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Abstract
While a lot is known about classical, anterograde neurotransmission, less is known about the mechanisms and molecules
involved in retrograde neurotransmission. Our hypothesis is that N-acetylaspartylglutamate (NAAG), the most abundant
dipeptide in the brain, may act as a retrograde transmitter in the brain. NAAG was predominantly localized in dendritic
compartments of glutamatergic synapses in the intact hippocampus, where it was present in close proximity to
synaptic-like vesicles. In acute hippocampal slices, NAAG was depleted from postsynaptic dendritic elements during
neuronal stimulation induced by depolarizing concentrations of potassium or by exposure to glutamate receptor (GluR)
agonists. The depletion was completely blocked by botulinum toxin B and strictly dependent on extracellular calcium,
indicating exocytotic release. In contrast, there were low levels of NAAG and no effect by depolarization or GluR agonists in
presynaptic glutamatergic terminals or GABAergic pre- and postsynaptic elements. Together these data suggest a possible
role for NAAG as a retrograde signaling molecule at glutamatergic synapses via exocytotic release.
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Introduction
Retrograde neurotransmission is the release of a signaling
molecule from the postsynaptic neuron that acts on receptors
at the presynaptic nerve terminal, leading to alterations in
synaptic transmission (Regehr et al. 2009). Thus, retrograde
transmission provides postsynaptic neurons with the ability
to control their own inputs. This mechanism has gained
increasing focus recently, as a way of fine-tuning signaling
between neurons. While a lot is known about how presynaptic
terminals communicate to their postsynaptic counterparts,

less is known about the mechanisms involved in retrograde
neurotransmission.

The retrograde transmitters can be classified based on
their mechanisms of release: 1) lipid derivatives or gasses, 2)
neuropeptides, and 3) classic neurotransmitters. The most well-
established retrograde transmitters, the endocannabinoids and
nitric oxide, belong to the first group. Being lipophilic, they
are not subjected to a vesicular release mechanism, and their
release is regulated at the level of synthesis. Neuropeptides
are released from dense-core vesicles as well as through

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://academic.oup.com/


NAAG Release From Dendrites Nordengen et al. 1423

nonvesicular mechanisms from postsynaptic elements, den-
drites, and somata (Cheramy et al. 1981). Some classical neuro-
transmitters, in particular glutamate and gamma-aminobutyric
acid (GABA), have been suggested to also act as retrograde
transmitters (Zilberter 2000; Jenstad et al. 2009).

In anterograde neurotransmission, a rapid rise in intra-
cellular calcium causes synaptic vesicles filled with neuro-
transmitters to fuse with the cell membrane and release their
contents into the synaptic cleft; a release mechanism known as
exocytosis. A number of proteins are involved in exocytosis, in
particular the soluble N-ethylmaleimide-sensitive attachment
protein receptor (SNARE) family. Although vesicles can dock at
the active zone without the direct involvement of these proteins,
the priming of vesicles is mediated by SNAREs. Some SNARE
proteins have been identified postsynaptically (Kennedy et al.
2010; Lau et al. 2010; Suh et al. 2010; Jurado et al. 2013; Hussain
and Davanger 2015), opening for the possibility that retrograde
transmitters can be released by exocytosis.

N-Acetylaspartylglutamate (NAAG) is the most abundant
dipeptide in the brain, where it is present at high concentrations
(μM–mM) (Miyamoto et al. 1966; Koller et al. 1984; Guarda et
al. 1988). Several lines of evidence suggest that NAAG acts
as a neurotransmitter (Bergeron and Coyle 2012; Watanabe
et al. 2018). Biochemical studies have shown that NAAG is
released Ca2+-dependently from brain slices (Zollinger et al.
1994) and synaptosomes (Pittaluga et al. 1988). However, as
synaptosomes contain both pre- and postsynaptic elements
(Suresh and Dunaevsky 2015; Volgyi et al. 2018), these studies
do not distinguish between pre- and postsynaptic release.
Further supporting a neurotransmitter function, NAAG binds
to N-methyl-D-aspartate (NMDA) receptors and group II
metabotropic glutamate receptors (mGluRs) (Valivullah et al.
1994; Schaffhauser et al. 1998; Shave et al. 2001). In particular,
NAAG activates mGluR3 (Wroblewska et al. 1997; Neale 2011),
which are localized on presynaptic nerve terminals (Sanabria
et al. 2004) and inhibit the release of glutamate (Di Iorio et
al. 1996; Zhong et al. 2006). This suggests that NAAG may
function as a modulating neurotransmitter. The remaining
question is from which synaptic compartment NAAG is released.
Immunocytochemistry places NAAG in both principal neurons
and interneurons in the brain (Anderson et al. 1986; Frondoza
et al. 1990; Moffett et al. 1993; Tsai et al. 1993), but apart
from one study in the retina (Williamson and Neale 1988), the
subcellular localization of NAAG in the central nervous system
has not been studied. Therefore, it is not known which neuronal
compartment contains the highest concentration of NAAG,
which compartment is responsible for the release of NAAG in
the brain, or the release mechanism, or whether NAAG exhibits
retrograde signaling. To address these questions, we used
high resolution postembedding immunogold cytochemistry to
reveal the in vivo localization of NAAG in the hippocampus. In
hippocampal brain slices, we studied the redistribution of NAAG
in response to neuronal stimulation, as well as its sensitivity for
botulinum toxin B and dependency on Ca2+.

Materials & Methods
Preparation and Incubation of In Vitro
Hippocampal Slices

Acute hippocampal slices were obtained and treated largely as
previously described (Holten et al. 2008). Adult Wistar rats were
anesthetized with halothane or isoflurane (Abbott), decapitated,

and the brains were put in ice-cold normal Krebs’ solution
(in mM): 125.5 NaCl (Sigma-Aldrich, S7653), 2.5 KCl (Sigma-
Aldrich, P9541), 1.0 NaH2PO4 (Sigma-Aldrich, S8282), 24 NaHCO3

(Sigma-Aldrich, S5761), 2.5 CaCl2 (Sigma-Aldrich, C5670), 2.0
MgSO4 (Sigma-Aldrich, M7506), and 15 mg glucose (Sigma-
Aldrich, D9434). Hippocampi were dissected out, sliced (300 μm),
and incubated for 45 min at 30 ◦C (after preincubations at
30 ◦C for 60 min) in oxygenated (95% O2, 5% CO2) normal
(2.5 mM K+), or depolarizing (55 mM K+; Na+ reduced to
73 mM) Krebs’ solutions. Some of the slices were incubated
at 2.5 mM K+ in the presence of a cocktail of GluR agonists
500 μM (S)-α-amino-3-hydroxy-5-methyl-4-isoxazoleprpionic
acid (AMPA) (Tocris Bioscience, 83643-88-3), 100 μM cyclothiazide
(Sigma Aldrich, 2259-96-3), 100 μM N-methyl-D-aspartic acid
(NMDA) (Tocris Bioscience, 6384-92-5) and 100 μM (S)-3.5-
dihydroxyphenylglycine (DHPG) (Tocris Bioscience, 162870-29-
3). To reveal the mechanism of NAAG release, other slices were
incubated with GluR agonists (in 2.5 mM K+) in the absence
of calcium, or in the presence of botulinum toxin B (BoNT/B,
133 nM) (Sigma Aldrich, 93384-44-2). In the latter experiments,
the slices were preincubated for 120 min with or without BoNT/B
(133 nM) to increase the penetration of the toxin into the tissue
before the incubation.

The slices were kept on a nylon mesh in a glass beaker with
a continuous flow of O2 in the medium. After incubation, the
slices were fixed for 1 h at room temperature (∼22 ◦C) in a
mixture of 5% 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) (Thermo Fisher, 22981) and 1 mM N-hydroxysuccinimide
(NHS) (Sigma-Aldrich, 130672) in 10 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) (Sigma-Aldrich, H7006)
buffer (pH 7.4) or 30 min at room temperature in a mixture
of 5% EDC and 1 mM NHS in 10 mM HEPES buffer, followed
by 1 h at room temperature in a mixture of 5% EDC, 1 mM
NHS, 1% formaldehyde (FA) (Sigma-Aldrich, 158 127), and 0.5%
glutaraldehyde (GA) (AGAR scientific, R1010) or 2.5% GA and 1%
FA in 0.1 M phosphate buffer (Sigma-Aldrich, S9638 and S7907)
for 1 h at room temperature. The slices were kept overnight at 4
◦C in the same fixative and then stored in the fixative diluted at
1:10.

In Vivo Perfusion Fixation

Adult Wistar rats were anesthetized by injection of pentobarbital
(100 mg/kg, i.p.) and fixed by perfusion through the heart with
4% EDC plus 4% FA and 0.5% GA in 10 mM HEPES or 4% EDC, 1 mM
NHS, and 1% dimethyl sulfoxide in 0.9% NaCl using a peristaltic
pump.

Light Microscopic Immunocytochemistry

Slices used for staining of NAAG were allowed to sink in 30%
sucrose (Sigma-Aldrich, S7903) before sectioning at 20 μm on
a freezing microtome. Slices for glutamate staining were pro-
cessed without further sectioning since BoNT/B is a large pro-
tein and therefore has a limited ability for diffusion into the
slices, and hence only the surface of the slice could be used
for analysis. Labeling with the NAAG antibodies (dilution 1:1000)
was performed on free-floating sections. Labeling with the glu-
tamate antibodies (Glu 607, dilution 1:60 000) was performed on
free-floating slices, where complexes of GA-treated glutamine
(Sigma-Aldrich, G3126), asparagine (Sigma-Aldrich, A0884), and
aspartate (Sigma-Aldrich, A9256) (each at a concentration of
0.2 mM) were added to prevent any unspecific binding produced
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by the antibodies. The labeling was performed according to a
three-layer biotinylated antibody-streptavidin-biotinylated per-
oxidase method (Hsu et al. 1981). High-resolution digital images
of the NAAG staining were obtained using an automated Olym-
pus BX52 microscope equipped with a 20× objective (Olympus
Uplan Apo, NA 0.70), a motorized stage (LEP MAC5000, LUDL Elec-
tronic Products Ltd, Hawthorne, NY, USA), an Optronics MicroFire
digital camera (Optronics Goleta, CA, USA), and Neurolucida 7.0
Virtual Slice software (MBF Bioscience, Inc, Williston, VT, USA).
High-resolution digital images of the glutamate staining were
obtained using an automated slide scanner system (Axioscan
Z1, Carl Zeiss MircoImaging, Jena, Germany) with a 20×/0.8 plan
apochromat objective and an Orca Flash 4.0 camera (Hama-
matsu Photonics, Japan). Slides were scanned with extended
depth of focus (EDF) for enhanced visualization of details from
several focal planes.

Postembedding Electron Microscopic
Immunocytochemistry

Slices from each experimental condition described above and
specimens from perfusion-fixed animals were cryoprotected in
glycerol (Sigma-Aldrich, G5516), quickly frozen in liquid propane,
freeze-substituted with methanol, embedded in Lowicryl HM20
(polysciences), and further processed for immunogold labeling
(Bergersen et al. 2008). Ultrathin sections (80–90 nm) were cut
and mounted on nickel grids or formvar-coated one-hole grids.
The slices were sectioned perpendicularly to the surface of
the slice. Then the sections were processed in single labeling
experiments with the NAAG antibodies (dilution 1:300, 1:500, or
1:600) or in double labeling experiments with NAAG (1:300) and
GABA (1:100) or glutamine synthetase (GS) (BD transduction lab-
oratories, #84458, 0.3 μg/mL) antibodies (Bergersen et al. 2008).
In the double labeling experiments with GABA, the sections
were first treated with the NAAG antibodies and then with the
GABA antibodies to visualize NAAG in GABA terminals. Since
both these primary antibodies were from rabbit, the sections
were treated with FA vapor at 80 ◦C for 1 h between the NAAG
labeling and the GABA labeling to prevent interference between
the sequential labelings (Wang and Larsson 1985; Ottersen et
al. 1992). A secondary antibody coupled to gold particles with
a diameter of 10 nm was used in the first step (NAAG), and a
secondary antibody with 15 nm gold particles was used in the
second step (GABA). In the double labeling with GS, the sections
were treated with the NAAG and GS antibodies at the same time.

Sera and Specificity Controls

The NAAG antiserum was raised in rabbits against NAAG bound
to thyroglobulin by EDC (Cangro et al. 1987) and purified by
adsorption on a series of agarose columns bearing sepharose-
EDC-thyroglobulin and -BSA. Both the 990 GABA and the
607 glutamate antisera were raised in rabbits as described
(Storm-Mathisen et al. 1983) by immunizations with GA–FA–
BSA conjugates of GABA and glutamate, respectively. The
GABA antiserum (Gundersen et al. 2004) and the glutamate
antiserum (Ottersen et al. 1990; Gundersen et al. 1991) have
been characterized previously and proven to be specific.
As a precaution against cross-reactivities, soluble GA–FA
complexes of L-glutamate (Sigma-Aldrich), glutamine (Sigma-
Aldrich), and β-alanine (0.2 mM) (Sigma-Aldrich, A9920) were
added to the diluted GABA antibodies, and soluble GA–FA
complexes of aspartate, asparagine, and glutamine were added
to the glutamate antibodies 3 h before applying it to the

sections. The selectivity of the NAAG antibodies was tested
before use, and selectivity controls were included in each
individual experiment. As an intrinsic selectivity control for
the light microscopic NAAG immunolabeling, conjugates of
different acetylated molecules and carboxylates linked to brain
macromolecules by EDC were spotted on cellulose nitrate–
acetate filters, and these were processed together with the
tissue sections. The NAAG antibodies selectively stained the
NAAG spot (see Supplementary Fig. S1). Furthermore, the NAAG
immunoreactivity of tissue sections and dot blots was blocked
by adding 1.0 mM EDC-treated NAAG (Sigma-Aldrich A5930)
to the NAAG antibodies (see Supplementary Fig. S1). As an in-
experiment specificity test, some tissue sections were exposed
to antibodies that had been pretreated with soluble NAAG EDC
complexes for at least 3 h prior to immunolabeling. These
preabsorption tests were performed along with both peroxidase
(see Supplementary Fig. S1) and immunogold tissue labelings
(Fig. 1 and Supplementary Fig. S2). The preabsorbed immunsera
produced very low immunoreactivities in all experiments. As the
immunogold method was performed on an ultrathin section
after embedding in plastic-like resins, the possible problem
of uneven antibody penetration between different subcellular
structures is eliminated, as only molecules on the section
surface are labeled.

Quantitative Immunogold Analysis

The ultrathin sections were imaged in a FEI Tecnai 12 electron
microscope. Electron micrographs were taken along random
trajectories across the thickness of the slice in the stratum
radiatum of CA1 and in the dentate gyrus at ×26.500–43.000
magnification. The BoNT/B-treated slices were cut perpendic-
ular to the section surface so that the observations could be
made at defined distances from the slice surface. BoNT/B is
a relatively large protein, which restricts its diffusion into the
tissue. The electron micrographs were taken within 30 μm from
the surface of the slice. Here, the texture of the tissue was loose,
permitting penetration of BoNT/B. In the CA1 hippocampus
NAAG immunogold particles were quantified in terminals mak-
ing asymmetrical synapses, in their postsynaptic spines, and in
dendritic shafts. In the dentate gyrus NAAG immunoreactivity
was quantified in mossy fiber terminals, as well as in their
dendritic thorns, and in GABA positive nerve terminals and their
postsynaptic compartments (granule cell somata and dendritic
shafts). For slice experiments background NAAG labeling was
calculated in sections labeled with NAAG antibodies that were
preneutralized with soluble NAAG–EDC complexes for all tissue
profiles included in the quantitative analysis and subtracted
from the averages of the immunogold labeling produced by
the NAAG antibodies. Quantification from perfusion-fixed tissue
labeled either with NAAG antibodies or with NAAG antibodies
preneutralized with soluble NAAG–EDC complexes is shown
side-by-side in Figure 1 and Supplementary Figure S2. The areas
of the various cellular and subcellular elements were recorded
by ImageJ (http://rsb.info.nih.gov/ij/) and the coordinates were
submitted to a program written in Python (http://www.python.
org) for computation of particle densities (number of gold parti-
cles per μm2; (Larsson et al. 2005). The source code of ImageJ
plugin and the Python program is available at https://old.liu.
se/medfak/forskning/larsson-max/software?l=en. The associa-
tion between gold particles and postsynaptic vesicle-like struc-
tures was measured as the distance from the center of the
vesicle-like structure to center of the gold particle using ImageJ,
compared to the distance from random points (generated by the
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Figure 1. NAAG is predominantly located in postsynaptic dendritic spines/thorns. Subcellular structures from different cell types were evaluated in perfusion-fixed
rat hippocampus by electron microscopy to investigate in which structures NAAG is found above background levels. This was performed in three different labeling

experiments, with or without double labeling with GS (astrocyte marker). Therefore, the data were standardized to the Schaffer collateral terminals in each rat using
z-transformation (A). The bars represent standardized mean and standard deviation. NAAG labeling was compared with the labeling in the same structures with
NAAG antibodies preabsorbed with NAAG complexes. The latter gives a measure of the background, unspecific, labeling produced by the antibodies and was low in all
compartments. Most of the nonsynaptic structures, however, were at the same low level, indicating low or nonexisting NAAG levels. The data were used qualitatively

to determine which areas to focus on in the more detailed analysis, and hence no statistical analysis was performed. The NAAG staining appeared above background
only in Shaffer collateral spines (B; C vs. D), stem dendrites (B; E vs. F), and mossy fiber thorns (B; G vs. H). Electron micrographs of perfusion-fixed tissue show that
the density of gold particles signaling NAAG was much higher in dendritic spines (sc spine) forming excitatory synapses with Schaffer collateral terminals (sc term)
(C) than in their presynaptic counterpart. The same was true for the dendritic thorns (mf thorn) compared to the mossy fiber terminals (mf term) forming excitatory

synapses in dentate gyrus (E). Scale bars = 100 nm.
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ImageJ macro) to the center of the closest vesicle-like structure
(Fig. 3D–G).

Statistics

The results were statistically evaluated (GraphPad) by the Stu-
dents t-test when only comparing two groups, or with one-way
ANOVA, Tukey’s post hoc test for multiple comparisons, to inves-
tigate differences in mean gold particle densities between indi-
vidual experimental groups. In Figure 1, three rats, from three
different staining experiments and with two different fixation
regimes, have been standardized to the levels in Schaffer col-
lateral terminals in each rat, using z-transformation. Statistical
tests between perfusion-fixed brains labeled with NAAG anti-
bodies, the same brains labeled with NAAG antibodies that had
been preabsorbed with NAAG complexes, were not performed,
as the latter is represented by two animals. The raw values
(not standardized) are shown in Supplementary Figure S2. The
distribution of distances between NAAG immunogold particles
or random points and the closest vesicle-like structure was first
converted to categorical data using the maximal theoretical dis-
tance of 21 nm as a cut-off. The difference in vesicle-association
(portion of particles within 21 nm from the center of the vesicle)
between NAAG immunogold particles and random points was
analyzed by the Pearson’s chi-squared test (Microsoft Excel).

Results
NAAG is Located in Dendritic Spines/Thorns in
the Brain

To unravel the subcellular compartment that contains the
highest levels of NAAG, we performed peroxidase labeling.
NAAG immunoreactivity was located in cell bodies of CA1 and
CA3 pyramidal cells, granule cells, and cells in the dentate
gyrus (see Supplementary Fig. S1A). It was evident that the
NAAG staining appeared in parts of the dendritic tree of these
cells, in addition to very small dots lining the dendritic trees
(see Supplementary Fig. S1C,D), as expected for substances
that have a synaptic localization. This synaptic-like labeling
was completely absent in the hippocampal section labeled
with the same antibodies preabsorbed with soluble NAAG–EDC
complexes in excess (see Supplementary Fig. S1B,D,E).

Electron microscopy revealed high levels of NAAG in post-
synaptic spine of the Schaffer collateral synapses in stratum
radiatum, the post-synaptic thorns of the mossy fiber synapses
in the dentate gyrus, and stem dendrites (Fig. 1). Other com-
partments, including presynaptic Schaffer collateral terminals
and mossy fiber terminals, as well as perivascular astrocytes,
myelin, and axons showed staining that was undistinguishable
from the background (Fig. 1). Hence, we focused our further
ultrastructural analysis on Schaffer collateral synapses in the
hippocampal stratum radiatum and the mossy fiber synapses
of the dentate gyrus.

The predominant localization of NAAG in postsynaptic
spines/thorns opens up the possibility that NAAG is released as
a retrograde transmitter from the postsynaptic compartment.

NAAG is Depleted From Dendritic Spines/Thorns
During Neuronal Activation

As in the perfusion-fixed tissue, electron microscopic analysis
from hippocampal slices incubated at physiological (2.5 mM) K+

concentrations revealed that the most prominent NAAG labeling
was in postsynaptic dendritic spines of CA1 excitatory synapses
(Fig. 2A,D) and dendritic thorns of mossy fiber synapses
(Fig. 2E,H), while their corresponding nerve terminals (Schaffer
collateral terminals and mossy fiber terminals, respectively)
(Fig. 2A,D,E,H) and CA1 stem dendrites (Fig. 2I) displayed much
weaker labeling (P < 0.01, One-way ANOVA, Tukey’s multiple
comparisons test, GraphPad). To determine if NAAG could
be released from spines/thorns, we exposed hippocampal
slices to stimulation by high (55 mM) K+, or GluR agonists
(100 μM DHPG, 100 μM NMDA, and 500 μM AMPA stabilized
by 100 μM cyclotiazide). During K+ or GluR agonist-induced
stimulation, immunogold labeling of NAAG was selectively
depleted from the postsynaptic Schaffer collaterals (Fig. 2B,C
vs. Fig. 2A, P < 0.01, one-way ANOVA, Tukey’s post hoc test
for multiple comparisons, GraphPad) and mossy fiber thorns
(Fig. 2F,G vs. Fig. 2E, P < 0.01, one-way ANOVA, Tukey’s multiple
comparisons test, GraphPad). The stimulations did not affect the
density of NAAG gold particle in the nerve terminals of these
synapses (Fig. 2B,C,F,G, P > 0.05, one-way ANOVA, Tukey’s multi-
ple comparisons test, GraphPad), or in dendritic shafts (Fig. 2I–K,
P > 0.05, one-way ANOVA, Tukey’s multiple comparisons test,
GraphPad).

NAAG is Located to Postsynaptic Vesicles

NAAG was localized at high densities in dendritic spines of the
Schaffer collateral synapses (Fig. 3A,B) and thorns of the mossy
fiber synapses (Fig. 3A,C). Interestingly, in the postsynaptic
dendritic spines/thorns NAAG was associated with small, round,
and clear structures (insets in Fig. 3B,C), resembling what we
have previously observed for neurotransmitter labeling in
synaptic vesicles in nerve terminals (Bergersen et al. 2008;
Morland et al. 2013). The vesicle-association of NAAG gold
particles was demonstrated statistically by comparing the
proportion of NAAG gold particles that were located in close
proximity to a vesicle, to an expected distribution (random
points inserted in the same image). We demonstrate that 90.6%
and 89.7% of the NAAG particles are localized within 21 nm
from the center of the closest vesicle in Schaffer collateral
spines and mossy fiber thorns, respectively (Fig. 3D,E). This
proportion was significantly higher than what was found
for random points, where 50.1% and 49.8% of the particles
were located within 21 nm from the center of the closest
vesicle for the two postsynaptic compartments, respectively
(Fig. 1G,F), (P = 9.1 × 10−43 for Schaffer collateral spines and
P = 8.9 × 10−50 for mossy fiber thorns; Pearson’s chisquared test)
(Fig. 3G,F).

Characterization of Postsynaptic NAAG Depletion

The accumulation of NAAG labeling over postsynaptic vesicles
prompted the question whether NAAG underwent vesicular
release from the postsynaptic spines/thorns. To elucidate
the mechanism whereby NAAG escapes from dendritic spines/
thorns, we stimulated slices with GluR agonists and inhibited
exocytosis either by removing Ca2+ from the extracellular
medium or by treatment with BoNT/B. BoNT/B blocks vesicular
fusion by cleaving VAMP2 (Pellizzari et al. 1996), a SNARE protein
reported to regulate postsynaptic exocytosis (Jurado et al. 2013).
To determine the efficacy of BoNT/B in our set-up, we first
evaluated the effect of BoNT/B on glutamate depletion during
membrane stimulation. In hippocampal slices depolarized with
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Figure 2. NAAG is depleted upon depolarization with high potassium or GluR agonists. Electron micrographs from slice experiments (A and E) confirmed what was

found in the perfusion-fixed tissue: During basal conditions (2.5 mM K+) gold particles signaling NAAG were mainly present in dendritic spines (sc spine) and thorns
(mf thorn) forming asymmetric synapses with Schaffer collateral terminals (sc term) or mossy fiber terminals (mf term). In response to membrane depolarization by
K+ (55 mM; B, F and J) or by GluR agonists (C, G and K), NAAG immunogold particles were depleted from the postsynaptic sc spines (B; C compared to A) and mf thorns

(F; G compared to E), without any change in the corresponding terminals or stem dendrites (J; K compared to I). Bar charts show the density of NAAG immunogold in
Schaffer collateral presynaptic terminals (sc term) and postsynaptic spines (sc spine) (D) and stem dendrites (stem dend) (L) in the stratum radiatum, and in mossy fiber
terminals (mf term) and thorns (mf thorn) of the dentate gyrus (H) of hippocampal slices incubated at 2.5 mM K+ (black bars), depolarizing conditions (55 mM K+ ; gray
bars) or GluR agonists (white bars). The bars represent the average number of NAAG immunogold particles/μm2 ± SD. ∗∗ shows the difference from the same profile

at basal conditions (P < 0.01, one-way ANOVA, Tukey’s multiple comparisons test, GraphPad). The total numbers of tissue profiles included in the quantifications were
as follows (basal-K+-GluR): Schaffer collateral terminals and spines, 95-104-87; stem dendrites, 61-64-66, mossy fiber terminals, 62-69-61; and mossy fiber thorns,
174-156-180 (two Wistar rats, n = three slices in each condition).

K+ (55 mM) BoNT/B clearly inhibited the depletion of glutamate
from nerve terminals (see Supplementary Fig. S3). Thus, having
tested that the BoNT/B concentration used in our experiments
was sufficient to block exocytosis, we proceeded to analyzing the
effect of BoNT/B on the depletion of NAAG. In hippocampal slices
stimulated with GluR agonists, BoNT/B or zero Ca2+ blocked
depletion of NAAG from postsynaptic CA1 dendritic spines
(Fig. 4B–E) and mossy fiber thorn synapses (Fig. 4F–I). Inhibiting
exocytosis by BoNT/B did not affect the content of NAAG
immunogold particles in the nerve terminals (Fig. 4D,H) or in
dendritic shafts (data not shown) during membrane stimulation.
Interestingly, in postsynaptic spines/thorns subjected to
membrane depolarization combined with inhibited exocytosis
(in particular BoNT/B treatment), the NAAG signal was increased
above resting values (Fig. 4B vs. Fig. 4D; Fig. 4J,F vs. Fig. 4H,K),
P < 0.01, one-way ANOVA, Tukey’s multiple comparisons test,
GraphPad.

Postsynaptic Accumulation of NAAG and Depletion
Upon Depolarization Did Not Occur in GABA Synapses

In GABAergic nerve terminals, K+-induced membrane depolar-
ization led to depletion of GABA (P < 0.05, unpaired t-test, two
tails, GraphPad) as predicted (Gundersen et al. 2004), but there
was no depletion of NAAG (P > 0.05, unpaired t-test, two tails,
GraphPad) (Fig. 5). Hence, postsynaptic release of NAAG appears
to be restrained to the glutamatergic system.

High Ratio of NAAG Between Post- and Presynaptic
Compartments was Consistent Between
Experimental Conditions

Although the staining intensity may vary between different
staining experiments, the staining pattern was stable. The high
ratio between sc. spines and sc. terminals was high both from
perfusion-fixed rat hippocampus 4.98 (95% confidence interval
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Figure 3. NAAG is located in vesicular structures in both postsynaptic dendritic spines in stratum radiatum (A, left) and in postsynaptic mossy fiber thorns in dentate
gyrus (A, right). In the dendritic spines and thorns, gold particles representing NAAG were closely related to vesicular structures, which in size and shape resemble

presynaptic vesicles (insets in B and C). Scale bars in (B and C): 100 nm; scale bar in insets: 10 nm. The distribution of distances of gold particles and the closest
vesicle-like structures was quantified. In both postsynaptic compartments, the sc spines and the mf thorns, a large proportion of the NAAG particles were localized
within 21 nm from the center of a vesicle (D and F). For comparison, for the randomly inserted points (E and G), only about half of the points were found within the

same range from the vesicle (P = 9.1 × 10−43 for sc spines; and P = 8.9 × 10−50 for mf thorns; Pearson chi square test). 21 nm represents the theoretical distance between
the center of the gold particle and the epitope (the radius of the gold particle [5 nm] + the length of the primary–secondary complex).
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Figure 4. NAAG is depleted by exocytosis from postsynaptic dendrites. The schematic drawing (A) shows the proposed mechanism of action and regulation of NAAG
release (numbers in bold indicate mechanisms studied by us). Presynaptic membrane fusion of transmitter-containing vesicles is mediated by members of the SNARE

family: the v-SNARE, target membrane SNARE (t-SNARE), and synaptosomal-associated protein (SNAP), in addition to Ca2+ sensors. We investigated whether the
same mechanism is responsible for the postsynaptic NAAG release. Glutamate released from the nerve terminal stimulates dendritic ionotropic glutamate receptors
(GluR) (1), which triggers Ca2+-dependent (2) and v-SNARE-dependent (3) release of NAAG. NAAG then acts on presynaptic mGluR3/postsynaptic NMDAR (mixed
agonist/antagonist), the former inhibiting Glu release from the nerve terminal. The electron micrographs (B–I) show how inhibiting exocytosis during membrane

depolarization affects the depletion of NAAG immunogold particles from postsynaptic dendritic spines/thorns. During basal conditions (2.5 mM K+), gold particles
representing NAAG were present postsynaptically in dendritic spines and thorns belonging to Schaffer collaterals (B, sc spine) and mossy fibers (F, mf thorn) and
with very low levels in the presynaptic terminals (sc term and mf term). When postsynaptic depolarization was elicited by GluR agonists, NAAG was depleted from
the postsynaptic spines (C) and thorns (G). When v-SNARE was degraded by BoNT/B, NAAG was trapped postsynaptically despite GluR agonist activation (D and H).
Finally, in the absence of Ca2+ (zero Ca2+), NAAG was also trapped postsynaptically despite the presence of GluR agonists (E and I). Scale bars, 100 nm. Quantitative
results of NAAG immunogold particles in different tissue profiles are shown in (J) for the Schaffer collateral synapses of the stratum radiatum and (K) for the mossy
fiber synapses of the dentate gyrus. Resting conditons; 2.5 mM K+ (basal, black bars), GluR agonists (GluR ag., white bars), GluR agonists in the presence of botulinum

toxin B (GluR ag BoNT/B, light gray bars), and GluR agonists in the absence of Ca2+ (GluR ag zero Ca2+, dark gray bars). The bars represent the average number of
NAAG immunogold particles/μm2 + SD in Schaffer collateral spines (sc spines) and nerve terminals (sc term) belonging to Schaffer collateral synapses in the stratum
radiatum (J), and thorns (mf thorns) and mossy fiber terminals (mf term) belonging to hilar mossy fiber synapses (K). ∗∗: P < 0.01, one-way ANOVA, Tukey’s multiple
comparisons test, GraphPad. The numbers of tissue profiles per slice that was included in the quantifications were as follows: sc spines and sc terminals: 20–26 (basal),

23–29 (GluR agonists), 21–25 (GluR agonists zero Ca2+), 19–25 (GluR agonists BoNT/B); mf thorns: 37–63 (basal), 41–71 (GluR agonists), 53–57 (GluR agonists zero Ca2+),
47–73 (GluR agonists BoNT/B); mf terminals: 19–25 (basal), 20–29 (GluR agonists), 20–21 (GluR agonists zero Ca2+), 19–22 (GluR agonists BoNT/B), (slice experiment from
two rats (pooled), n = 4–5 slices in each condition).
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Figure 5. NAAG is neither released from GABA-positive nerve terminals nor their postsynaptic sides. In GABAergic synapses in the molecular layer in dentate gyrus of
the hippocampal formation (A), NAAG was neither depleted from GABA-positive nerve terminals nor their postsynaptic sides (B and C) in response to depolarization.
GABA synapses are colabeled for NAAG (small gold particles, arrowheads) and GABA (large gold particles). The figure shows representative electron micrographs of a
slice incubated at 2.5 mM K+ (B) or at 55 mM K+(C). Labeled nerve terminals (GABA term) contact granule cell bodies (postsynaptic side) (B and C). Scale bars, 100 nm.

Bar charts show the density of NAAG (D) and GABA (E) labeling (average number of gold particles/μm2 ± SD, n = 4 basal slices and six depolarized slices, slice experiment
from one adult Wistar rat) in nerve terminals containing GABA gold particles (GABA terminal) and the opposing postsynaptic elements (granule cell bodies or proximal
dendrites [postsynaptic]). Asterisk indicates that the GABA values in terminals at 55 mM K+ were significantly different from those in terminals at 2.5 mM K+ (P < 0.05,

unpaired t-test, two tails, GraphPad). In contrast, NAAG labeling in GABA terminals and postsynaptic element was unaffected by depolarization (P > 0.05, unpaired t-
test, two tails, GraphPad). The total numbers of tissue profiles included in the quantifications were as follows: Basal GABA terminal, 95; depolarized GABA terminal,
138; basal postsynaptic elements, 64; depolarized postsynaptic element, 99.

[CI] 3.27–6.69, n = 3 rats) to acute hippocampal slices from
in vitro experiments 2.82 (95% CI 2.18–3.45, n = 8 slices from 4
rats). The same is true for the high NAAG-density in mossy
fiber thorns and low density in mossy fiber terminals, where the
mean ratio between mf. thorns and mf. terminals was 3.45 (95%
CI 2.13–4.77, n = 3 rats) in perfusion-fixed brain and 3.88 (95% CI
1.91–5.85, n = 9 slices from 4 rats) in acute hippocampal slices.

The high postsynaptic:presynaptic NAAG-ratio was eradi-
cated after depolarization with high potassium or GluR agonists

with mean ratio at 0.89 (95% CI −0.32–2.09, n = 17 slices from 4
rats) in the Shaffer collateral synapse and 0.66 (95% CI 0.40–0.91,
n = 17 slices from 4 rats) in the mossy fiber synapse.

Discussion
The present study shows that NAAG is predominantly localized
to postsynaptic compartments, with background levels in other
neuronal compartments, including in presynaptic terminals.
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NAAG immunogold particles were spatially related to vesicular
structures in these profiles; such vesicles have previously been
described in postsynaptic spines in the hippocampus (Spacek
and Harris 1997). In acute hippocampal slices, we demonstrate
that NAAG is depleted from the spines in response to neuronal
stimulation. The finding of high postsynaptic NAAG-content is
very robust, with comparable post-to-presynaptic ratios in rat
hippocampus fixed in vivo and acute hippocampal slices fixed
after 2 h in vitro. The same goes for the depletion of postsynaptic
NAAG content in response to depolarization. The depletion was
dependent on Ca2+ and sensitive to BoNT/B, strongly suggesting
that NAAG undergoes vesicular release from the postsynaptic
spine and acts as a retrograde transmitter in the brain. The
observation that inhibited exocytosis by BoNT/B during depo-
larization gave postsynaptic NAAG levels above what was found
in the resting condition suggesting a basal release of NAAG. The
NAAG content in stem dendrites is not altered in the experimen-
tal conditions tested in this study.

The presence of BoNT/B, which cleaves the vesicular SNARE
(v-SNARE) VAMP2, completely blocked depletion of NAAG from
postsynaptic spines/thorns. This is in line with a recent report
showing that VAMP2 is important for regulated postsynaptic
exocytosis (Jurado et al. 2013) and strongly suggests that NAAG
undergoes VAMP-mediated exocytosis from postsynaptic ele-
ments. How BoNT/B is internalized in the postsynaptic element
is not totally clear, but gangliosides and other proteins in the
postsynaptic membrane have recently been shown to medi-
ate internalization of BoNTs (Rummel 2013). For instance, the
ganglioside GD1a seems to be especially important for binding
BoNT/B (Ochanda et al. 1986). Furthermore, translocation of the
BoNT/B light chain requires a pH of 4.5–6 (Pirazzini et al. 2011).
The lumen of recycled synaptic vesicles, with an estimated pH of
∼ 5.8, (Miesenbock et al. 1998), therefore provides an appropriate
environment where light chain translocation can be induced.
Therefore, a postsynaptic effect of BoNT/B after extracellular
application of the drug could be expected. Concentration curves
for the extracellular concentration of BoNT/B that effectively
inhibits Ca2+-dependent exocytosis from postsynaptic dendritic
spines are not available. The concentration used in the present
study (133 nM) is one-third higher than the concentration pre-
viously been shown to effectively inhibit Ca2+-dependent gluta-
mate exocytosis from synaptosomes (100 nM) (McMahon et al.
1992).

Indeed, a postsynaptic localization of VAMP2 has been
reported (Hussain and Davanger 2015) and that SNARE proteins
are located in dendritic “synaptic-like vesicles” (Hussain and
Davanger 2015; Hussain et al. 2017; 2019). The dendritic vesicles
observed by us are morphologically similar to synaptic vesicles
(Fig. 1D,E) and similar to those presented by Hussain and
Davanger (2015) and Hussain et al. (2017), (2019). Supporting
vesicular accumulation of NAAG, a vesicular transport mech-
anism for NAAG through the sialic acid transporter sialin has
been suggested (Lodder-Gadaczek 2013). However, this finding
is yet to be confirmed.

Calcium-dependent postsynaptic release of NAAG suggests
that the influx of Ca2+ from the extracellular space takes part in
postsynaptic exocytosis. In the hippocampus, release of signal
molecules from postsynaptic dendrites has been shown to rely
on L-type Ca2+ channels (Simmons et al. 1995; Ovsepian and
Dolly 2011), through which Ca2+ influx could be sufficient
to directly induce exocytosis. However, also store-operating
Ca2+ channels may contribute to Ca2+ signals in dendrites.
In addition, Ca2+ influx through NMDA receptors can also

trigger dendritic transmitter release (Isaacson and Strowbridge
1998), although this may not be a direct effect, but takes place
through elevation of cAMP and activation of protein kinase
A (Chetkovich et al. 1991). Our results further suggest that
there are postsynaptic Ca2+ sensors. Little is known about the
identity and function of these sensors in the brain, but recently
synaptotagmin-1 was localized in postsynaptic dendritic spines
of hippocampal Schaffer collateral synapses (Hussain et al.
2017).

Postsynaptic vesicular release of transmitters has been sug-
gested before for glutamate (Zilberter 2000; Harkany et al. 2004;
Jenstad et al. 2009), serotonin (Chazal and Ralston 1987), and ATP
(Zhang et al. 2007; Larsson et al. 2012). All these transmitters,
however, are also released from nerve terminals. Therefore, to
the best of our knowledge, NAAG is the only transmitter that
may be released exclusively from dendrites in the brain.

NAAG activates mGluR3 (Wroblewska et al. 1997; Neale 2011)
and has both antagonist and agonist actions at NMDA receptors
(Westbrook et al. 1986; Valivullah et al. 1994; Fricker et al. 2009;
Kolodziejczyk et al. 2009), depending on subunit composition
and tissue pH (Khacho et al. 2015). This supports the idea that
NAAG can act as a retrograde transmitter through binding to
one or both of these receptors. One possibility is that NAAG
provides the postsynaptic neuron with the ability to control its
own inputs both at high and low activation levels. When the
spine/thorn receives very low glutamate signals, low levels of
NAAG are released, consistent with the increased NAAG levels
found in the spines/thorns after exposure to BoNT/B during
GluR depolarization. When the glutamate signal is low, NAAG
has been shown to activate the synaptic, GluN2A-containing
NMDARs, while inhibiting the extrasynaptic GluN2B-containing
NMDARs (Khacho et al. 2015), thereby enhancing the synaptic
glutamate signal. In contrast, in situations of extensive glu-
tamatergic signaling and a subsequent lowering of tissue pH,
NAAG released from the postsynapse could reduce excitotoxi-
city by inhibiting both intra- and extrasynaptic NMDARs. The
activation of mGluR3 would further strengthen this neuropro-
tective effect by reducing glutamate release from the nerve
terminal. In support of this hypothesis, knock-out or pharmaco-
logical inhibition of glutamate carboxypeptidase II, which breaks
down synaptically released NAAG (Robinson and Coyle 1987;
Stauch et al. 1989; Berger et al. 1999; Bergeron et al. 2007), is
protective in animal models of ischemia (Slusher et al. 1999;
Tortella et al. 2000; Jackson et al. 2001; Williams et al. 2001; Bacich
et al. 2005; Long et al. 2005; Zhang et al. 2016) and epilepsy
(Witkin et al. 2002). With this said, we should emphasize that
our means of inducing membrane depolarization is not physio-
logic. Thus, the exact effects of NAAG release from postsynaptic
dendrites during physiological conditions must await further
studies.

A neurotransmitter role of NAAG has long been suggested,
despite lack of direct evidence for presynaptic localization and
release. Such evidence could only be obtained by immune-
electron microscopic detection of NAAG in stimulated and
unstimulated brain tissue. The commonly used aldehyde
fixatives preserve good morphology for ultrastructural studies.
NAAG, however, lacking free amine groups, is not fixed by
aldehydes (Moffett et al. 1993). For fixation of NAAG, the less
common, water soluble carbodiimide fixation agent EDC must
be used. It acts by forming amine bonds between carboxyl
groups or primary amines and proteins (Bauminger and
Wilchek 1980). Despite this, a previous study (Renno et al. 1997)
investigated the ultrastructural localization of NAAG in the
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cerebellum, using only aldehyde fixation. This strongly suggests
that their NAAG labeling was not selective.

Using EDC fixation, selective detection of NAAG is possible,
but EDC fixation produces inferior morphology compared to
tissue fixed with aldehydes. Further adding to a suboptimal mor-
phologic result is that we used tissue embedding in an acrylic
resin (Lowicryl HM20) over an epoxy resin. Low temperature
embedding with Lowicryl HM20 preserves the antigens to a large
extent and results in a superior immunogold sensitivity, but
the ultrastructure is inferior compared with epoxy-embedded
tissue (van Lookeren Campagne et al. 1991; Newman and
Hobot 1999). Our group has successfully used Lowicryl HM20 in
immunogold cytochemistry for many years (Bergersen et al. 2008
Nat Prot). In the present study, the morphology of the perfusion-
fixed tissue (Fig. 1D,E) was better compared to the morphology
of the immersion-fixed tissue from acute brain slices (Figs 2„A–
CE–GI–K, 3B,C and 4B–I). Perfusion fixation gives a rapid and
uniform penetration of the fixative into the tissue, reducing
the risk of ischemic damage. This method is therefore the
preferred method for morphology preservation (Gonzalezaguilar
and Derobertis 1963). For in vitro experiments, like acute brain
slices, immersion fixation must be performed, which gives a
slower tissue fixation. Thus, some morphological changes are
known to happen during slice incubation (Schurr et al. 1984;
Fiala et al. 2003), although all precautions were made to preserve
the morphology (Schurr et al. 1984; Fiala et al. 2003). However,
in the present material, pre- and postsynaptic elements were
clearly visible, making the identification of nerve terminals and
postsynaptic dendritic spines/thorns reliable. To ensure that
we could distinguish between pre- and postsynaptic elements,
we double-labeled some tissue for NAAG and glutamate and
consistently found that NAAG was localized in the postsynaptic
compartment low in glutamate (unpublished results; KN,
CM, VG).

Conclusion
The present study shows evidence for exocytotic postsynaptic
release of NAAG, implying that fine-tuning of the glutamate
signal occurs through retrograde rather than anterograde NAAG
signaling. To our knowledge, this is the first demonstration of
vesicular release of a transmitter exclusively from dendrites.
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Supplementary material is available at Cerebral Cortex online.
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