. 

2.7. EndoNF injection in vivo 

For acute intra-mPFC injection of endoNF (2 μg/μl per site) or vehicle 
as deep as 1.5 and 2.25 mm from the brain surface, stainless steel guide 
cannulas made in-house were stereotaxically implanted similarly as 
described for intrahippocampal injections with the following co
ordinates: AP +1.9 mm; ML ±0.5 mm from bregma and the midline, 
respectively, according to the mouse brain atlas. All behavioral experi
ments were performed after the mice had fully recovered (5–7 d after 
surgery) and regained their normal weight. More detailed protocols and 
description of the statistical analysis are provided in Supplementary 
materials and methods. 

2.8. Drug administration in behavioral experiments 

Mice underwent saline (0.9% NaCl) or sarcosine (600 mg/kg b.w., i. 
p., Sigma Aldrich, Germany) injection 30 min before the encoding phase 
in all tested groups (C57BL/6 J injected with endoNF in the mPFC, and 
St8Sia4− /− versus St8Sia4+/+). NANA12 (NANA designates polySia 
fragments and numbers indicate the fragment size, i.e. NANA12 is an 
oligomer with 12 sialic acids in α2,8-linkage) or control NANA1 (free 
sialic acid) were delivered intranasally as 4 × 4-μl injections (1 mg/ml) 
in each nostril of the mouse (32 μl per mouse in total) 30 min before a 
cognitive test. DMB-labeled NANA2 (DMB-NANA2) and NANA12 (DMB- 
NANA12) were applied intranasally (2 mg/ml, as described above) 30 
min before the cognitive tests were performed with St8Sia4− /− and 
St8Sia4+/+ mice. The synthesis and purification of DMB-NANAs fol
lowed published protocols (Keys et al., 2012). 

3. Results 

3.1. Increased evoked GluN2B-mediated currents after enzymatic 
removal of polySia 

To examine the functions of polySia in the mPFC, we treated acute 
mPFC slices with the polySia-degrading enzyme endoNF, which has 
been shown to digest polySia in hippocampal slices (Kochlamazashvili 
et al., 2010). To confirm that polySia is efficiently removed and to 
examine its expression in relationship to mPFC pyramidal neurons, we 
performed immunohistochemistry for polySia in sham- and endoNF- 
incubated hippocampal and mPFC slices from thy1-EGFP mice. These 
mice show expression of the enhanced green fluorescent protein (EGFP) 
under the control of the Thy1 promoter in a subset of cortical layer V 
pyramidal neurons (Feng et al., 2000). In sham-treated slices, polySia 
was highly expressed in the hippocampal mossy fibers and in all layers of 
the mPFC (Fig. S1A left). In sham-treated mPFC slices, EGFP-expressing 
proximal dendrites of layer V pyramidal neurons were embedded in 
dense, diffusely polySia-labeled structures, which were present in close 
proximity to dendritic spines (Fig. S1B left). In endoNF-treated mPFC 
slices, polySia immunolabeling was practically absent (Fig. S1A middle; 
S1B right). As a positive control for endoNF enzymatic activity, we also 
verified that the characteristic polySia labeling of mossy fibers (Eck
hardt et al., 2000) was lost in hippocampal slices treated with endoNF 

H. Varbanov et al.                                                                                                                                                                                                                              



Neurobiology of Disease 180 (2023) 106079

5

(Fig. S1A middle), as shown previously (Kochlamazashvili et al., 2010). 
To study the functional impact of polySia on excitatory transmission 

in the mPFC, we applied electrical stimulation to layer II/III and 
recorded evoked EPSCs from layer V pyramidal cells (Fig. 1A) in sham- 
and endoNF-treated slices from adult C57BL/6J mice. Following initial 
recording of mixed excitatory postsynaptic currents (EPSCs) in normal 
aCSF (mediated by AMPARs and NMDARs, gray trace in Fig. 1C), the 
NMDAR-mediated component (black traces in Fig. 1B, C) of EPSCs was 
pharmacologically isolated at a membrane holding potential of − 60 mV, 
in modified aCSF containing low Mg2+ (0.1 mM), the selective antago
nist of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/ 
kainate receptors NBQX (10 μM), and the selective antagonist of 
γ-aminobutyric acid (GABA)B receptors CGP-55845 (2 μM) as reported 
earlier (Chen et al., 2003). The isolated NMDAR-EPSCs could be almost 
completely blocked by application of the competitive NMDAR antago
nist AP5 (Fig. 1B). The ratio between NMDAR- and AMPAR-mediated 
current amplitude in endoNF-treated slices was not different from that 
recorded in sham-treated slices (Fig. 1C). Since the mean amplitude of 
mixed AMPAR-mediated currents in normal aCSF (gray) was similar 
under both conditions (sham, 304.64 ± 11.87 pA; endoNF, 307.54 ±
13.79 pA, P = 0.875), the unaltered NMDAR / AMPAR ratio suggests 
that endoNF treatment did not change the total NMDAR-mediated 
current. 

Because polySia inhibits GluN2B-containing NMDARs only at the 
low glutamate concentrations characteristic of the extrasynaptic space 
(Kochlamazashvili et al., 2010) and because most extrasynaptic 
NMDARs are thought to be GluN2B heterodimers, it is plausible that 
polySia specifically inhibits extrasynaptic NMDARs. To test whether the 
activity of GluN2B-containing extrasynaptic NMDARs is elevated after 
polySia removal, as reported for CA1 pyramidal cells (Kochlamazashvili 
et al., 2010), we recorded evoked NMDAR-EPSCs at room temperature 
before and after addition of the GluN2B-specific antagonist Ro 25–6981 
(Fischer et al., 1997), at a low micromolar concentration (0.3 μM). We 
selected this antagonist concentration because 0.3–1 μM Ro 25–6981 
produces maximal inhibition (~70%) of heterodimeric GluN1/GluN2B- 
NMDARs expressed in HEK293 cells (half-maximal inhibitory concen
tration IC50 = 0.05 μM), while GluN1/GluN2A-NMDARs are inhibited at 
>10 μM Ro 25–6981 (IC50 > 65 μM) (Volianskis et al., 2013). Moreover, 
previous data have demonstrated that at 22 ◦C, but not at 35 ◦C, a single 
stimulus can lead to glutamate spillover (Asztely et al., 1997) and hence 
to activation of extrasynaptic NMDARs. In endoNF-treated slices, but not 
in sham-treated mPFC slices, we revealed a significant inhibition of both 
amplitude (~25%, Fig. 1D, E; for absolute values, see Fig. S2, left) and 
decay time (~20%, Figs. 1F and S2, right) of evoked NMDAR-EPSCs 
after Ro 25–6981 application. Both of these results are consistent with 
an elevation of transmission through GluN1/GluN2B-NMDARs in 
polySia-deficient slices because these receptors have a slower decay time 
compared to GluN2A-containing receptors. As total NMDAR currents in 
the prefrontal cortex (which are the sum of currents mediated by 
GluN2A- and GluN2B-containing NMDARs) are not affected by endoNF 
(Fig. 1C), the observed increase in GluN2B-mediated transmission pre
sumably occurs at the expense of transmission through GluN2A- 
containing NMDARs. 

3.2. Increased tonic NMDAR-mediated currents after endoNF treatment 

As another approach to verify the effect of polySia on extrasynaptic 
NMDARs, we analyzed tonic NMDAR currents in mPFC pyramidal cells, 
which are presumably mediated by the tonic activation of extrasynaptic 
NMDARs. To assess the level of activation of extrasynaptic NMDARs in 
the absence of polySia, we recorded NMDAR-mediated holding currents 
at a holding potential of +40 mV from layer V pyramidal neurons and 
measured the shift in holding current after application of the NMDAR- 
selective antagonist AP5. Since no synaptic stimulation was delivered, 
this shift provides a measure of the tonic activation of extrasynaptic 
NMDARs (Le Meur et al., 2007; Papouin et al., 2012). The shift in 

NMDAR-mediated tonic current was markedly increased in endoNF- 
incubated slices compared with sham-treated slices (Fig. 1G, H), indi
cating an overactivation of extrasynaptic NMDARs in the absence of 
polySia. When we repeated these experiments in the presence of Ro 
25–6981 (0.3 μM), there was no significant difference in the shift in 
tonic current in endoNF- and sham-treated slices (Fig. 1G, H), which is 
consistent with an increased contribution of GluN1/GluN2B hetero
dimers in endoNF-treated slices. Interestingly, a substantial fraction of 
tonic currents in sham-treated slices was not affected by a low concen
tration of Ro 25–6981. This finding suggests that a large fraction of 
tonically-activated extrasynaptic NMDARs in the mPFC are GluN1/ 
GluN2A/GluN2B heterotrimers rather than GluN1/2B heterodimers, as 
previously reported in the hippocampus and other areas of the brain 
(Bhattacharya et al., 2018; Hansen et al., 2014; Paoletti et al., 2013; 
Papouin and Oliet, 2014; Yi et al., 2019). 

3.3. Inhibition of GluN2B-EPSCs in HEK293 cells and mPFC slices by 
polySia fragments 

We have shown previously that a mixture of sialic acid polymers in 
the form of colominic acid or its subfraction with polymer chains 
ranging in size between 25 and 50 residues, but not free sialic acid, 
inhibits NMDAR-mediated currents activated by low micromolar con
centrations of glutamate (Hammond et al., 2006a). As a next step to
wards the therapeutic use of polySia, we investigated whether short, 
defined-length fragments of polySia (12 sialic acid residues, NANA12) 
would modulate NMDARs. In HEK293 cells expressing GluN1/GluN2B 
receptors, NANA12 at 1 μg/ml (≈ 0.3 μM) strongly inhibited whole-cell 
currents activated by application of 3 μM glutamate (Fig. 2A), in line 
with previous recordings showing the effect of colominic acid on the 
open probability of GluN1/GluN2B channels (Hammond et al., 2006a). 
To verify that NANA12 acts on the open probability, current amplitude 
histograms were obtained from single GluN1/GluN2B channel re
cordings (Fig. 2B-C) in the presence of 3 μM glutamate alone (control), 
or in combination with 0.2, or 0.3, or 0.4 μg/ml NANA12. Comparison of 
single-channel conductance between groups showed no significant 
changes across treatments (Fig. 2D, right). However, the open proba
bility of the GluN2B-NMDAR channels was significantly decreased in a 
concentration-dependent manner in the presence of different concen
trations of NANA12 compared with the untreated control, indicating 
that the oligomer influenced this specific ion channel property of 
NMDAR subunits (Fig. 2D, left). To study if there was time-dependent 
desensitization of NMDARs during drug applications, the open proba
bilities of channels were measured at the beginning and the end of 
treatment with 3 μM glutamate alone and in combination with 0.2 μg/ml 
NANA12. No effect of time was revealed on the open probability of the 
GluN2B-NMDAR channels (Fig. S4). Hence, the effects observed were 
solely due to NANA12 rather than channel desensitization (for methods 
please refer to Supplementary Information) (Bhattacharya et al., 2018; 
Hammond et al., 2006b). 

Next, we recorded evoked NMDAR-EPSCs in mPFC slices and tested 
whether NANA12 would occlude their inhibition by Ro 25–6981 
(Fig. 3A, B). In sham-treated slices, we found no significant inhibition of 
NMDAR-EPSC amplitude by NANA12 or subsequently applied 0.3 μM Ro 
25–6981. In contrast, in endoNF-treated slices, NANA12 inhibited 
significantly NMDAR-EPSC amplitude (~25% decrease) at the concen
tration of 1 μg/ml. Subsequent application of Ro 25–6981 reduced 
NMDAR-EPSC amplitude marginally (Fig. 3A, B). NANA12 reached 
~90% of the mean inhibition caused by application of Ro 25–6981 to 
endoNF-treated slices (Figs. 1D and 3D). Thus, in slices depleted of 
polySia by endoNF treatment, ≈ 0.3 μM NANA12 and 0.3 μM Ro 
25–6981 inhibit NMDAR-EPSCs to a similar extent. 

To test whether the effects of the negatively charged NANA12 were 
specific, we repeated these experiments using monomers of sialic acid 
(NANA1), which are also negatively charged but do not inhibit NMDAR- 
mediated currents in cultured hippocampal neurons (Hammond et al., 
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2006a). NANA1 had no effect on the amplitude of NMDAR-EPSCs in 
endoNF-treated mPFC slices (Fig. 3C, D), whereas the subsequent 
application of 0.3 μM Ro 25–6981 significantly reduced (by ~20%) the 
EPSC amplitude (Fig. 3C). 

Next, we tested the impact of shorter sialic acid oligomers such as 
NANA5. NANA5 (1 μg/ml and 10 μg/ml) reduced the amplitude of 
NMDAR-EPSCs in endoNF-treated slices, and this effect was significantly 
different from that of NANA1 (Fig. 3D). This suggests that five residues 
of sialic acid are sufficient to inhibit evoked NMDAR-EPSCs, although 
less efficient than fragments comprising 12 residues. 

Another attractive option to compensate for polySia deficiency 
would be to use small polySia mimetics. One of these is tegaserod, a 
serotonin 5-HT4 receptor agonist that is a clinically approved drug for 
the treatment of irritable bowel syndrome and constipation (Muller- 

Lissner et al., 2001). Molecular modeling and docking studies have 
shown that tegaserod might potentially compete with polySia for 
binding to the polySia binding site of antibody 735 (Bushman et al., 
2014). The polySia-mimicking activity of tegaserod to stimulate pe
ripheral nerve regeneration has been shown in vitro and in vivo and found 
to be independent of its described function as a 5-HT4 receptor agonist 
(Bushman et al., 2014). Given the potential of polySia to regulate 
GluN2B-NMDARs, we examined whether tegaserod may exhibit similar 
inhibitory effects on NMDAR-EPSCs. Whole-cell recordings in the pres
ence of a 5-HT4 antagonist revealed strong inhibition of NMDAR-EPSC 
amplitude by tegaserod in both sham- (~50%) and endoNF-treated sli
ces (~30%), which were not significantly different from each other 
(Fig. S5). This is in contrast to the predominant effects of GluN2B- 
inhibitor Ro25–6981 and NANA12 on endoNF-treated slices. These 

Fig. 2. Effects of NANA12 on glutamate-induced GluN1/GluN2B-mediated currents in HEK-293 cells and lipid bilayers. 
(A) Analysis of whole-cell-patch-clamp-currents elicited by 3 μM glutamate in HEK293 cells co-transfected with EGFP, GluN1, and GluN2B. The currents were 
normalized using the value of current activated at +40 mV, in the absence of NANA12. Two-way repeated measures ANOVA revealed a significant effect of voltage 
and interaction between voltage and treatment (both p < 0.001). 
(B) Representative GluN1/GluN2B single-channel recordings (voltage-clamped at +80 mV) in the presence of 3 μM glutamate alone (control), or in combination with 
0.2, 0.3 or 0.4 μg/ml NANA12. C and O, closed and open states. 
(C) Current amplitude histograms corresponding to (B) and their fit by a mixture of two Gaussians corresponding to the closed and open state, respectively. 
(D) Comparison of single-channel open probability (left) and conductance (right) in the presence of different NANA12 concentrations compared with the control, 
one-way repeated measures ANOVA with a Dunnett’s post hoc test, ***P < 0.001, n = 6. Data are shown as mean ± SEM. 
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results suggest that tegaserod does not act specifically on GluN2B- 
mediated synaptic transmission and thus does not mimic the effects of 
polySia on NMDARs. 

3.4. Impaired LTP after endoNF treatment is restored by Ro 25–6981, 
NANA12, and sarcosine 

To investigate whether a loss of polySia might affect synaptic 

plasticity in the prefrontal cortex, we recorded theta-burst stimulation 
(TBS)-induced LTP from layer II/III – layer V synapses in sham- and 
endoNF-treated mPFC slices from C57BL/6J mice. This form of LTP 
depends on NMDAR activation (Huang et al., 2004). The TBS induced 
stable LTP in mPFC of sham-treated slices; however, LTP was impaired 
in slices treated with endoNF (Fig. 4A, D). EndoNF- and sham-incubated 
slices exhibited similar relationships between stimulation intensity and 
fEPSP slope (Fig. S6A), indicating that the effects of polySia removal on 

Fig. 3. Effects of polySia fragments on evoked NMDAR-EPSCs in endoNF-treated mPFC slices from C57BL/6J mice. 
(A, C) Representative examples (top) and time courses of normalized amplitudes (bottom) of evoked NMDAR-EPSCs (holding potential − 60 mV) during basal 
recording, followed by successive bath application of NANA12 (1 μg/ml) (A) or NANA1 (10 μg/ml, control compound) (C) and the GluN2B-subunit specific 
antagonist Ro 25–6981 (0.3 μM) in sham- and endoNF-treated slices. Note that NANA12 inhibited NMDAR-EPSCs in endoNF- but not in sham-treated slices. The 
experimental design in A and C was analogous to Fig. 1A, D. 
(B) A bar graph summarizing mean inhibition levels of NMDAR-EPSC amplitude after NANA12 and NANA12 + Ro 25–6981 (cells presented in Fig. 3A). Two-way 
repeated measures ANOVA revealed significant effects of enzyme (sham/endoNF, P < 0.001) and drug treatment (NANA12 /NANA12 + Ro 25–6981, P = 0.005), and 
no enzyme x drug interaction (P = 0.198). **P < 0.01, Holm-Sidak post hoc test. Inhibition of NMDAR-EPSC amplitude by NANA12 / NANA12 + Ro25 in sham / 
endoNF was analyzed during 10–15 min after their application, relative to baseline level (0–5 min). Numbers of cells recorded and mice used (n/N) are: NANA12 in 
sham group, 9/4; NANA12 + Ro25 in sham group, 9/4; NANA12 in endoNF group, 11/7; NANA12 + Ro25 in endoNF group, 8/6. 
(C) No effect of NANA1 but a significant inhibition of NMDAR-EPSC amplitude by Ro 25–6981 in endoNF-treated slices. 
(D) A bar graph summarizing effects of NANA1, NANA5, and NANA12 on NMDAR-EPSC amplitude in endoNF-treated slices (normalized to the mean Ro 25–6981- 
mediated inhibition of amplitude in endoNF slices shown in Fig. 1D, E). One-way ANOVA revealed a significant difference between treatment groups (P = 0.0012). 
*P < 0.05, ***P < 0.001, Dunnett’s post hoc test. Numbers of cells recorded and mice used (n/N) are: NANA1 group, 6/4; NANA5 (1 μg/ml) group, 9/6; NANA5 (10 
μg/ml) group, 8/5; NANA12 group, 11/7. Data are shown as mean ± SEM. 
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LTP are not mediated by altered basal synaptic transmission. 
Because our patch-clamp recordings revealed increased GluN2B- 

mediated transmission in endoNF slices (Fig. 1D–F) and similar inhibi
tion of NMDAR-EPSCs by Ro 25–6981, NANA12, and NANA5 (Fig. 3D), 
we investigated whether these pharmacological treatments may rescue 
abnormal LTP by suppressing GluN2B-NMDARs. Field EPSP recordings 
revealed a full restoration of LTP levels in endoNF-treated slices 
perfused with Ro 25–6981 or NANA12 (Fig. 4B, D), indicating that 
NANA12 was as effective as Ro 25–6981 in restoring LTP. In sham- 
treated slices, we observed no effect of Ro 25–6981 on LTP magnitude 
(Fig. S6B), suggesting that GluN1/GluN2B-NMDARs do not contribute to 
LTP induction in the prefrontal cortex in our recording conditions. In 
contrast to NANA12, NANA5 (at 1 or 10 μg/ml) did not rescue LTP in 
endoNF-incubated slices (Fig. 4D). Notably, the application of NANA5 
did not significantly change the mean fEPSP slope during baseline re
cordings (Fig. S6C). Since neither basal synaptic transmission nor LTP 
was affected by NANA5, we thus conclude that NANA5 has less potent 
inhibitory effects on GluN1/GluN2B receptors as compared to NANA12, 
and/or has side effects preventing induction of LTP. 

Next, we explored the possibility that impaired LTP after endoNF 
treatment may be rescued by increasing synaptic NMDAR transmission 
with the clinically used glycine transporter type 1 (GlyT1) inhibitor 
sarcosine. Sarcosine elevates the glycine concentration in the synaptic 
cleft through inhibition of glycine reuptake by the GlyT1 (Harvey and 
Yee, 2013; Smith et al., 1992). Strikingly, in the presence of sarcosine, 
the LTP magnitude in endoNF-treated slices was fully restored to sham 
levels (Fig. 4C, D). In agreement with these data, another GlyT1 inhib
itor, SSR 504734 (Depoortere et al., 2005), also rescued LTP in 
endoNF-treated slices (Fig. 4C, D). 

3.5. Unaltered TBS-evoked IPSCs after endoNF treatment 

In the mPFC, polySia was reported to be predominantly expressed in 
a subpopulation of interneurons (Gomez-Climent et al., 2011; Nacher 
et al., 2013); hence, a loss of polySia might promote GluN2B-mediated 
excitation of interneurons and thus impair LTP. To examine recruit
ment of cortical inhibitory interneurons by our TBS protocol, we isolated 
TBS-evoked inhibitory postsynaptic currents (IPSCs) by recording at the 

Fig. 4. Impact of endoNF, Ro 25–6981, polySia fragments, and GlyT1 inhibitors on LTP in mPFC slices. 
(A) Time courses of the normalized mean slope of field excitatory postsynaptic potentials (fEPSPs) showing impaired TBS-induced LTP in endoNF- compared with 
sham-treated slices. 
(A-C) Delivery of 5× TBS is indicated by arrows. Insets show averages of 30 fEPSPs recorded during 10 min before TBS (black) and 50–60 min after TBS (gray), 
respectively, in each condition. The mean slope of fEPSPs recorded 10 min before TBS was taken as 100%. 
(B) Complete restoration of LTP levels in endoNF-treated slices when recorded in the presence of the GluN2B-selective antagonist Ro 25–6981 (0.3 μM) or NANA12 
(1 μg/ml). 
(C) Both glycine transporter type 1 inhibitors, sarcosine (0.75 mM) and SSR 504734 (3 μM), restored LTP magnitude in endoNF-treated slices to the level measured in 
sham-treated slices. 
(D) A bar graph summarizing mean levels of LTP measured 50–60 min after TBS application in A–C. Note that NANA12 was tested at 1 μg/ml (1). NANA5 was tested 
at 1 μg/ml (1) and 10 μg/ml (10). One-way ANOVA revealed a significant difference between groups (P < 0.001). *P < 0.05, **P < 0.01, ***P < 0.001, Dunnett’s post 
hoc test comparisons with endoNF-treated group. Data are shown as mean ± SEM. 
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reversal potential of EPSCs, i.e., at 0 mV, in normal aCSF. The ratio 
between TBS-induced IPSC and basal EPSC amplitudes was similar in 
endoNF- and sham-treated slices (Fig. S7A-C), suggesting that the 
GABAergic inhibition of pyramidal cells is normal during the induction 
of LTP after polySia removal. 

3.6. Increased GluN2B-mediated transmission and restoration of LTP in 
ST8SIA4-deficient mice 

Because acute removal of polySia led to elevated synaptic trans
mission through GluN2B-NMDARs (Fig. 1D–F), we wondered whether 
this might also be the case in mice that are constitutively deficient in the 
polysialyltransferase ST8SIA4 (St8sia4− /− ) and that show no detectable 
polySia in the mPFC during adulthood (Eckhardt et al., 2000; Nacher 
et al., 2010). Whole-cell recordings from pyramidal cells revealed 
normal NMDAR/AMPAR current ratios in St8sia4− /− mice compared to 
their wild-type littermates (Fig. S8A). No difference in Ro 25–698- 
mediated inhibition of evoked NMDAR-EPSC amplitude was detected 
between St8sia4− /− and St8sia4+/+ mice (Fig. 5A, B; for absolute values, 
see Fig. S8B, left), but the decay time of these EPSCs was markedly 
shortened by Ro 25–6981 in St8sia4− /− compared with St8sia4+/+ mice 
(Figs. 5A, C, S8B, right). In line with our data obtained after acute 
polySia removal using endoNF, this finding suggests that GluN2B- 
mediated synaptic transmission is also elevated after genetic ablation 
of polySia. 

Extracellular fEPSP recordings demonstrated a pronounced decrease 
in LTP magnitude (by ~40%) in St8sia4− /− mice compared with 
St8sia4+/+ mice (Fig. 5D, H), which resembled the LTP deficits found in 
endoNF-treated slices (Fig. 4A, D). This result could be reproduced in an 
independent set of recordings on another setup (Fig. S8C). 

Previous studies have shown that diffusion of presynaptically 
released glutamate to the extracellular space, and thus activation of 
extrasynaptic NMDARs, might be more pronounced at room tempera
ture than at physiological temperature, given the temperature depen
dence of glutamate transporters (Asztely et al., 1997; Kullmann and 
Asztely, 1998). To test whether the extent of extrasynaptic NMDAR- 
mediated LTP reduction in St8sia4− /− mice would depend on 
recording temperature, we repeated LTP recordings in slices from 
St8sia4− /− mice and St8sia4+/+ mice at 35 ◦C. In line with our recordings 
at room temperature, LTP levels in St8sia4− /− slices were significantly 
decreased (by ~40%) compared with St8sia4+/+ mice (Fig. S8D). 
Moreover, the LTP magnitude in St8sia4− /− slices at 35 ◦C was similar to 
that measured at room temperature. These data indicate that the TBS- 
induced activation of extrasynaptic NMDARs is comparable at room 
versus physiological temperature. 

In agreement with our endoNF data, we observed full restoration of 
LTP levels in mPFC slices from St8sia4− /− mice in the presence of either 
Ro 25–6981 (Fig. 5E, H), NANA12 (Fig. 5F, H), or sarcosine (Fig. 5G, H). 
Notably, Ro 25–6981, NANA12, and sarcosine had no effect on the LTP 
magnitude in St8sia4+/+ mice (Fig. 5E–H), as shown for Ro 25–6981 in 
C57BL/6 J mice (Fig. S6B). These results indicate that resetting the 
balance between synaptic and extrasynaptic NMDAR activation may 
normalize synaptic plasticity in St8sia4− /− mice. 

3.7. Normal synaptic plasticity in mice lacking ST8SIA2 

During embryonic development, polySia is synthesized predomi
nantly by the polysialyltransferase ST8SIA2 (Kröcher et al., 2015) and 
its deficiency affects thalamocortical connectivity as well as the devel
opment of GABAergic interneurons in the mPFC (Kröcher et al., 2015; 
Kröcher et al., 2014). To explore the relevance of ST8SIA2 for synaptic 
plasticity in the adult mPFC, we recorded TBS-induced LTP in mPFC 
slices from adult transgenic St8sia2− /− mice and their wild-type litter
mates. We measured comparable levels of LTP in St8sia2− /− and 
St8sia2+/+ mice (Fig. 5I), indicating that polySia synthetized by ST8SIA2 
is not involved in TBS-induced synaptic plasticity in the adult mPFC. 

3.8. Impaired object recognition memory in polySia-deficient mice and its 
restoration by NANA12 and sarcosine 

The prefrontal cortex is known to be involved in object recognition 
memory in rodents (Barbosa et al., 2013). A previous study revealed that 
St8sia4− /− mice are impaired in a novel object recognition task, when 
tested 2 h after encoding/familiarization phase (Kröcher et al., 2015). 
Hence, we subjected St8sia4− /− mice and their wild-type littermates to 
this paradigm (Fig. 6A, left) to evaluate the efficiency of treatments that 
restored synaptic plasticity in terms of their cognitive effects. Our data 
confirmed the defect in novel object recognition in St8sia4− /− mice, 
which spent equal time exploring familiar and novel objects in the test 
trial, while their St8sia4+/+ littermates showed a preference for the 
novel object (Fig. 6B). On the next day, mice were i.p. injected with 
sarcosine or vehicle 30 min before the encoding phase (Fig. 6B). Then, 
sarcosine-treated St8sia4− /− mice reached the levels of object discrimi
nation seen in control St8sia4+/+ mice injected with either vehicle or 
sarcosine (Fig. 6B), suggesting that sarcosine could fully restore the 
impaired novel object recognition memory in mice lacking the polySia- 
synthesizing enzyme ST8SIA4. 

Because LTP was impaired in mPFC slices treated with endoNF, we 
asked whether acute removal of polySia in the mPFC would affect 
learning and memory. Thus, we performed a longitudinal experiment 
comparing the performance of C57BL/6 J mice before and after endoNF 
injection into the mPFC in vivo, which efficiently digested polySia 
(Fig. S9A, B). Two days or one day prior to the administration of 
endoNF, mice showed normal object recognition after i.p. injection of 
either vehicle (at d-2) or sarcosine (at d-1) applied 30 min before the 
encoding phase (Fig. 6C). In contrast, one day after injection of endoNF 
into the mPFC (d1), the same mice were impaired in discriminating 
novel versus familiar objects (Fig. 6C). This deficit was fully alleviated by 
i.p. injection of sarcosine on day 2 (d2). Consistent with the short life
time of sarcosine and the fact that the recovery of polySia expression 
lasts >1 week after a single endoNF injection (Seki and Rutishauser, 
1998), impaired novel object recognition of the endoNF-treated mice 
was reinstated one day after the sarcosine injection (d3). 

Because NANA12 rescued LTP in vitro, we also tested its effects in 
vivo. At day 5 (d5) NANA12 was applied intranasally 30 min before the 
encoding phase. NANA12 significantly improved novel object recogni
tion, while intranasal administration of NANA1 on day 6 (d6) had no 
effect (Fig. 6C). 

To verify that NANA12 penetrates into the brain after intranasal 
delivery, we applied NANA12 covalently coupled to a fluorescent dye, 
1,2-diamino-4,5-methylenedioxybenzene.2HCl (DMB), and performed 
live two-photon imaging of DMB-NANA12 conjugates in the mPFC of 
Thy1-EGFP mice. The EGFP signal was used for finding the same position 
during repetitive imaging and for normalization of the DMB signal. We 
observed a rapid penetration of both DMB-NANA12 and the control 
reagent DMB-NANA2. Both could be detected 30 min after intranasal 
delivery, followed by a further increase in the DMB/EGFP signal ratio at 
3 h and a decline at 24 h after the application (Fig. S9C). 

Next, we attempted to rescue cognitive functions in St8sia4− /− mice 
by DMB-NANA12 delivery. Since we observed a positive effect of 
NANA12 in endoNF-treated mice with a 30-min interval between 
intranasal delivery and encoding phase (Fig. 6C), we continued to use 
this time interval in the following series of experiments. Consistent with 
data shown in Fig. 6B, C, another cohort of St8sia4− /− mice showed 
impaired novel object recognition, which was fully rescued by intranasal 
delivery of DMB-NANA12 but not by control DMB-NANA2 (Fig. 6D). To 
provide further evidence that NANA12 can rescue mPFC function, we 
examined the performance of St8sia4− /− mice using a recency (temporal 
order) task (Fig. 6A, right), in which healthy mice preferentially explore 
an object presented less recently, whereas impaired mice explore the 
recent (last) and less recent (second to last) object equally (Nelson et al., 
2011). Lesion studies have shown that this temporal order memory task 
relies on the function of mPFC (Barker et al., 2007; Nelson et al., 2011). 
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St8sia4+/+ mice showed a clear preference for the less as compared to 
the more recently explored object in the retrieval phase. In contrast, 
St8sia4− /− mice explored the two objects equally (Fig. 6E). Their per
formance in this task could be restored by DMB-NANA12 but not by the 
control compound DMB-NANA2, suggesting that recency memory de
pends, at least partially, on polySia availability. 

3.9. Impaired mPFC LTP and recent object recognition memory in mice 
overexpressing AAV-Tau[R406W]-GFP are normalized by NANA12 

Overexpression of mutant human Tau in mice is a model for de
mentia associated with upregulation of extrasynaptic GluN2B-mediated 
signaling (Li et al., 2011). We attempted to rescue synaptic and cognitive 
functions in mice injected with AAV-Tau[R406W]-GFP into the mPFC 
using AAV-GFP injection as a control (Fig. 7A). Immunohistochemical 
analysis showed a strong upregulation of Tau phosphorylation one 
month after injection of AAV-Tau[R406W]-GFP (Labus et al., 2021) as 
compared to mice injected with AAV-GFP (Fig. 7B). Electrophysiological 
fEPSP recordings in mPFC slices from AAV-Tau[R406W]-GFP-injected 
mice showed reduced levels of LTP, compared to control 
AAV-GFP-injected mice. However, in the presence of NANA12, the LTP 
level in AAV-Tau[R406W]-GFP-injected mice was restored to control 
levels, indicating that NANA12 could fully rescue LTP (Fig. 7C). 

In the behavioral recency test, control AAV-GFP-injected mice 
showed a normal discrimination between more and less recently 
explored objects, while AAV-Tau[R406W]-GFP-injected mice displayed 
impaired recent object recognition. This cognitive phenotype was fully 
rescued by intranasal delivery of NANA12, but not by control NANA1 
(Fig. 7D). 

3.10. Impaired recent object recognition memory in 5xFAD mice is 
normalized by NANA12 

Next, we investigated the effect of NANA12 on cognition in a second 
mouse model of dementia using 5xFAD mice, a model of amyloidosis in 
familial Alzheimer’s disease. A previous analysis of extrasynaptic 
NMDAR-mediated currents in the cortex of adult 5xFAD mice revealed 
no changes in the amplitude but an increase in the deactivation time 
constant, suggesting an increase in the contribution of slowly deacti
vating GluN2B-containing NMDARs (Back et al., 2021) like we found 
here for St8Sia4− /− mice. Moreover, Aβ inhibits reuptake of synaptically 
released glutamate and increases concentration of perisynaptic gluta
mate (Zott et al., 2019). Hence, amyloidosis promotes activation of 
extrasynaptic GluN2B-containing NMDARs, which we aimed to inhibit 
by NANA12. 

First, we established that 13- to 14-month-old 5xFAD mice are 
impaired in recency memory, when tested after a 90 min intertrial in
terval between the two encoding phases. In contrast to age-matched 
littermates, 5xFAD mice showed no discrimination between objects 
during recall and spent the same time near the more recently and the less 
recently explored objects (Fig. 7E, left panels). To test whether 

application of NANA12 is able to improve cognitive function in the 
5xFAD model, NANA12 or vehicle (H2O) were intranasally delivered. 
Each mouse received both drugs and vehicle, in a random order and 
separated by 4 days. According to the measured time-course of NANA12 
delivery to the brain (see Fig. S9), the recency test was started 2 h after 
drug delivery, i.e. at the estimated peak of drug concentration in the 
mPFC, and a concentration of 0.5 mg/kg was applied. In contrast to the 
vehicle-treated group, 5xFAD mice that received NANA12 showed a 
clear preference for the less recently as compared to the more recently 
explored object in the retrieval phase (Fig. 7E, right panels). 

4. Discussion 

Our data demonstrate that polySia controls the balance of signaling 
through synaptic versus extrasynaptic NMDA receptors in the mPFC, the 
region in which structural changes have been associated with an 
increased concentration of serum polySia in schizophrenic patients. 
Enzymatic or genetic ablations of polySia expression in endoNF-treated 
wild-type and St8Sia4− /− mice, respectively, lead to elevation of GluN1/ 
GluN2B-mediated evoked and tonic extrasynaptic currents, and im
pairments in mPFC LTP, as well as in novel and recent object recognition 
memories. These results and the normal mPFC LTP in St8Sia2− /− mice 
are consistent with previous analysis of LTP in the CA1 region of the 
hippocampus and the known differences in the temporal expression of 
these enzymes (Hildebrandt and Dityatev, 2015): expression of ST8SIA2 
peaks during early development while ST8SIA2 is the major poly
sialyltransferase in the mature brain. Accordingly, there are detectable 
changes in polySia immunoreactivity in the mPFC of St8Sia2− /− mice, 
whereas St8Sia4− /− mice show abolished polySia expression in the 
mPFC (Nacher et al., 2010). Reintroduction of short polySia fragments, 
or resetting the balance between synaptic GluN2A- versus extrasynaptic 
GluN2B-mediated transmission by Ro25–6981 or sarcosine, restored 
LTP, object recognition, and recency memory in polySia-deficient mice 
(for a model, see Fig. 8). These data suggest that sarcosine or newer, 
more potent GlyT1 inhibitors will be particularly efficient to normalize 
cognitive functions of schizophrenia patients with dysregulated levels of 
serum polySia. It is plausible that also dementia patients with elevated 
levels of serum polySia may benefit from such treatment. We anticipate 
that our work will stimulate verification of this prediction in clinical 
settings. To assess the function of predominantly extrasynaptic hetero
dimeric GluN1/GluN2B receptors, we used low concentration of Ro 
25–6981 (Volianskis et al., 2013) (France et al., 2017), which has a ~ 
25times higher potency in blocking GluN2B-NMDARs than ifenprodil 
(Fischer et al., 1997). Moreover, the present study targeted the activity 
of extrasynaptic NMDARs by using the polySia, which inhibited GluN2B 
activation by glutamate at an extrasynaptic-like (3 μM) glutamate con
centration. We show that depleting polySia using endoNF increased the 
contribution of 0.3 μM Ro 25–6981- and NANA12-sensitive NMDAR 
currents and increased tonic NMDAR currents. Cumulatively, these data 
suggest that the activity of extrasynaptic NMDARs is elevated after 
polySia depletion, which is accompanied by decreased LTP levels in the 

Fig. 5. GluN2B-NMDAR-mediated currents and restoration of LTP in the mPFC of ST8SIA4-deficient mice by Ro 25–6981, NANA12, and sarcosine. 
(A) Representative examples of evoked NMDAR-EPSCs (holding potential − 60 mV) before (basal, black) and after bath application of the selective GluN2B antagonist 
Ro 25–6981 (0.3 μM, gray) in mPFC pyramidal cells from St8sia4− /− mice and their St8sia4+/+ littermates. NMDAR-EPSCs were recorded analogously to data in 
Fig. 1A (experimental design in inset). 
(B, C) Bar graphs showing unchanged amplitude (B) and accelerated decay of NMDAR-EPSCs (C) upon Ro 25–6981 application in slices from St8sia4− /− mice 
compared with St8sia4+/+ mice (***P < 0.001, unpaired Student’s t-test). 
(D) Time courses of normalized mean fEPSP slopes showing reduced levels of TBS-induced LTP in slices from St8sia4− /− mice compared with St8sia4+/+ controls. 
(E–G) Fully restored LTP levels in slices from St8sia4− /− mice and unchanged LTP levels in St8sia4+/+ mice in the presence of Ro 25–6981 (0.3 μM) (E), short-chain 
polySia NANA12 (1 μg/ml) (F), and sarcosine (0.75 mM) (G). 
(H) Summary of mean LTP levels in St8sia4 mice in D–G. Two-way ANOVA revealed significant effects of genotype (P < 0.03) and treatment (P < 0.001), and a 
genotype x treatment interaction (P = 0.001). ***P < 0.001, Holm-Sidak post hoc test. 
(I) Time courses of normalized mean fEPSP slope (left) and a bar graph (right) of LTP levels in St8sia2− /− and St8sia2+/+ slices (P = 0.443, unpaired Student’s t-test). 
Time courses of fEPSP slope and fEPSPs examples are presented analogously to Fig. 4. Bar graphs (H and I, right) show LTP levels measured 50–60 min after TBS. 
Numbers of cells (B, C) or slices (H, I) recorded are presented in bars. Data are shown as mean ± SEM. 
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mPFC. These data obtained in the mPFC are in line with studies in the 
CA1 region, where LTP is promoted only by synaptic, but not by 
extrasynaptic NMDARs, while LTD requires both fractions of NMDARs 
(Kochlamazashvili et al., 2012; Kochlamazashvili et al., 2010; Papouin 
et al., 2012). 

To upregulate the function of synaptic NMDARs, we mostly used 

sarcosine because several clinical studies indicated that GlyT1 inhibitors 
might improve negative and cognitive symptoms in schizophrenia 
(Curtis, 2019), and sarcosine was among the most efficient drugs (Javitt, 
2012). Functional activation of NMDARs requires the simultaneous 
binding of glutamate and its co-agonists glycine or D-serine (Balu and 
Coyle, 2015; Henneberger et al., 2010; Johnson and Ascher, 1987). 

Fig. 6. Novel object recognition and recency tests in St8sia4− / 

− mice and after in vivo intra-mPFC injection of endoNF in 
C57BL/6J mice. 
(A) Experimental design of novel object recognition test and 
recency test. In the novel object recognition test, sarcosine 
(600 mg/kg, intraperitoneally), NANA12 / NANA1 (1 mg/kg, 
intranasally), and DMB-NANA12 / DMB-NANA2 (2 mg/kg, 
intranasally) were delivered 30 min before the encoding phase, 
and retention of memory was evaluated 2 h later, in the 
retrieval phase. In the recency test, reagents were applied 30 
min before the first of two encoding phases at 1-h interval, and 
recency memory was then assessed 10 min later. 
(B-E) Upper panels show exploration times, while lower panels 
show discrimination ratio (%) in all tested groups and trials. 
(B) Rescue of St8sia4− /− mice performance by sarcosine. 
St8sia4+/+ mice (n = 6) spent significantly longer time 
exploring new objects (N) versus familiar objects (F), and sar
cosine did not improve their performance. However, St8sia4− / 

− mice (n = 6) failed to show a preference for novel objects, 
and sarcosine could rescue this cognitive impairment. **P <
0.01, paired Student’s t-test. Two-way repeated measures 
ANOVA (lower panel in B) revealed significant effects of ge
notype (P = 0.022), sarcosine treatment (P = 0.008) in 
St8sia4− /− mice, and a significant genotype x treatment inter
action (P = 0.008). +++P < 0.001, Holm-Sidak post hoc test. 
(C) Exploration time and object discrimination ratio before and 
after intra-mPFC endoNF injection in C57BL/6J mice (n = 12). 
An arrow shows the timing of endoNF injection. Novel object 
recognition is impaired on day 1 and 3 after endoNF intra- 
mPFC injection, but it can be rescued by sarcosine at day 2. 
Intranasal delivery of NANA12 at day 5 could also restore 
cognitive function compared to the control compound NANA1 
at day 6. *P < 0.05, **P < 0.01, ***P < 0.001, paired Student’s 
t-test. Two-way repeated measures ANOVA for discrimination 
ratios on d-2, d-1, d1, and d2 (lower panel in C) showed sta
tistically significant effects of endoNF injection (P = 0.015), 
sarcosine treatment (P = 0.017), and a significant endoNF x 
sarcosine interaction (P = 0.002). #P < 0.05, ###P < 0.001, 
Holm-Sidak post hoc test; *P < 0.05, paired Student’s t-test. 
(D, E) Rescue of St8sia4− /− mice (n = 10) performance in novel 
object recognition (D) and recency (E) tasks by DMB-NANA12. 
Untreated St8sia4− /− mice (n = 10) failed to discriminate be
tween novel and familiar objects (D) as well as between the 
most recent (R) and least recent (L) objects (E). Intranasal 
administration of DMB-NANA12, but not of DMB-NANA2, 
restored cognitive function in St8sia4− /− mice in both tests. 
*P < 0.05, **P < 0.01, ***P < 0.001, paired Student’s t-test. 
Two-way repeated measures ANOVA for discrimination ratio 
(lower panel in D) revealed statistically significant effects of 
genotype (P = 0.005) and a significant genotype x treatment 
interaction (P = 0.017). #P < 0.05, ##P < 0.01, Holm-Sidak 
post hoc test. Data are shown as mean ± SEM.   
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Fig. 7. NANA12 rescues mPFC LTP and recency memory 
in mouse models of dementia associated with tauopathy or 
amyloidosis. 
(A) Schematic illustration showing the time plan of ste
reotaxic injections of AAVs into the mPFC, electrophysio
logical fEPSP recordings in mPFC, behavioral recency test, 
and immunohistochemistry in AAV-Tau-GFP- and AAV- 
GFP-injected mice, in B–D. 
(B) AAV-driven expression of Tau[R406W]-GFP (AAV-Tau- 
GFP) and control GFP (AAV-GFP) in the medial prefrontal 
cortex, 1 month after stereotaxic injection of AAVs. 
Expression of Tau[R406W]-GFP leads to increased level of 
phosphorylated Tau (p-Tau). Scale bar, 100 μm. 
(C) Injection of AAV-Tau-GFP results in impaired mPFC 
LTP, which could be rescued by application of NANA12 at 
1 μg/ml (≈ 0.3 μM). Inserts above LTP profiles show 
representative traces for fEPSPs recorded 10 min before 
and 50–60 min after induction of LTP. The bar plot depicts 
mean ± SEM values of LTP 50–60 min after induction. 
One-way ANOVA revealed a significant difference between 
groups (P = 0.003). *P < 0.05, **P < 0.01, Dunnett’s post 
hoc test for comparisons with AAV-Tau-GFP-treated group. 
(D) Rescue of performance of AAV-Tau[R406W]-GFP- 
injected mice (n = 10) in the recency test by NANA12. 
Untreated AAV-Tau[R406W]-GFP-injected mice failed to 
discriminate the most recent (R) and least recent (L) ob
jects, in contrast to AAV-GFP injected mice (n = 9). 
Intranasal administration of NANA12, but not of NANA1, 
restored cognitive function in the recency test. *P < 0.05, 
**P < 0.01, ***P < 0.001, paired Student’s t-test. Two-way 
repeated measures ANOVA for discrimination ratio 
revealed statistically significant effects of Tau (P =

0.0003), treatment (P = 0.0205) and a significant Tau x 
treatment interaction (P = 0.0001). #P < 0.05, ###P <
0.001, Holm-Sidak post hoc test. Data are shown as mean 
+ SEM values. 
(E) Impaired performance of 5xFAD mice (n = 11) in the 
recency test, in contrast to normal performance in control 
wild-type mice (n = 10) (**P < 0.01, paired Student’s t- 
test). Discrimination ratio was significantly lower in un
treated 5xFAD mice, as compared to wild-types (*P < 0.05, 
paired Student’s t-test). Another batch of NANA12-injected 
5xFAD mice (6 male and 5 female) showed restored 
discrimination between more recent (R) and less recent (L) 
objects, in contrast to vehicle-injected 5xFAD mice (**P <
0.01, paired Student’s t-test). One-way repeated measures 
ANOVA for discrimination ratio revealed statistically sig
nificant difference between treatments (P = 0.012). *P <
0.05, post hoc Holm-Sidak test for comparison between 
vehicle and NANA12. Data are shown as means ± SEM.   
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NMDARs containing the GluN2B subunit have 10-fold higher affinity for 
glycine than those containing GluN2A (Paoletti et al., 2013). Hence, 
ambient levels of glycine/D-serine may saturate the NMDAR glycine 
binding site at extrasynaptic GluN2B but not at synaptic GluN2A- 
containing receptors (Javitt, 2012). Accordingly, sarcosine has no ef
fect on tonic currents mediated by extrasynaptic NMDARs (Le Meur 
et al., 2007). Thus, our findings suggest that sarcosine rescues impaired 
mPFC LTP by activation of synaptic rather than extrasynaptic NMDARs. 

Our data showing changes in LTP and the NMDAR subunit contri
bution in cortical pyramidal neurons are in line with a study, in which 
polySia removal reduced the dendritic spine density of pyramidal neu
rons and decreased neuropil expression of the excitatory synapse marker 
vesicular glutamate transporter-1 in the adult mPFC. In the perisomatic 
region of mPFC pyramidal neurons, endoN treatment, however, led to 
elevated density of inhibitory glutamic acid decarboxylase (GAD)65/67- 
positive as well as parvalbumin-positive puncta, while in the periden
dritic region of mPFC pyramidal neurons, endoNF did not change the 
density of GAD65/67-expressing puncta (Castillo-Gomez et al., 2011). 
Further, genetic ablation of the polysialyltransferase ST8SIA4 led to a 
reduced complexity of the dendritic arbors of parvalbumin-expressing 
mPFC interneurons and to decreased density of parvalbumin- 
expressing perisomatic puncta on mPFC pyramidal neurons (Curto 
et al., 2019). Thus, these data with long-term deficit in polySia strongly 
suggest that polySia is involved in the control of perisomatic innervation 
of cortical pyramidal neurons by GABAergic interneurons. Our data 
demonstrate that TBS-elicited perisomatic inhibition of pyramidal cells 
was not modified after acute endoNF treatment, suggesting that polySia 
is not critical for acute physiological modulation of GABAergic trans
mission, but further experiments would be needed to evaluate 
GABAergic transmission and its modulation by NANA12 in conditions of 
chronic polySia deficiency and AD models. 

In cultured hippocampal neurons, the addition of soluble polySia 
inhibited GluN2B-mediated NMDARs, whereas enzymatic removal of 
polySia had no effect on GluN2B-mediated currents (Hammond et al., 
2006a). These data suggested that GluN2B-containing NMDARs might 
be altered only by soluble polySia and polySia-NCAM but not by polySia 
attached to NCAM at the neuronal cell surface (Hammond et al., 2006a). 
In mPFC slices, we found that endoNF increased GluN2B-mediated 
transmission to pyramidal cells, indicating that this effect is mediated 
by soluble polySia-NCAM stabilized in the extracellular space in slices, 
whereas in cultures, soluble polySia may readily diffuse to the culture 

medium and, therefore, be inefficient. The soluble form of polySia- 
NCAM can be produced after shedding of transmembrane NCAM by 
the metalloproteases of the disintegrin and a metalloprotease family 
ADAM10 or ADAM17 (Hinkle et al., 2006; Kalus et al., 2006). 

As interneurons express most of the polySia produced by ST8SIA4 in 
the PFC (Brennaman et al., 2013; Gomez-Climent et al., 2011; Nacher 
et al., 2013; Nacher et al., 2010), the effects on pyramidal neurons might 
be mediated by polySia derived from interneurons. This is highly 
reminiscent of Reelin, which is synthesized by Cajal-Retzius cells and 
cortical interneurons (Alcantara et al., 1998) and promotes synaptic 
plasticity by acting on cognate receptors on pyramidal neurons that 
support the activity of synaptic NMDARs (Beffert et al., 2005; Dityatev 
et al., 2010). Reelin-haploinsufficient mice show impaired LTP and 
abnormal loss of fear memories. This phenotype is rescued by Ro 
25–6981 (Iafrati et al., 2014), which is consistent with the concept that 
balancing synaptic/extrasynaptic signaling is the key to controlling 
synaptic plasticity. Thus, we hypothesize that in addition to the 
NMDAR-mediated influence of excitatory neurons on development and 
activity of interneurons (Belforte et al., 2010; Hardingham and Do, 
2016), there are important feedback mechanisms. Interneurons may 
signal through secreted Reelin and shed polySia-NCAM to control the 
activity of synaptic and extrasynaptic NMDARs on pyramidal cells. 
Disruption of these feedback mechanisms may be linked to schizo
phrenia and dementia (Varbanov and Dityatev, 2017). Further dissec
tion of the roles played by polySia synthetized by principal cells versus 
interneurons, e.g., by conditional ablation of St8Sia4 or the polySia- 
NCAM shedding enzyme(s) in these cell types, is warranted in follow- 
up studies. 

Previously, we have shown that injection of a mixture of sialic acid 
polymers can rescue hippocampal LTP in NCAM-deficient mice (Senkov 
et al., 2006). To the best of our knowledge, the present study is the first 
to demonstrate the efficacy of a short, defined-length fragment of 
polySia (NANA12) for improvements of cortical synaptic and cognitive 
functions. We also show the advantages of NANA12 compared with 
sialic acid, the oligomer NANA5, or compared with the polySia mimetic 
tegaserod. Our experiments show that NANA5 has >10 times less potent 
inhibitory effects on GluN2B-containing receptors as compared to 
NANA12 and does not support induction of LTP even in 10 times higher 
concentration than NANA12. It is likely that due to its longer size, 
NANA12 has multiple binding sites, i.e. has a higher avidity to NMDARs 
than NANA5. As polySia dysregulation has been associated with 

Fig. 8. A model of polySia-NCAM-mediated modu
lation of NMDARs at excitatory glutamatergic syn
apses in the mouse mPFC. 
Left: In the mPFC of wild-type (WT) mice, polySia- 
NCAM inhibits membrane currents through 
GluN2B-containing NMDARs that are located extra
synaptically and are activated by low concentrations 
of glutamate. Under this condition, normal LTP is 
mainly promoted through GluN2A-containing syn
aptic NMDARs. Note that the glial glycine trans
porter 1 (GlyT1) is responsible for reuptake of 
glycine (gly), which results in a relatively low 
glycine concentration in the vicinity of postsynaptic 
NMDARs. 
Right: Under conditions of polySia deficiency 
following its acute enzymatic (endoNF) or genetic 
abrogation (St8sia4− /− mice), evoked and tonic 
currents through extrasynaptic GluN1/GluN2B- 
containing NMDARs are increased, while currents 
through synaptic NMDAR are decreased, leading to a 
marked decrease in mPFC LTP. This impairment 

could be fully restored to wild-type levels by resetting the synaptic to extrasynaptic NMDAR ratio using i) low concentrations of the GluN2B-NMDAR-specific 
antagonist Ro 25–6981 (Ro25), ii) the short-chain polySia NANA12, iii) the glycine transporter 1 inhibitors sarcosine and SSR 504734. NANA12 also rescued 
synaptic plasticity and learning in 5xFAD mice after overexpression of Tau protein by targeting overactivated extrasynaptic GluN2B receptors. Pre, presynapse; Post, 
postsynapse; Glu, glutamate.   
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schizophrenia, epilepsy, AD, and regeneration (Barbeau et al., 1995; 
Gilabert-Juan et al., 2012), our study opens a new avenue for causal 
therapeutic treatment of these conditions by intranasal delivery of 
NANA12. Noteworthy, a deficit in polySia in AD was observed specif
ically in the entorhinal cortex (Murray et al., 2016). Since the mecha
nism of polySia action on NMDA receptors appears to be common for the 
hippocampus and prefrontal cortex, we expect that GlyT1 inhibitors and 
small polySia fragments, which we found to rescue synaptic plasticity in 
polySia-deficient prefrontal cortex, would also be effective in the ento
rhinal cortex. Furthermore, a deficit in polysialic acid in AD correlated 
with hyperphosphorylated Tau levels (Murray et al., 2016). As Tau ac
cumulations are also commonly found in the cortex of patients with 
frontotemporal dementia and other tauopathies, and their neurotox
icity/cognitive effects are mediated by NMDARs (Amadoro et al., 2006; 
Decker et al., 2016; Tackenberg and Brandt, 2009), it is plausible that 
NANA12 has a potential to be used for treatment of these conditions. 
Further studies should directly evaluate the extend of inhibition of 
extrasynaptic GluN2B-containing NMDARs by NANA12 in models of 
tauopathy and amyloidosis. The efficacy of polySia fragments to rescue 
synaptic and cognitive functions was superior to that of clinically used 
sarcosine as much lower concentrations of polySia were necessary. 
Considering the important role of polySia in neural development, it is 
also likely that chronic NANA12 delivery may reactivate developmental 
forms of neuroplasticity and be efficient also for treatment of neuro
developmental disorders. 

The use of animal models in the current study provided new mech
anistic insights, supporting the link between polySia and prefrontal 
cortex-dependent cognitive disturbances, which, however, remain to be 
translated into patient-related research. The present study demonstrates 
that small polySia fragments are highly efficient in multiple animal 
models and sufficient to mimic the synaptic and cognitive functions of 
complex glycoprotein polySia-NCAM. As polySia is endogenously syn
thetized in the brain, it is likely that food supplements or drugs including 
polySia fragments will be non-toxic and hence highly attractive for 
further development to control the balance in signaling mediated by the 
synaptic and extrasynaptic NMDARs. 
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