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ABSTRACT

Background: Synaptic dysfunction is an early event in Alzheimer’s disease (AD) pathogenesis 
and directly related to cognitive impairment. Consequently, synaptic biomarkers may be 
valuable tools for both early diagnosis and disease stage. Neurogranin (Ng) is a postsynaptic 
protein involved in memory consolidation.

Methods: We developed three monoclonal anti-Ng antibodies. Mass spectrometry and a 
novel ELISA were used to analyze cerebrospinal fluid (CSF) Ng in three independent clinical 
cohorts including patients with AD dementia (n=100 in total), mild cognitive impairment 
patients (MCI) (n=40) and controls (n=80 in total). 

Results: We showed in all three clinical cohorts a marked increase in CSF Ng levels in AD 
dementia (p<0.001 in all studies). In addition, high CSF Ng levels at the MCI stage predicted 
progression to dementia due to AD with a hazard ratio of 12.8 (95% confidence interval 1.6-
103.0, p=0.02). In amyloid-positive MCI patients, high CSF Ng correlated with a more rapid 
change in cognition during clinical follow-up (p=0.03).

Conclusion: These results suggest that CSF Ng is a novel AD biomarker that may be used to 
monitor synaptic degeneration, and predict rate of cognitive decline in prodromal AD.
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1. Introduction

In the Alzheimer’s disease (AD)-affected brain, neuropathology reveals widespread deposits 
of plaques consisting of amyloid-β (Aβ) peptides and neurofibrillary tangles consisting of 
phosphorylated tau protein.1 These changes are reflected in the cerebrospinal fluid (CSF) 
by lower levels of the 42 amino acid long Aβ peptide (Aβ42) together with increased levels 
of total tau (t-tau) and phosphorylated tau protein (p-tau).2 The central hypothesis for AD 
pathogenesis posits that different forms of Ab aggregates are neurotoxic, causing synaptic 
dysfunction and later on progressive neurodegeneration, clinical symptoms and dementia.3 

Synapses are the functional units in neuronal communication, and synaptic dysfunction is 
likely directly linked to cognitive disturbance and has long been appreciated as an early and 
central pathogenic mechanism in AD.4 The dysfunction of synapses is believed to occur before 
neuronal degeneration and death,4–6 and synaptic loss seems to be more strongly correlated 
with cognitive decline than either plaque or tangle pathology.5,7–9 Both Ng mRNA and protein 
levels show an age-related decrease in several brain regions, including the hippocampus.10 
A marked synaptic loss in the hippocampus is present already in the earlier stage of the 
disease, where synapse numbers correlate with degree of memory dysfunction.8,11 Thus, 
fluid biomarkers for synaptic dysfunction would be desirable, since they may be useful for 
early diagnosis, as tools to monitor synaptic dysfunction during disease progression,9 and 
to identify drug effects on synaptic function and degeneration in clinical trials. At present 
however, such biomarkers are not available.
 
Neurogranin (Ng) is a postsynaptic protein involved in the regulation of intracellular calcium 
and calmodulin levels after neuronal excitation.12,13 It plays a critical role in long-term 
potentiation and may also be associated with cognitive function.10,14,15 In the normal human 
brain, Ng expression is highest in associative cortical areas.16 In the AD-affected brain, we and 
others have shown that Ng levels are markedly lower in the hippocampus and the frontal 
cortex, while no change is seen in the cerebellum.17,18 In the late 1990s, we showed that a set 
of synaptic proteins, including Ng, is present in CSF.19 To evaluate CSF Ng as an AD biomarker, 
we performed a pilot study using immunoprecipitation to enrich Ng from CSF followed by 
semi-quantitative immunoblotting, and showed an increase in CSF Ng in AD compared to 
controls.20 In this assay, we used the NM2 monoclonal antibody (mAb), directed against the 
protein kinase C (PKC) phosphorylation site QASFR, which is common between neuromodulin 
(GAP-43) and neurogranin.21 Indeed, preabsorption of CSF with the NM2 mAb, increased the 
sensitivity of the assay to identify Ng.20  Since the analytical sensitivity of this pilot assay was 
suboptimal, needing 1.5 mL of CSF due to the lack of mAbs specific for neurogranin,20  we 
initiated a project to produce novel anti-Ng mAbs with the aim to develop an immunoassay 
that could be applied in CSF biomarker studies on larger cohorts of patients and controls.
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Immunoaffinity purification of Ng from CSF using these novel antibodies followed by mass 
spectrometric (MS) analysis revealed that Ng is metabolized into a series of C-terminally 
located peptide species. With this knowledge in hand, we developed a novel ELISA method 
using anti-Ng antibodies directed to the C-terminal part of Ng which allows quantification of 
these Ng peptides in CSF. To test the hypothesis that Ng can be used as a biomarker for AD, 
reflecting the ongoing synaptic pathology, we analyzed CSF Ng levels in three independent 
cohorts consisting of patients diagnosed with AD, mild cognitive impairment (MCI) and 
controls. Here we demonstrate a robust increase of CSF Ng in AD and MCI due to AD (MCI-AD) 
compared to cognitively normal controls or cognitively stable MCI (sMCI).

2. Methods

2.1 Studies 1 and 2

Demographic and biomarker characteristics of the patients included in the two clinical 
studies are shown in table 1. Patients were derived from two different centers specialized 
in the evaluation of memory disorders. Subjects included in Study 1 were recruited from 
the Alzheimer Disease Research Center at the Karolinska Institute, Stockholm, Sweden and 
subjects included in Study 2 were recruited from the Department of Geriatrics, Uppsala 
University Hospital, Uppsala, Sweden. See Supplementary methods for details on the 
diagnostic procedures. 

2.2 Study 3 - Validation study

Demographic and biomarker characteristics of the patients included in the clinical study are 
shown in table 1 and 2. Patients included in Study 3 were derived from the memory clinic 
based Amsterdam Dementia Cohort,22 and selected based on the availability of baseline CSF, 
which was collected according to international consensus guidelines.23 Forty patients with a 
diagnosis of probable AD were matched for age and sex to 40 controls and 40 patients with 
MCI. See Supplementary methods for details on the diagnostic procedures. All CSF samples 
included in the three studies were collected in polypropylene tubes, centrifuged (1800 g, 10 
min, +4 °C) and the collected supernatant was stored at -80 °C pending biochemical analysis.

All three studies were conducted according to the provisions of the Helsinki Declaration. All 
subjects gave written informed consent for the use of their clinical data for research purposes, 
and the local Ethical Committees at the respective University approved each study. 

Pooled de-identified CSF samples collected in routine workflow at the Neurochemistry 
Laboratory at Sahlgrenska University Hospital, Mölndal, Sweden were used for method 
development, as approved by the Ethical Committee at University of Gothenburg. 



Cerebrospinal fluid levels of the synaptiC protein neurogranin Correlate  
with Cognitive deCline in prodromal alzheimer´s disease

141

Ch
ap

te
r 8

2.3 Human brain tissue samples

Brain tissue samples from the superior parietal gyrus, obtained from the Netherlands Brain 
Bank, were stored at -80 °C pending biochemical analysis. All AD patients fulfilled Braak 
stages 5 or 6, while the controls fulfilled Braak stages 0 or 1 in accordance with the Braak and 
Braak criteria.24 

2.4 Generation of anti-Ng antibodies

In total, three mAbs against Ng were generated (Ng2, Ng3, and Ng7) by immunization of 8 
weeks old Balb/c mice with the KLH-conjugated peptide Ng52-75 (Caslo ApS Denmark) in 
complete Freund’s adjuvant (Sigma). See Supplementary methods for detailed description. 
The epitope for each mAb was characterized by analyzing 13 different Ng peptides in the 
C-terminal region of Ng (Caslo ApS, Denmark) by direct enzyme-linked immunosorbent 
assay (ELISA) against Ng and by hybrid immunoaffinity-mass spectrometry (HI-MS). 

2.5 Extraction of Ng from brain tissue for mass spectrometric analysis

Extraction of brain tissue was performed as described previously with some modifications,25 
see Supplementary methods for detailed description. 

2.6 Homogenization of brain tissue for Western blot analysis

Homogenization and extraction of brain tissue was performed as described previously with 
minor modifications,26 see Supplementary methods for detailed description. 

2.7 Immunoassays against Aβ42, t-tau and p-tau 

CSF t-tau, p-tau, and Aβ42 concentration was determined using established sandwich 
enzyme-linked immunosorbent assay (ELISA) methods. CSF t-tau, p-tau, and Aβ42 analyses 
reported in study 1 and 2 were performed at the Clinical Neurochemistry Laboratory at 
the Sahlgrenska University Hospital, Mölndal, Sweden, while the analyses in study 3 were 
performed at the Neurochemistry Laboratory and Biobank, Department of Clinical Chemistry, 
VU University Medical Center, Amsterdam, The Netherlands. See Supplementary methods for 
detailed description. Samples were analyzed without knowledge of clinical diagnosis.

2.8 Sandwich ELISA method of neurogranin 

The Ng ELISA is described in detail in the Supplementary methods. The within-run and 
between-run coefficient of variation (CV) for the Ng ELISA method was evaluated in the 
validation study, and was 6% and 9% respectively. CSF samples were analyzed without 
knowledge of clinical diagnosis. To harmonize the different analytical runs, the measured 
concentrations were multiplied by a run-specific correction factor that was calculated using 
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the concentration from a common sample that was included in all runs. The formula used 
for the correction factor was:
Correction factor for run #i = average of the common sample correction for all runs / 
concentration of the common sample on run #i.

2.9 HI-MS

HI-MS was performed as earlier described, with some modifications.27 See Supplementary 
methods for a detailed description. In the clinical studies where matrix assisted laser 
desorption/ionization time-of-flight/time-of-flight (MALDI TOF/TOF MS) was used, the Ng 
peptide RKKIKSGERGRKGPGPGGPGGAGVARGGAGGGP (corresponding to Ng43-75), having 
glycins labeled with double 13C (theoretical molecular mass 3011 Da, Caslo, Denmark), was 
added to the CSF prior to sample preparation and was used as internal standard. Samples 
were analyzed without knowledge of clinical diagnosis.

2.10 Immunoprecipitation of brain tissue samples for Western blotting

Immunoprecipitation of the Tris fraction from brain tissue prior to Western blot analysis was 
performed as previously described with minor modifications.26 See Supplementary methods 
for a detailed description. 
 

2.11 Statistical analysis

For statistical analysis, SPSS 21.0 (IBM for Windows) was used. Because biomarker values 
were skewed, non-parametric tests were used. Differences between groups were assessed 
using chi-squared tests, Mann-Whitney U-test or Kruskal-Wallis test with post-hoc pairwise 
comparisons when appropriate. Age- and sex-adjusted Cox proportional hazards models 
were used for assessment of predictive value of Ng for conversion from MCI to dementia due 
to AD. MCI patients progressing to another dementia than AD (n = 3) were excluded from this 
analysis. To assess the association between Ng and continuous cognitive decline over time 
(as measured by repeated Mini Mental State Examination [MMSE]) in MCI patients, age- and 
sex adjusted linear mixed models were used. To obtain standardized B (St.B) of the effects, 
z-scores were made from Ng, as calculated by (concentration–mean)/standard deviation. 
Ng, time and interaction between Ng and time were entered as independent variables and 
MMSE as dependent variable. The associations of Ng with the other CSF AD biomarkers Aβ42, 
tau and p-tau were investigated with Spearman’s correlation, with stratification according to 
diagnosis. Statistical significance was set at p<0.05.

To obtain unbiased cut offs for Aβ42 and Ng, a mixture modeling analysis was performed using 
the normalmixEM function implemented in the mixtools package, installed in the statistical 
freeware R (version 3.0.2).28 Briefly, mixture modeling is a two-step iterative procedure based 
on an expectation maximization algorithm. In the current setting, it is assumed that data are 
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sampled from a population that has a mix of two different normal distributions and the cut 
off is set to the intersection of these distributions. To ascertain that the algorithm did not 
provide different solutions, i.e., that the model is unstable, 100 different initial conditions 
were tested. The use of mixture modeling in a similar context has been described in detail 
elsewhere.29

3. Results
 

3.1 Generation and characterization of anti-Ng antibodies

Characteristics of the generated anti-Ng mAbs were evaluated using direct ELISA, Western 
blotting and by hybrid immunoaffinity (HI) MALDI TOF/TOF mass spectrometry (HI-MS). The 
epitope of each antibody was determined using 13 different Ng peptides in the C-terminal 
region of the protein by ELISA and HI-MS. Of the three antibodies evaluated, Ng2 reacted with 
the peptide Ng52-63, Ng3 with Ng54-65, while Ng7 reacted with both of these peptides. See 
Fig. 1A for the entire list of the investigated Ng peptides. Among the three anti-Ng antibodies 
generated, the Ng7 antibody in combination with the commercial polyclonal Ng antibody 
ab23570 (see methods) gave the strongest ELISA signal and was used in the clinical studies. 
For HI-MS, the antibodies Ng2 and Ng3 were used together since they gave the highest 
MS intensities (Supplementary figure 1) and had slightly different epitopes. To investigate 
whether the short Ng peptides detected in CSF were a physiologic or in vitro phenomenon, 
six CSF samples were analyzed directly after thawing and six samples were left at room 
temperature for 24 hours prior analysis. The endogenous Ng peptides detected in the CSF 
are most likely not produced in the CSF since incubation of CSF in room temperature for 24 
hours did not affect the concentration of the peptides detected (mean±SD, 98±7%).

3.2 Characterization of Ng in CSF and brain tissue 

We evaluated the specificity of the mAbs using Western blotting and HI-MS on CSF and 
brain tissue extracts. On Western blots, all three mAbs (Ng2, Ng3, and Ng7) as well as the 
commercial rabbit anti-Ng antiserum used in the ELISA detected full length Ng in brain tissue 
(Fig. 1B,C) while no band corresponding to Ng was detected in the control experiments, 
conducted without primary antibody (Fig. 1B,C). No band corresponding to full length Ng 
was detected in CSF (data not shown). To further investigate the presence of Ng, the brain 
tissue Tris fraction (Fig. 1D) and CSF were first immunoprecipitated using Ng2, Ng3, or Ng7 
to concentrate the samples followed by Western blotting. Again, full length Ng was clearly 
detected in the brain with all antibodies tested (Fig. 1D) while no band corresponding to full 
length Ng was detected in CSF (data not shown). 

To confirm the presence of endogenous Ng in human brain tissue, Tris buffer saline (TBS) 
and sodium dodecyl sulfate (SDS) fractions were analyzed by HI-MS. Several peaks in the 
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mass range of full length Ng were detected (Fig. 2A,B) while no peaks were detected in the 
control experiments where the antibodies (Ng2 and Ng3) were omitted (Fig. 2C). The masses 
differed from the theoretical mass of Ng suggesting that full length Ng is post-translationally 
modified, the exact nature of which remains to be identified. HI-MS also detected a minor 
peak at m/z 15318 which may correspond to an Ng dimer (Fig. 2A). In addition, HI-MS 
revealed several peaks corresponding to short C-terminal peptide species that were present 
both in the TBS and SDS fractions from human brain tissue (Fig. 2D,E). In total, nine Ng 
peptides were identified with MALDI TOF/TOF tandem mass spectrometry (MS/MS). The 
entire list of identified Ng peptides is given in Supplemental Table 1. Although no full length 
Ng was detected in CSF (Supplementary figure 2), several short C-terminal Ng peptides 

Figure 1. Amino acid sequence of Ng and peptides used for epitope mapping and Western blotting 
analysis of Ng in human brain tissue.
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MDCCTENACSKPDDDILDIPLDDPGANAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD
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46-IKSGERGRKGPG
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52-GRKGPGPGGPGGKK
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60-GPGGAGVARGGAKKK
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64-AGVARGGAGGGPKKK
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A

A) The antibody Ng2 reacted with the peptide Ng52-63, Ng3 reacted with Ng54-65 while Ng7 reacted with both these 
peptides. B,C) Western blotting of fractionated superior parietal gyrus using the monoclonal antibodies Ng2, Ng3, 
Ng7 (B), the polyclonal Ng anti-rabbit antibody (C), and without primary antibody (B,C). Molecular weight markers 
(lane 1), Tris fraction (lane 2), 0.5% Triton fraction (lane 3), 0.5% SDS fraction (lane 4) and a positive control (lane 5). 
Western blotting of the brain tissue Tris fraction (D) after immunoprecipitation (IP) with the monoclonal antibodies 
Ng2, Ng3, Ng7, or IgG from murine serum (a negative control of IP) using the monoclonal antibody Ng7. Molecular 
weight markers (lane 1), Tris fraction (5 µg of total protein) (lane 2), IP with Ng2 (lane 3), Ng3 (lane 4), Ng7 (lane 5), 
and a negative control of IP (lane 6). 
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to short C-terminal peptides were identified in both the TBS (D) and SDS fractions (E) from human superior parietal 
gyrus. F) Several short C-terminal Ng peptides were repeatedly detected in human CSF. G) Single scan tandem mass 
spectrum of the [M+5H]5+ ion (monoisotopic m/z 484.25) of Ng48-76. The most intense b- and y-fragment ion peaks 
are indicated. H) Amino acid sequence of Ng48-76 with the detected fragments indicated. Fragment ion data from 
two different precursor charge states contributed; the 5+ shown in (g) and the 4+ (monoisotopic m/z 605.06), which 
supplied additional fragment ions (spectrum not shown). The entire list of identified Ng peptides can be found in 
appendix p 4. 
* represents unidentified peaks originating from unspecific binding to the beads.
Ng43-75* represents the isotopic labeled peptide which was added to the CSF prior any sample preparation and 
served as an internal standard.

Table 1. Demographic and clinical characteristics of subjects included in study 1-3.

  Control MCI AD
STUDY 1 (n = 10)   (n = 16)
Gender, n female/male (% female) 3/7 (30)   6/10 (38)
Age at LP, years 70 [62 - 71]   69 [60 - 73]
MMSE 30 [30 - 30]   22 [19 - 26]***
CSF Aβ1-42, pg/mL 710 [610 - 810]   435 [358 - 542]***
CSF t-tau, pg/mL 280 [175 - 415]   798 [712 - 936]***
CSF p-tau, pg/mL 42 [33 - 66]   101 [86 - 126]***
Ng, pg/mL (ELISA) 99 [19 - 200]   395 [357 - 504]***
Ng48-76  (SD), pg/mL (HI-MS) 266 [221 - 379]   445 [369 - 633]**
STUDY 2 (n = 30)   (n = 44)
Gender, n female/male (% female) 0/30 (0)   20/24 (46)***
Age at LP, years 88 [88 - 89]   74 [67 - 78]***
MMSE 28 [27 - 29]   25 [21 - 28]***
CSF Aβ1-42, pg/mL 710 [512 - 948]   414 [341 - 460]***
CSF t-tau, pg/mL 411 [342 - 690]   787 [572 - 928]***
CSF p-tau, pg/mL 63 [47 - 83]   86 [72 - 111]***
Ng, pg/mL (ELISA) 144 [67 - 245]   345 [194 - 537]***
Ng48-76  (SD), pg/mL (HI-MS) 433 [345 - 487]   499 [395 - 631]*
STUDY 3 (n = 40) (n = 40) (n = 40)
Gender, n  female/male (% female) 19/21 (48) 19/21 (48) 19/21 (48)
Age at LP, years 63 [58 - 71] 64 [58 - 71] 64 [58 - 71]
MMSE 29 [28 - 29] 26 [25 - 28]*** 22 [19 - 25]***,##

Aβ1-42, pg/mL 946 [816 - 1084] 569 [405 - 893]*** 458 [409 - 529]***,#

t-tau, pg/mL 239 [178 - 278] 402 [266 - 684]*** 631 [475 - 935]***,#

p-tau, pg/mL 40 [35 - 48] 59 [44 - 99]*** 90 [67 - 113]***,#

Ng, pg/mL (ELISA)  99 [24 - 167] 210 [83 - 433]*** 336 [126 - 505]***,#

The values presented are medians [interquartile range]
* p < 0.05 vs. controls, ** p < 0.001 vs. controls, *** p < 0.001 vs. controls
# p < 0.05 vs. MCI, ## p < 0.001 vs. MCI
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were repeatedly detected using MALDI TOF/TOF (Fig. 2F) and the identities of 15 of these 
peptides were verified by electrospray ionization quadrupole–orbitrap MS/MS (Fig. 2G,H and 
Supplementary Table 1).   

3.3 Clinical studies

Demographic and biomarker characteristics of the patients included in the three clinical 
studies are shown in Tables 1 and 2. To test the hypothesis that Ng may be a novel biomarker 
for AD, and to evaluate the diagnostic performance of the developed ELISA, a pilot test 
(Study 1, see Table 1) including AD patients and controls was conducted. Using ELISA, the AD 
group had increased CSF levels of Ng compared to controls (Fig. 3A). Quantitative analysis 
of the C-terminal peptides by HI-MS revealed that Ng48-76 was increased in AD compared 
to controls (p=0.002). Several of the other Ng peptides detected (Supplementary Table 1) 
also showed an increase in CSF in AD, but without reaching statistical significance. The two 
independent methodologies (ELISA and HI-MS) were highly correlated with each other (Fig. 
3B). 

Table 2. Stable versus progressive MCI patients.

STUDY 3
sMCI
(n = 23)

MCI-AD a

(n = 14)
Gender, n female/male (% female) 11/12 (48) 7/7 (50)
Age at LP, years 64 [58 - 70] 68 [58 - 72]
MMSE at baseline 27 [25 - 28] 26 [24 - 28]
MMSE at last follow-up 28 [26 - 29] 22 [19 - 25] **
Aβ1-42, pg/mL 813 [552 - 905] 429 [380 - 511]*
t-tau, pg/mL 285 [202 - 408] 730 [566 - 814]**
p-tau, pg/mL 47 [36 - 60] 102 [76 - 123]**
Ng, pg/mL (ELISA) 130 [76 - 226] 495 [308 - 673]**

The values presented are medians [interquartile range]
* p < 0.01 vs. sMCI, ** p < 0.001 vs. sMCI
a MCI patients progressing to another type of dementia (n = 3) were excluded from this analysis.

To confirm the results of the first pilot study, we analyzed a larger independent cohort of AD 
patients and controls (Study 2, see Table 1) with both ELISA and HI-MS. CSF Ng was confirmed 
to be increased in AD as compared to controls using both ELISA (Fig. 3C) and HI-MS (Ng48-
76, p<0.05) and the two measurements correlated with each other (rs=0.70, p<0.001). Again, 
several of the other identified Ng peptides (Supplementary Table 1) showed an increase 
which did not reach statistical significance.
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Given the small number of patients and controls included in study 1 and 2, we investigated 
the correlation between ELISA-derived Ng levels and t-tau and p-tau across the two studies. 
CSF Ng levels determined with ELISA were strongly correlated with both CSF t-tau (rs=0.70, 
p<0.001) and p-tau (rs=0.61, p<0.001) in AD (Fig. 3D) and controls (t-tau, rs=0.67, p<0.001 and 
p-tau, rs=0.66, p<0.001) (Fig.3 E) while no correlations were found between CSF levels of Ng 
and Aβ42 in AD or in controls.

Figure 3. Results from the pilot clinical studies, study 1 and study 2. 
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A) Scatter plot displaying the CSF Ng concentrations in study 1 obtained by ELISA in AD and controls. B) Correlation 
between ELISA- and HI-MS derived concentrations in study 1. C) Scatter plot displaying the CSF Ng concentrations 
in study 2 obtained by in AD and controls. Correlations between ELISA-derived Ng levels and t-tau and p-tau across 
the two studies in AD (D) and controls (E). Grey squares represent the correlation between p-tau and Ng while closed 
circles represents the correlation between t-tau and Ng. 
The bars presented in figure A), and C) are medians with interquartile ranges and the differences between groups 
were assessed using Mann-Whitney U-test. The association of Ng48-76 (HI-MS) and ELISA and the association 
between the other CSF AD biomarkers tau and p-tau was investigated with Spearman’s correlation.  
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To validate the findings in the two pilot studies and to examine the performance of CSF Ng 
in the very early phase of AD, Ng was analyzed by ELISA in a third independent validation 
cohort (Study 3, see Tables 1 and 2) including 40 AD patients, 40 controls and 40 MCI patients, 
matched for age and sex. Due to the large CSF volume needed for HI-MS analysis (1 mL), this 
cohort was only analyzed by ELISA. As in the two pilot studies, Ng levels were markedly higher 
in AD patients compared to controls (Fig. 4A). Moreover, MCI patients had increased Ng levels 
compared to controls (Fig. 4A). To further investigate this finding, the MCI group was stratified 
into sMCI (n=23) and MCI progressing to dementia due to AD (MCI-AD, n=14). MCI-AD patients 
had markedly higher CSF Ng levels compared to sMCI patients and controls (Fig. 4A) while 
sMCI patients had lower levels compared to AD patients (Fig. 4A).

Figure 4. Results from the validation study, study 3. 

A) Scatter plot displaying the CSF Ng concentrations obtained by ELISA in control, sMCI, MCI-AD and AD. The data 
presented are medians with interquartile ranges. Comparisons between groups were performed using Kruskal-Wallis 
test, followed by the Mann-Whitney U test. B) Kaplan-Meier curve displaying the conversion of MCI to dementia due 
to AD. The separate lines show values below (solid line) and above (dotted line) the median level of Ng (of AD and 
control groups combined). C) Scatter plot showing the association between baseline Ng levels and annual change in 
MMSE within the MCI group. Analysis was performed using age- and sex adjusted linear mixed models, with Ng, time 
and interaction between Ng and time as independent variables, and MMSE as dependent variable. The regression 
line in the figure is only for visualization.
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The relation between CSF Ng and Aβ42 was tested using a non-biased approach, with regard 
to clinical diagnosis, by fitting bimodal normal distribution models to Ng and Aβ42 data 
using all subjects (n=120). For each analyte, all initial conditions produced the same solution 
which strongly indicates that the solution is unique. The cutoffs were calculated to 237 pg/
mL for Ng and 634 pg/mL for Aβ42. Defining biomarker positive as Ng>237 and Aβ42<634, as 
opposed to biomarker negative (Ng≤237 and Aβ42≥634), the overall concordance was 75% 
(34% positive and 41% negative). Of the remaining 25% the majority (21%) was low in both 
Ng and Aβ42 while 4% were high in both analytes. 

To assess the performance of CSF Ng to predict conversion from MCI to dementia due to AD, 
we performed Cox proportional hazards models. MCI patients progressing to another type of 
dementia than AD (n=3) were excluded from this analysis. Dichotomized CSF Ng levels at 152 
pg/mL (the median level of the AD and control groups combined) predicted conversion from 
MCI to dementia due to AD with a hazard ratio of 12.8 (95% CI, 1.6-103.0, p=0.02). The Kaplan-
Meier curve is shown in Fig. 4B.

In addition, we evaluated whether CSF Ng was associated with a continuous measure of 
cognitive decline in MCI patients by performing linear mixed models using repeated MMSE as 
outcome measure. In the MCI group, MMSE declined over time with an average of 0.4 points 
per year (p=0.01). While Ng was not associated with MMSE at baseline (B[SE] -0.14 [0.38], 
p=0.72), it was highly associated with annual decline in MMSE (B[SE] -0.62 [0.16], p=0.001). 
For illustrative purposes a scatter plot of the association is shown in Fig. 4C. To evaluate 
whether CSF Ng was associated with rate of cognitive decline also within amyloid positive 
MCI cases with prodromal AD, we dichotomized the MCI group based on CSF Aβ42 levels. 
When the same analysis was performed on the stratified MCI subjects with low Aβ42 (<634 
pg/mL) there was still an association with the decline in MMSE (B[SE] -0.53 [0.23], p=0.03)  
while the association was not significant in the MCI group with high Aβ42 (B[SE] -1.03 [0.50], 
p=0.09).

Finally, we confirmed the correlations between Ng and t-tau and p-tau. Both were strongly 
correlated with Ng, especially in MCI (rs=0.86 for t-tau and rs=0.83 for p-tau, both p<0.001) and 
AD patients (rs=0.72 for t-tau and 0.77 for p-tau, both p<0.001), but also in controls (rs=0.49 for 
t-tau, p<0.01 and rs=0.40, p=0.01 for p-tau). In contrast, there were no correlations between 
Aβ42 and Ng in the three diagnostic groups (rs=0.18, p=0.28 in controls, rs=-0.27, p=0.09 in MCI 
patients, and rs=-0.26, p=0.10 in AD patients).
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4. Discussion 

In the present study, we show that Ng in CSF is present as short C-terminal peptide species. 
For the first time we also demonstrate that the levels of CSF Ng are markedly increased both 
in AD and MCI-AD, that CSF Ng predicts conversion from MCI to AD, and that high CSF Ng 
predicts a faster rate of cognitive decline within amyloid-positive MCI cases.

Besides the well-documented existence of many C-terminally truncated Aβ peptides in CSF,30 
it has also been shown that amyloid precursor protein (APP) is processed into both N-terminal 
fragments and APP/Aβ peptides spanning the BACE1 cleavage site,31,32 and a recent study 
showed that also tau in CSF may be degraded into several shorter fragments, while full length 
constitutes a minor fraction.33 Thus, the biomarkers used for AD diagnosis (Aβ and tau) are 
both degradation products from larger proteins. Since the discovery of Ng in CSF in the late 
1990s,19 there are to our knowledge no studies investigating the metabolic profile of Ng. In 
the present study we show using two different ionization techniques, MALDI TOF/TOF MS 
and electrospray ionization quadrupole–orbitrap MS/MS, that Ng is metabolized into several 
short C-terminal peptides which can be identified in CSF. By adding a heavy labeled variant of 
one of the target Ng peptides, we were also able to selectively quantify Ng peptides using MS. 
This approach has recently been successfully used for Aβ38, Aβ40 and Aβ42, thus indicating 
the usefulness of this approach for quantifying selected Ng peptides.34 
 
Of the 15 Ng peptides identified in CSF, three ended at the last amino acid (aa) in the Ng 
sequence (aa78), eight ended at aa75, three at aa76, and one at aa65. Thus, it is tempting 
to speculate that there may be enzymatic activities that give rise to the C-terminally 
truncated species but these enzymes remain to be identified. Mass spectrometry analyses 
also suggest that only minute amounts of full length Ng are present in CSF, as compared 
with the C-terminal Ng peptides. Future work may include developing antibodies towards 
the N-terminal region of Ng to elucidate if N-terminal peptides are present in CSF as well. 
Another approach may be to develop neo-specific antibodies based on the HI-MS results to 
test if the diagnostic performance can be further improved. During method development, it 
was evident that different antibodies were optimal in the ELISA (Ng7) and HI-MS (Ng2+Ng3) 
assays. Even though both techniques are antibody based, they differ in many aspects which 
have an effect on the quality of the signal achieved with different antibody combinations. 

We found increased concentrations of CSF Ng in AD and MCI-AD patients while sMCI patients 
remained at control levels. It is generally assumed that the increase in CSF tau and other 
neuronal proteins in AD reflect cortical neuronal degeneration. Indeed, in disorders where 
neurodegeneration is restricted to small brain regions, such as Parkinson’s disease, CSF 
tau is at normal levels or only slightly increased. In contrast, in disorders characterized by 
widespread neurodegeneration, such as AD, a marked increase in CSF tau is evident. This 
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is particularly clear in Creutzfeldt-Jakob’s disease, the most aggressive neurodegenerative 
disease we know.35 Since Ng is a synaptic protein and since its CSF levels correlated with 
tau, it is logical to assume that the increase in CSF Ng in AD reflects the widespread cortical 
synaptic degeneration.17,36 

In the MCI cohort, high CSF Ng levels were also found to predict progression to dementia 
due to AD. Even though Ng and Aβ42 did not correlate, the overall concordance between 
the analytes was high, suggesting that CSF Ng may be a very early marker for AD that mirrors 
the synaptic loss found in the early stages of AD.8,11 Importantly, also within amyloid positive 
prodromal AD cases, high CSF Ng was associated with a more pronounced cognitive decline, 
suggesting that CSF Ng is a prognostic biomarker for cognition in this group. Neuropathology 
studies also suggest that synaptic loss may be found without a distinct relation to plaques,37,38 
is not accentuated by Aβ deposition as diffuse plaques,39 and seems to be more strongly 
correlated with cognitive decline than amyloid plaque pathology.5,7–9 In combination with 
these previous studies, our results suggests that CSF Ng may have the potential to detect 
synaptic degeneration at an early stage and may be used as a prognostic marker to predict 
which MCI patients will convert to full blown AD dementia. 

Recently, tau has emerged as a target for disease-modifying therapies in AD.40 Several drug 
companies are today developing drugs targeting tau, e.g., tau aggregation inhibitors and 
tau phosphorylation inhibitors. In this type of trials Ng could be used as a tau-independent 
marker for synaptic function and degeneration without being influenced by the therapy per 
se.  

One limitation of this study is the small sample size, especially in the MCI-AD group. Therefore, 
the results need to be replicated in larger cohorts. In pilot study 2, there were differences in 
age and gender between AD and controls, the AD group was significantly younger compared 
to the controls while the control group consisted of only males. Even so, the AD group had 
a marked increase in CSF Ng levels. Another possible limitation is that some of the control 
samples had Ng levels were too low to be quantified with the ELISA (see online methods). 
However, the higher levels of CSF Ng in AD patients were replicated and confirmed in three 
completely independent studies using two different methodologies. Moreover, study 3 
consisted of clinically well-characterized patients with extensive clinical follow-up for the MCI 
patients. Further work will include transferring the method to a more sensitive platform and 
replicate the findings in larger studies.

In conclusion, we have developed and produced several monoclonal antibodies targeting 
the C-terminal part of the postsynaptic protein Ng. Using HI-MS, we have shown several 
novel aspects of Ng, including that Ng is metabolized into a variety of C-terminal Ng peptides, 
which can be quantified. Additionally, we showed with an in-house developed ELISA that Ng 
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has potential as a diagnostic and prognostic biomarker. Since Ng is a postsynaptic protein, 
its increased CSF levels in AD most likely reflect synaptic degeneration. Thus, Ng may be a 
highly relevant biomarker, in addition to the established AD CSF biomarkers, to include in 
clinical trials of disease modifying drug candidates against AD, or as a prognostic biomarker 
in clinical practice.

Research in context

Systematic review: We searched the PubMed database using different combinations 
of the terms “synaptic”, “synapse”, “cerebrospinal fluid”, “CSF”, and “Alzheimer”. As of 
May 2014, we identified two studies in which a set of synaptic proteins were identified 
in CSF.1,2 We also identified two studies examining the diagnostic use of the synaptic 
protein Chromogranin A 3 and the dendritic protein neurogranin for AD.4

Interpretation: This is the first study in which CSF neurogranin has been characterized 
by quantitative mass spectrometry and ELISA to monitor synaptic function in AD 
patients. CSF neurogranin may help researchers and clinicians to explore the importance 
of synaptic dysfunction in AD pathogenesis, to serve as a novel prognostic marker for 
prodromal AD, and as a surrogate marker to monitor drug effects on synaptic function 
in treatment trials.
Future directions: The results will be replicated in larger cohorts to verify CSF 
neurogranin as a novel prognostic AD biomarker.
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Supplementary methods

2.1 Studies 1 and 2

All patients underwent a thorough clinical investigation, including a medical history as well 
as a physical, neurological and psychiatric examination. The diagnosis of AD was made 
according to the National Institute of Neurological and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorders association (NINCDS-ADRDA) criteria.1 No AD 
patient had a family history of dementia suggestive of autosomal dominant AD. The control 
groups consisted of healthy volunteers, without history, symptoms, or signs of psychiatric or 
neurologic disease.

2.2 Study 3 – Validation study

All subjects underwent extensive dementia screening at baseline, with physical, 
neurological and neuropsychological examination, EEG, MRI, and laboratory tests. The 
neuropsychological test battery included at least one test per cognitive domain,2 as well 
as Mini Mental State Examination (MMSE) for global cognition. Diagnoses were made by 
consensus in a multidisciplinary team without knowledge of CSF results. Probable AD 
was diagnosed according to the NINCDS-ADRDA criteria,1 and all patients met the core 
clinical NIA-AA criteria.3 MCI was diagnosed according to the Petersen’s criteria,4,5 and all 
patients met the core clinical NIA-AA criteria.6 At follow-up (mean±SD 3±1 years) physical, 
neurological and neuropsychological examinations were repeated. Median number of MMSE 
examinations was 4, with a maximum of 9 MMSE values per individual patient. During follow-
up 14 MCI patients progressed to AD (MCI-AD), and 23 remained stable (sMCI). Three patients 
progressed to another type of dementia (two progressed to frontotemporal dementia, and 
one to dementia with Lewy bodies). These patients were not included in the statistical 
analysis. When all clinical investigations were normal (i.e. criteria for MCI or any psychiatric 
disorder not fulfilled), patients were labeled as having subjective memory complaints. This 
label had to be confirmed at any follow-up visit to be included in this study.

2.4 Generation of anti-Ng antibodies

After 2-3 dosages with the KLH-conjugated peptide Ng52-75 (approximately 75 µg/mice), 
the spleen was removed and B-cells were fused with the myeloma cell line SP2/0 following 
standard procedures. Approximately 10 days after fusion, cell media were screened for Ng 
antibodies using full-length recombinant Ng as described elsewhere.7 Clones that reacted 
with the recombinant Ng protein were further grown, subcloned and subsequently frozen in 
liquid nitrogen. Antibody specificity against Ng was verified, and the isotype was determined 
using a commercially available kit (Pierce Rapid Isotyping Kit-Mouse). Finally, antibodies 
were purified using a protein G column (GE healthcare).
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2.5 Extraction of Ng from brain tissue for mass spectrometric analysis

Brain tissue (superior parietal gyrus) from AD (n=2) subjects were homogenized on ice in 
Tris-buffered saline (TBS) containing complete protease inhibitor (Roche Diagnostics GmBH, 
Mannheim, Germany). The homogenized tissue (approximately 100 mg) was divided in 
two tubes. One of the two tissue homogenates was further diluted in TBS before a second 
homogenization followed by centrifugation at 31,000 x g at +4 °C for 1 h. The supernatant 
(TBS fraction) was removed and stored at –80 °C pending analysis. The pellet was re-
suspended in 0.5 mL 2% sodium dodecyl sulphate (SDS) in phosphate buffered saline (PBS, 
pH 7.4) containing protease inhibitor (diluted 1/40 in SDS) and homogenized. An additional 
0.5 mL 2% SDS was added after the homogenization followed by a brief sonication and 
centrifugation at 31,000 x g at +10 °C for 1h. The supernatant (SDS fraction) was removed and 
stored at –80 °C. Prior to immunoprecipitation, the TBS and SDS fractions were diluted (1:40) 
in PBS.

2.6 Homogenization of brain tissue for Western blot analysis

Superior parietal gyrus (100±10 mg) from controls (n=4) was homogenized on ice in 1 mL Tris-
buffer (10 mM Tris-HCl, pH 6.8) containing complete protease inhibitor (Roche Diagnostics 
GmBH). Centrifugation of the homogenate was performed at 31,000 x g at +4 °C for 1h and 
the supernatant was collected (Tris fraction). Tris-buffer (1 mL) containing 0.5% Triton X-100 
(Union Carbide Corporation) containing complete protease inhibitor was added to the pellet 
homogenized on ice and sonicated using a micro-probe sonicator. The centrifugation step 
was repeated and the supernatant was collected (0.5% Triton fraction). The same procedure 
was repeated by addition of Tris-buffer containing 2% Triton (2% Triton fraction) and 
complete protease inhibitor, and again by addition of Tris-buffer containing 0.5% SDS and 
complete protease inhibitor for a final centrifugation at +12 °C (SDS fraction). The Tris, 0.5% 
Triton and SDS fractions from controls were pooled, aliquoted and stored at -80 °C pending 
analysis. For protein quantitation, Protein DC assay (Bio-Rad Laboratories) reagent was used. 

2.7 Immunoassays against Aβ42, t-tau and p-tau

CSF t-tau concentration was determined using an established sandwich ELISA methods.  
(Innotest hTAU-Ag, Innogenetics, Gent, Belgium) specifically constructed to measure all 
tau isoforms irrespectively of phosphorylation status. Tau phosphorylated at threonine 181 
(p-tau181) was measured using a sandwich ELISA method (INNOTEST® PHOSPHO-TAU(181P), 
Innogenetics, Ghent, Belgium). CSF Aβ42 levels were determined using a sandwich ELISA 
(INNOTEST β-AMYLOID(1-42), Innogenetics, Gent, Belgium), specifically constructed to 
measure Aβ containing both the first and 42nd amino acid. In this assay, the monoclonal 
antibody 21F12, which is highly specific for the C-terminus of Aβ42 was used for capture, and 
3D6, which is specific to the N-terminus was used as detector.
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In study 1 and 2, the intra-assay coefficients of variation (CV) were 6.3% for Aβ42, 10% for 
tau and 1.5% for p-tau, inter-assay CVs were 11% for Aβ42, 11% for tau and 16% for p-tau. In 
study 3, the intra-assay CVs were 2.0% for Aβ42, 3.2% for tau and 2.9% for p-tau, inter-assay 
CVs were 10.9 for Aβ42, 9.9% for tau and 9.1% for p-tau.

2.8 Sandwich ELISA method of neurogranin 

Ng7 was used as capturing antibody and was coated on Nunc maxisorp 96-well microtiter 
plates at a final concentration of 1.0 µg/mL (100 µL/well) in bicarbonate buffer, pH 9.6, 
overnight at +4 °C. After washing with PBS containing 0.05% Tween20 (PBS-Tween), the 
remaining protein binding sites were blocked with 1% bovine serum albumin (BSA) in PBS 
(0.01 M phosphate buffer, 0.14 M NaCl, pH 7.4) for 1 h at +20 °C (200 µL/well). Thereafter, 
plates were washed four times with PBS-Tween. Then the full-length Ng calibrators with 
concentrations ranging between 78 – 10,000 pg/mL, blanks, and CSF samples (100 µL/well) 
were incubated in duplicate together with the detector antibody, polyclonal Ng anti-rabbit 
(ab 23570, Upstate) diluted 1:20000 in 1% BSA in PBS-Tween overnight at +4 °C (100 µL/
well). After washing 4 times, a horseradish peroxidase (HRP) conjugated anti-rabbit antibody 
(Jackson ImmunoResearch, USA), diluted 1:20000 was added (100 µL/well) for 3 hours at RT. 
After washing, TMB substrate (BioRad, 100 µL/well) was added to produce the color reaction. 
After 10 min, the reaction was stopped by addition of 25 µL of 2 M H2SO4 and the absorbance 
was measured at 450 nm (reference wavelength 650 nm) using an ELISA plate reader (Vmax, 
Molecular Devices, USA). A fitted 4-parameter logistic model was used as the calibration 
curve and the blank was included as zero concentration of Ng.

2.9 HI-MS

Four µg of the anti-Ng antibodies Ng2 and Ng3, were separately added to 25 µL M-280 
Dynabeads (Sheep anti-mouse IgG, Invitrogen) according to the manufacturer’s product 
description. Ng2 and Ng3 coated beads were used for immunoprecipitation of brain extracts 
or CSF to which Tween-20 (Bio-Rad Laboratories Inc., end concentration 0.025%) was added 
and incubated. The beads and sample were transferred to a KingFisher magnetic particle 
processor (polypropylene tubes, Thermo Scientific, Waltman, MA, USA) for automatic 
washing and elution of the Ng peptides. Eluted Ng was collected and dried in a vacuum 
centrifuge and re-dissolved in 5 µL 0.1% formic acid (FA) in 20% acetonitrile and subsequent 
analyzed using a Bruker Daltonics UltraFleXtreme matrix assisted laser desorption/ionization 
time-of-flight/time-of-flight (MALDI TOF/TOF) mass spectrometer (Bruker Daltonics, Bremen, 
Germany) or with nanoflow liquid chromatography (LC, Dionex Ultimate 3000) with C18 trap 
and separation columns (I.D: 75µm) coupled to a Q Exactive electrospray ionization hybrid 
quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific). All solvents used were of 
HPLC quality.
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2.10 Immunoprecipitation of brain tissue samples for Western blotting

An aliquot (4 µg) of Ng2, Ng3, Ng7 or IgG from murine serum (1 g/L, Sigma-Aldrich) (a negative 
control), was separately added to 100 µL magnetic Dynabeads M-280 and incubated 1 h on 
a rocking platform at room temperature. The beads were washed three times with 1 mL of 
PBS (10 mM Na-phosphate, 0.15 M NaCl, pH 7.4). The antibodies were cross-linked using 20 
mM dimethyl pimelimidate dihydrochloride (DMP; Sigma-Aldrich) and 0.2 M triethanolamine 
(pH 8.2 Sigma-Aldrich) according to the manufacturer’s product description. The cross-
linked beads were washed two times in PBS and were blocked with Roti-Block (Carl Roth) 
for 1h on a rocking platform at room temperature. The Tris fraction (26 µg of total protein) 
was adjusted with 20% Triton and PBS to a final concentration of 0.2% Triton. Samples and 
magnetic beads were incubated overnight on a rocking platform at +4 °C. The magnetic 
beads/sample solution was transferred to the KingFisher magnetic particle processor 
(Thermo Fisher Scientific), tube 1. The following three wash steps (tubes 2-4) were conducted 
for 10 s in 1 mL of each washing buffer: (tube 2) 0.025% Tween 20 in PBS, (tube 3) PBS and 
(tube 4) 50 mM ammonium hydrogen carbonate (NH4HCO3, pH 8.0). Then Ng was eluted from 
the beads by adding 100 µL 0.5% FA (tube 5) for 4 min. The eluted fractions were transferred 
to 0.5 mL Protein LoBind Tube (Eppendorf AG) and dried in a vacuum centrifuge.

For brain samples, aliquots of 5 µg (Tris and Triton) and 10 µg (SDS) of total protein were 
mixed with NuPAGE sample buffer. The entire IP fraction from brain tissue extracts or 3/5 
IP fractions (Ng2, Ng3, and Ng7) from a CSF pool, were dissolved in 50 uL NuPAGE sample 
buffer and 10 uL sample were applied to the gel. All samples and 5 ng of full-length Ng 
calibrator (as positive control) were electrophoresed on NuPAGE 4-12% Bis-Tris gel using the 
NuPage mini-gel system. The proteins were transferred to Immobilon™-P PVDF membranes 
(Millipore Corporation) using the semi-dry blotting technique. Blocking was performed for 1h 
at room temperature using 5% Blotting-Grade Blocker (Bio-Rad Laboratories) in PBS-Tween. 
Incubations with the monoclonal Ng2, Ng3 and Ng7 or the rabbit anti-Ng antiserum (Catalog 
no 07-425, Upstate Cell Signaling Solutions) diluted 1:10,000 in 5% Blotting-Grade Blocker or 
no primary antibody (negative control) was performed overnight at +4 °C. The membranes 
were washed for 30, 15, and 2x10 min in PBS-Tween and then incubated for 1h at room 
temperature with biotinylated anti-mouse IgG antibody (Vector Laboratories) (1 mg/mL) or 
Anti-Rabbit IgG (whole molecule)–Biotin antibody produced in goat (Sigma-Aldrich), diluted 
1:3000 and 1:10,000, respectively in PBS-Tween. A second PBS-Tween wash was performed 
for 3x10 min after which the membranes were incubated for 1h at room temperature with 
streptavidin-biotinylated horseradish peroxidase complex (GE Healthcare) diluted 1:3000 in 
PBS-Tween. Following 3x10 min washes, the membranes were developed for 2 min with ECL 
Select™ Western Blotting Detection Reagent (GE Healthcare) according to the manufacturer’s 
instructions. The emitted signal was detected by a Fujifilm LAS-3000 System (FUJIFILM 
Corporation) and evaluated using the Multi Gauge v2.2 software (FUJIFILM Corporation). 
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Supplementary Table 1. Identified Ng peptides in CSF and brain tissue by mass spectrometry

Identified peptides in CSF using Q-Exactive    
C mass T mass deviation confirmed # of y-ions # of b-ions

(Da) (Da) (ppm) sequence    
2047.15 2047.14 2.7 44-65 1 4
2242.13 2242.14 -5.3 49-75 6 14
2329.18 2329.17 1.4 48-75 7 12
2416.21 2416.21 2.0 48-76 12 20
2570.36 2570.35 1.8 46-75 10 15
2657.41 2657.39 9.4 46-76 5 9
2698.45 2698.45 0.8 45-75 10 10
2826.55 2826.54 1.7 44-75 14 17
2913.58 2913.58 2.3 44-76 9 12
2982.66 2982.64 3.6 43-75 3 13
3085.63 3085.62 1.2 44-78 5 10
3184.73 3184.72 3.4 41-75 2 9
3241.71 3241.73 -3.6 43-78 3 11
3443.81 3443.80 3.1 41-78 1 8
4081.19 4081.18 2.0 33-75 1 7

Identified peptides in brain tissue using MALDI TOF/TOF  
C mass T mass deviation confirmed # of y-ions # of b-ions

(Da) (Da) (ppm) sequence    
1549.86 1549.78 50.8 48-65 8 6
1843.06 1842.96 50.2 53-75 13 10
1930.09 1930.00 49.5 53-76 7 7
2329.30 2329.18 49.3 48-75 12 15
2416.33 2416.21 48.0 48-76 14 16
2588.38 2588.26 46.6 48-78 17 16
2657.53 2657.39 50.0 46-76 8 10
2829.63 2829.44 65.2 46-78 7 6
2982.79 2982.65 45.2 43-75 7 10

C mass (Da) = calculated mass from MS measurement
T mass (Da) = Theoretical mass
Deviation = relative mass deviation = (measured mass –theoretical mass)/theoretical mass
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Supplementary Figure 1. MALDI TOF/TOF spectra of Ng using different Ng antibodies

Mass spectrum of Ng CSF immunoprecipitated using A) Ng2, B) Ng3, and C) Ng7). The dotted line represents the 
intensity of the isotope labeled Ng peptide (Ng43-75*).
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Supplementary Figure 2. MALDI TOF/TOF spectra in the mass range of full length Ng in CSF

(A) No full length CSF Ng was detected using a combination of Ng2 and Ng3. (B) Control experiment using only beads 
without attached antibody. All peaks detected in the CSF were also detected in the control experiment. * represents 
non-specific peaks.




