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and Shank 1was instead unaffected in the mPFC of the SNI 
mice. Treatment with d-Asp drinking solution, started right 
after the SNI (day 0), alleviated mechanical allodynia, 
improved cognition and motor coordination and increased 
social interaction. d-Asp also restored the levels of extra-
cellular d-Asp, Homer 1a and NR2B subunit of the NMDA 
receptor to physiological levels and reduced Shank1 and 
PSD-95 protein levels in the mPFC. Amitriptyline, a tricy-
clic antidepressant used also to alleviate neuropathic pain in 
humans, reverted mechanical allodynia and cognitive impair-
ment, and unlike d-Asp, was effective in reducing depression 
and anxiety-like behaviour in the SNI mice and increased 
PSD protein level. Altogether these findings demonstrate that 
d-Asp improves sensorial, motor and cognitive-like symp-
toms related to chronic pain possibly through glutamate neu-
rotransmission normalization in neuropathic mice.

Keywords  d-Aspartate · Spared nerve injury · 
Mechanical allodynia · Pain-related affective and cognitive 
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Introduction

l-Glutamate (Glu) is the major excitatory neurotransmitter in 
the mammalian brain and inappropriate regulation of gluta-
matergic neurotransmission drives to a spectrum of somatic, 
neurological and psychiatric disorders, including abnormal 
pain responses, motor impairment and negative emotional 
states such as anxiety, depression and psychosis (Coyle et al. 
2003; Swanson et  al. 2005). Glutamate transmission can 
be triggered by d-aspartate (d-Asp), which besides being 
the putative precursor of endogenous N-methyl-d-aspartate 
(NMDA) (D’Aniello et  al. 2000b) activates itself NMDA 
receptors (NMDARs) on the orthosteric site with a relatively 

Abstract  d-Aspartate (d-Asp) is a free d-amino acid 
detected in multiple brain regions and putative precursor of 
endogenous N-methyl-d-aspartate (NMDA) acting as agonist 
at NMDA receptors. In this study, we investigated whether 
d-Asp (20 mM) in drinking solution for 1 month affects pain 
responses and pain-related emotional, and cognitive behav-
iour in a model of neuropathic pain induced by the spared 
nerve injury (SNI) of the sciatic nerve in mice. SNI mice 
developed mechanical allodynia and motor coordination 
impairment 30  days after SNI surgery. SNI mice showed 
cognitive impairment, anxiety and depression-like behav-
iour, reduced sociability in the three chamber sociability 
paradigm, increased expression of NR2B subunit of NMDA 
receptor and Homer 1a in the medial prefrontal cortex 
(mPFC). The expression of (post synaptic density) PSD-95 
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high affinity (Ki 0.9 ± 0.4 μM) on each NR2A-D receptor 
subunits (Fagg and Matus 1984; Monahan and Michel 1987). 
d-Asp is synthesized in mammalian cells by the d-aspartate 
racemase (DR), the enzyme able to convert l-Asp in d-Asp 
(Kim et al. 2010; D’Aniello et al. 2011). d-Asp, in turn, is 
hypothesized to be converted in NMDA by d-aspartate 
methyl-transferase (NMDA synthetase) (D’Aniello et  al. 
2000a, b; Shibata et al. 2011). Free d-Asp has been found in 
the nervous system and endocrine tissues from mollusks to 
mammalians, including humans (D’Aniello 2007; Ota et al. 
2012). In embryonic stage and in the first days of life d-Asp 
is found in high concentration which considerably decreases 
in adults (Dunlop et  al. 1986; Neidle and Dunlop 1990; 
Hashimoto et  al. 1993, 1995; Sakai et  al. 1998; Lee et  al. 
1999; Wolosker et al. 2000; Huang et al. 2008). In mammals 
d-Asp can be detected in synaptic vesicles of nerve end-
ings and has been demonstrated to act as a neurotransmitter 
(Spinelli et al. 2006; D’Aniello et al. 2011). d-Asp is selec-
tively metabolized by d-aspartate oxidase (DDO), the only 
enzyme that degrades bicarboxylic d-amino acids, includ-
ing N-methyl-d-aspartate (NMDA). DDO has been found 
in the central nervous system (CNS) at post-synaptic level 
and endocrine glands (Furuchi and Homma 2005; D’Aniello 
2007). So far, apart from the effect of d-Asp in enhanc-
ing long-term potentiation (LTP) and rescuing the synaptic 
plasticity decay in the hippocampus of rodents (Errico et al. 
2011a, b), the potential effect of exogenous d-Asp adminis-
tration on brain pathophysiology is unknown. A putative role 
for endogenous d-Asp level in pain and pain-related affec-
tive/cognitive-like disorders has been just begin to be inves-
tigated in rodents (Boccella et al. 2015; Guida et al. 2015). 
Therefore we used the spare nerve injury (SNI) model of 
neuropathic pain to test the effects of 1 month d-Asp drink-
ing solution on pain responses and pain-related affective and 
cognitive-like behaviour in mice. In some of the behavioural 
tests the effect of d-Asp was compared to that of amitrip-
tyline, a tricyclic antidepressant which beside being effec-
tive towards depression and anxiety is widely used to treat 
neuropathic pain (Sindrup et al. 2005). The effect of d-Asp 
treatment on d-Asp and glutamate extracellular level and on 
glutamate postsynaptic density (PSD) proteins as well as on 
NR2A/NR2B subunits of NMDA receptor was evaluated in 
medial prefrontal cortex (mPFC), a forebrain area playing a 
crucial role in pain-related affective and cognitive disorders.

Materials and methods

Animals

Male 5 week-old CD1 mice (25–30 g) were housed under 
controlled illumination (12/12  h light/dark cycle; light 
on 06:00  hours) and environmental conditions (room 

temperature 20–22  °C, humidity 55–60  %) for at least 
1 week before the commencement of experiments. Mouse 
chow and tap water were available ad libitum. The experi-
mental procedures were conducted in conformity with 
protocols approved by the Animal Ethics Committee of 
the Second University of Naples. Animal care was in com-
pliance with the IASP and European Community (E.C. 
L358/1 18/12/86) guidelines on the use and protection of 
animals in experimental research. All efforts were made to 
minimise animal suffering and to reduce the number of ani-
mals used.

Spared nerve injury

Mono-neuropathy was induced according to the method of 
Decosterd and Woolf (2000). Mice were anaesthetised with 
sodium pentobarbital (50 mg/kg, i.p.), the sciatic nerve was 
exposed at the level of its trifurcation and the tibial and 
common peroneal nerves were tightly ligated with 5.0 silk 
thread and then transected just distal to the ligation, leaving 
the sural nerve intact. Sham mice were anaesthetised, the 
sciatic nerve was exposed at the same level, but not ligated. 
The quantification of d-Asp content in the brain, the pro-
tein levels and all behavioural tests were performed 30 days 
after the SNI or sham surgery by an experimenter blind to 
the treatment.

Total brain d‑Asp quantification

Mice were killed and the brain immediately stored at 
−80  °C. The determination of d-Asp was performed by 
HPLC technique, based on the diastereomeric separation 
of d-Asp from the l-form and other l-amino acids, as pre-
viously described by D’Aniello et  al. (2000b). Data were 
analysed using ANOVA or Student’s t test where appro-
priate and data expressed as mean ± standard error of the 
mean (SEM).

Mechanical allodynia

Dynamic plantar aesthesiometer

Mechanical allodynia was measured by the dynamic plan-
tar aesthesiometer device (Ugo Basile, Varese, Italy). Mice 
were allowed to move freely in one of the two compart-
ments of the enclosure, positioned on the metal mesh sur-
face and allowed to adapt to the testing environment before 
the experimental procedure. After 30  min habituation 
period, the mechanical stimulus, a steel rod (2 mm) pushed 
with ascending force (0–30  g in 10  s), was delivered to 
the plantar surface of the hind paw of the mouse from 
below the floor of the test chamber by an automated test-
ing device. The cut-off was set to 30 g to avoid excessive 
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ascending force. When the mouse withdrew its hind paw, 
the mechanical stimulus was automatically stopped and 
the force was recorded to the nearest 0.1  g. Data were 
expressed as mechanical withdrawal threshold (MWT) in 
grams and measured for 2 h every 15 min.

Von Frey filaments

Mechanical allodynia was also measured with a series of 
calibrated nylon von Frey filaments (Stoelting, Wood Dale, 
IL, USA), ranging from 0.6 to 10  g. The animals were 
placed in plastic cages with a wire-mesh floor approxi-
mately 5–10 min before testing to allow behavioral accom-
modation. The von Frey filaments were applied in ascend-
ing order to the mid-plantar surface of the injured hind paw 
through the mesh floor. If the use of the filament three times 
did not induce a reaction, the next filament with higher 
pressure was used. The time interval before the application 
of the next filament was at least 5 s. Data were expressed as 
mechanical withdrawal threshold (MWT) in grams.

Motor coordination

Motor coordination was evaluated by Rota-rod (Ugo 
Basile, Varese, Italy). Mice were placed on a rotary cylin-
der and the latency time of equilibrium before falling was 
measured in seconds. The five sections for cylinder allow-
ing to screen five animals per each test. The platform below 
the cylinder was connected to a magnet thus recording the 
time of permanence on the cylinder. After a period of adap-
tation of 30 s, the spin speed gradually increased from 5 to 
40 rpm for the maximum time of 5 min. The time of perma-
nence of the mouse on the cylinder was expressed as dura-
tion in seconds.

Cognitive performance

Novel object recognition

Novel object recognition consisted in a period of habitu-
ation, an acquisition trial, and a test trial. During habitu-
ation mice were allowed to freely explore for 1  h the 
apparatus which consists of a rectangular open box 
(40 × 30 × 30 cm; width × length × height) made of grey 
polyvinyl chloride (PVC) illuminated by a dim light. Dur-
ing the acquisition trial each mouse was allowed to explore 
two identical objects positioned in the back left and right 
corners for 5  min. A camera recorded the time spent on 
exploration of each object. In the test trial, which was car-
ried out for 2 h after the acquisition, one of the two objects 
was replaced with a new different object. The time spent 
exploring the object was considered as the time the mouse 
spent with its nose directed to, and within 1 cm from, the 

object. The recognition index (R.I.) expressed as the per-
centage of the time the mouse spent exploring the novel 
object/(the time the mouse spent exploring the novel 
object +  the time the mouse spent exploring the familiar 
object) was recorded.

Y maze

The apparatus consisted of three enclosed arms 
(30 ×  5 ×  15  cm; length x width x height) converging 
on an equilateral triangular center (5 × 5 × 5 cm). At the 
beginning of each experimental session, each mouse was 
placed in the center platform and the number of sponta-
neous alternations (defined as number of successive tri-
plet entry into each of the three arms without any repeated 
entries) was monitored in a 5  min test session. The per-
centage of alternation was calculated as the percentage of 
the ratio of the number of alternations/(total number of 
arm entries − 2).

Depression‑like behavior

Tail suspension

Mice were individually suspended by the tail on a hori-
zontal bar (50  cm from floor) using adhesive tape placed 
approximately 4 cm from the tip of the tail. The duration 
of immobility was recorded in seconds over a period of 
6 min by a time recorder. Immobility time was defined as 
the absence of escape-oriented behavior.

Forced swimming test

Mice were placed in a large cylinder (30 cm × 45 cm) filled 
with water at a temperature of 27 °C, for a 6-min period. 
The duration of immobility was monitored during the 
last 4-min of the 6-min test and defined as the absence of 
escape-oriented behavior (mice were floating in the water 
without struggling and making only those movements nec-
essary to keep head above the water). Immediately after the 
trial mice were placed under a heating lamp to dry.

Anxiety‑like behaviour

Marble burying

Mice were individually placed in a plastic cage 
(21  ×  38  ×  14  cm; length  ×  width  ×  height) contain-
ing 5  cm layer of sawdust bedding and 15 glass marbles 
(1.5 cm in diameter) arranged in three rows. Mice were left 
undisturbed for 15 min under dim light. An observer blind 
to the treatment counted the time spent in digging behavior, 
the number of marbles buried (at least two-third buried in 
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the sawdust) and the number of digging events. At the end 
of the test the mouse was removed to its own cage.

Light–dark box

The light–dark box (600  ×  300  ×  300  mm; 
length  ×  width  ×  height) apparatus consisted into two 
equally sized compartments: the dark compartment (black 
perspex) was covered, whereas the light compartment 
(white perspex) was open and brightly lit from above 
(~150  lux). Access between compartments was allowed 
through a partition door (70 ×  70 mm). At the beginning 
of the session, mice were placed in the dark compartment 
and were free to explore for 10 min. The time spent in each 
compartment, transitions into each compartment, latency of 
first entry into the light compartment were recorded.

Three chamber sociability

This test allows to evaluate two distinct aspects of the 
social behaviour: the social affiliation (sociability) and the 
social recognition memory. A plexiglass three-chambered 
box was custom-built as follows: doorways in the two 
dividing walls had sliding covers to control access to the 
outer-side chambers. The test consisted of three consecu-
tive stages of 5, 10 and 10 min each. During the 5-min 
first stage of habituation the mouse was allowed to freely 
explore the three chambers of the apparatus, detecting at 
this stage any innate side preference. After that the mouse 
was gently encouraged into the central chamber and con-
fined there briefly by closing the side chamber doors. Dur-
ing the following 10-min stage sessions, a custom-made 
stainless-steel barred cup (6.5 × 15 cm) was placed upside 
down in one of the side chambers. A never-before-met 
intruder, previously habituated, was placed into an upside 
down identical cup in the other chamber. In the last session 
the subject encounters the first intruder as well as a second 
never-before-met intruder under another upside down cup 
in the “social novelty” session. The time spent sniffing each 
upside down cup, the time spent in each chamber, and the 
number of entries into each chamber were recorded. During 
the stages, the preference for sociability was defined as the 
time spent in the side chamber with the never-before-met-
intruder compared to the chamber with the empty upside 
down cup or the already met intruder. The time spent in 
each chamber, the number of transitions between the cham-
bers, the social interaction duration, the number of rearing 
and self-grooming were monitored.

In vivo microdialysis

Intracerebral in  vivo microdialysis was performed in 
awake and freely moving mice. Mice were anesthetized 

with pentobarbital (50  mg/kg, i.p.), and the concentric 
microdialysis probes were stereotaxically implanted in 
the prefrontal cortex (PFC, AP +1.42  mm, L 0.5, and V 
3  mm below the dura) according to the atlas of Franklin 
and Paxinos (1997). Microdialysis concentric probes were 
constructed as described by (Hutson et al. 1985) with 22G 
(0.4 mm I.D., 0.7 mm O.D.) stainless steel tubing: inlet and 
outlet cannulae (0.04  mm I.D., 0.14  mm O.D.) consisted 
of fused silica tubing (Scientific Glass Engineering, Mel-
bourne, Australia). The microdialysis probe had a tubu-
lar dialysis membrane (Enka AG, Wuppertal, Germany) 
0.8  mm in length. After a postoperative recovery period 
of approximately 24 h, dialysis probes were perfused with 
artificial cerebrospinal fluid (ACSF composition in mM: 
KCl, 2.5; NaCl, 125; MgCl2, 1.18; CaCl2, 1.26) (pH 7.2) 
at a rate of 1.0 μl/min using a Harvard Apparatus infusion 
pump (mod. 22). Following an initial 60 min equilibration 
period, five consecutive 30 min dialysate samples were col-
lected. On completion of experiments, mice were anaes-
thetised with pentobarbital and their brains perfused–fixed 
via the left cardiac ventricle with heparinised paraformal-
dehyde saline (4  %). Brains were dissected out and fixed 
in a 10  % formaldehyde solution for 2  days. Each brain 
was cut in 40 μm thick slices and observed under a light 
microscope to identify the probe locations. Dialysates were 
analyzed for d-Asp and l-glutamate (l-Glu) content using 
a high-performance liquid chromatography coupled with 
fluorimetric detection method. The system comprised two 
Gilson pumps (model no. 303), a C18 reverse-phase col-
umn, and a Gilson fluorimetric detector (model no. 121). 
Dialysates were precolumn derivatized with o-pthaldialde-
hyde-N-acetylcysteine (OPA-NAC) (10 μl dialysate + 5 μl 
OPA-NAC + 10 μl borate buffer 10 %). The mobile phase 
consisted of two components: (A) 0.2 M Na2HPO4, 0.2 M 
citric acid and 20 % methanol and (B) 90 % acetonitrile. 
Gradient composition was determined using an Apple 
microcomputer installed with Gilson gradient management 
software. Data were collected using a Dell Corporation 
PC system 310 interfaced to the detector via a Drew data-
collection unit. The mean dialysate concentration of amino 
acids in the five samples represents the basal release and 
the results were expressed as the mean ± SEM of the pmol 
in 10 µl of perfusate.

Western blotting

Medial prefrontal cortex contralateral to sciatic nerve liga-
tion or sham surgery was dissected out and synaptic pro-
tein expression was assessed by western blotting analysis. 
The tissue samples were lysed in Syn-PER Synaptic Pro-
tein Extraction Reagent (Thermoscientific, USA) (10  ml 
of Syn-PER Reagent per gram of tissue), for synaptosome 
isolation. The buffer used for lysis contained a phosphatase 
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and proteinase inhibitor mixture, Halt Protease Inhibitor 
Cocktail (Thermoscientific, USA), which was added imme-
diately before use to avoid proteins degradation. Homog-
enization was carried out by mean dounce tissue grinder 
on ice and homogenate was centrifuged at 1200×g for 
10  min at 4  °C. The pellet was removed and supernatant 
centrifuged at 15,000×g for 20 min at 4 °C. After remov-
ing supernatant, which contained cytosolic fraction, syn-
aptosome pellet was suspended by adding 1–2 ml of Syn-
PER Reagent per gram of sample. In each sample protein 
concentration was determined using Bradford (1976) assay 
and equal amounts of total proteins were loaded onto 10 % 
polyacrylamide gel for NR2A and NR2B, PSD-95, Shank1, 
and 15  % polyacrylamide gel for Homer 1a and Homer 
1b. Proteins were separated by SDS-PAGE and trans-
ferred to nitrocellulose blotting membranes (GE Health-
care, UK). Following blocking in buffer solution including 
5 % milk and 0.1 % Tween-20 in TBS (Tris HCl 25 mM, 
NaCl 137 mM), the membranes were immunoblotted with 
the following primary antibodies: NR2A (1:1000, Santa 
Cruz Biotechnology), NR2B (1:1000, Santa Cruz Biotech-
nology), Homer 1a (1:200; Santa Cruz Biotechnology), 
Homer 1b (1:1000, Santa Cruz Biotechnology), PSD-95 
(1:1000, Santa Cruz Biotechnology) and Shank1 (1:1000, 
Santa Cruz Biotechnology). Blots were then incubated in 
species-appropriate horseradish peroxidase-conjugated sec-
ondary antibodies (1:2000, Santa Cruz Biotechnology) and 
proteins visualized by ECL detection (LiteAblot extend, 
Euroclone) at molecular weight target. Band intensity was 
quantified on scanned filters by Quantity one analysis soft-
ware (Bio-Rad, USA). Background value was subtracted to 
minimize variability across membranes and each lane was 
normalized for the corresponding actin value for variation 
in loading and transfer.

Drugs

d-Asp was purchased from Sigma-Aldrich, Milan, Italy. 
d-Asp was delivered in drinking water at the concentra-
tion of 20 mM according to in vivo studies using the oral 
administration (Errico et al. 2008a, b, 2011a). These stud-
ies have shown that the dose of 20 mM of d-Asp is able to 
increase significantly the content of d-Asp in hippocam-
pus (Errico et  al. 2008a, 2011a), cortex, striatum and 
cerebellum (Errico et  al. 2008b). Amitriptyline was pur-
chased from Tocris Bioscience (Bristol, UK) and adminis-
tered intraperitoneally at the dose of 10 mg/kg once a day 
starting the day of surgery (day 0). The dose and adminis-
tration route of amitriptyline was chosen according to the 
literature (Benbouzid et al. 2008; Berrocoso et al. 2011). 
Water or d-Asp drinking solution were available ad  libi-
tum with all groups of mice consuming from 4 to 6  ml 
each 24 h.

Treatment

The vehicle or drug chronic treatment started the same 
day of sham or SNI surgery (day 0) and was performed for 
30  days. The SNI or sham mice receiving different treat-
ments were divided as follows:

1.	 Sham mice drinking water (n = 8–12).
2.	 Sham mice drinking d-Asp water solution (20  mM) 

(n = 8–12).
3.	 SNI mice drinking water (n = 8–12).
4.	 SNI mice drinking d-Asp water solution (20  mM) 

(n = 8–12).
5.	 Sham mice receiving amitriptyline (10  mg/kg, i.p.) 

(n = 8–12).
6.	 SNI mice receiving amitriptyline (10  mg/kg, i.p.) 

(n = 8–12).

For western blotting analysis and motor coordination 4 
or 19–24 mice per group, respectively, were used.

Data analysis and statistics

All data are given as mean ± SEM. Two-way ANOVA fol-
lowed by the Newman–Keuls post hoc test have been used 
to analyze statistical differences between the different 
groups of mice. ANOVA or Student’s t test has been used 
for total brain d-Asp quantification. Turkey’s post hoc test 
was used as post hoc test in western blot analysis. P < 0.05 
was considered as level of significance.

Results

Oral d‑Asp treatment increases brain d‑Asp level

We found that 1 month of d-Asp (20 mM) drinking solu-
tion, starting the same day of the SNI surgery (day 0) 
significantly increased the total brain content of d-Asp 
(F(3,32) =  11.69; p < 0.0001) in both SNI and sham mice 
compared with sham and SNI mice treated with water 
(Fig. 1; Table 1). 

d‑Asp drinking solution and amitriptyline alleviate 
mechanical allodynia in SNI mice

Dynamic plantar aesthesiometer

Sham mice did not show any change in MWT compared 
to naïve mice (data not shown). The 30 days d-Asp drink-
ing solution (20 mM) treatment did not change the MWT 
in sham mice. SNI mice drinking water showed a sig-
nificant decrease of the MWT in the ipsilateral hind paw 
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compared to the sham mice drinking water (F(3,32) = 24.57; 
p < 0.001). The 1-month d-Asp treatment reverted mechan-
ical allodynia as compared to the SNI mice receiving water 
for the same period (F(3,32) = 24.57; p < 0.001) (Fig. 2a).

Von Frey

d-Asp drinking solution (20 mM) treatment did not alter the 
MWT in sham mice. SNI mice drinking water showed a sig-
nificant reduction of the MWT in the ipsilateral hind paw 
compared to the sham mice drinking water (F(5,42) = 10.77; 
p < 0.001). The 1-month d-Asp treatment reverted mechani-
cal allodynia, compared to the SNI mice receiving water for 
the same period (F(5,42) =  10.77; p < 0.001) (Fig. 2b). The 
30 days amitriptyline treatment (10 mg/kg, i.p.) significantly 
reverted mechanical allodynia in SNI mice (F(5,42) = 10.77; 
p < 0.001) without changing the MWT in the shams (Fig. 2b).

d‑Asp drinking solution improves motor coordination 
in SNI mice

The effect of 1  month d-Asp drinking solution on motor 
coordination was evaluated using the Rota-rod apparatus. 
Sham mice did not show any change in motor activity as 
compared to naïve mice (not shown). d-Asp (20 mM) did 
not change the latency to fall down on the rotating rod in 
sham mice. The SNI mice drinking water showed a sig-
nificant decrease in the latency to fall down compared to 
the sham mice drinking water (F(3,87) = 11.26; p < 0.001). 
One month d-Asp drinking solution (20 mM) increased the 
duration of the time mice spent walking on the rotating rod 
(F(3,87) = 11.26; p < 0.01) (Fig. 2c).

d‑Asp drinking solution or amitriptyline ameliorate 
cognition in SNI mice

Y maze

d-Asp drinking solution treatment (20 mM) did not change 
the percentage of alternations in sham mice. SNI mice 
drinking water showed memory impairments, as indicated 
by a significant decrease in the percentage of alternations 
(F(5,42) = 6.83; p < 0.05) compared with sham mice drink-
ing water. In SNI mice, the percentage of alternation was 
significantly increased by a month d-Asp drinking solution 
treatment (F(5,42) =  6.83; p < 0.001) (Fig. 3a). Amitripty-
line treatment (10  mg/kg, i.p.) significantly increased the 
percentage of alternation in the SNI mice (F(5,42) =  6.83; 
p < 0.001) (Fig. 3a).

Fig. 1   Typical HPLC determination of d-Asp by the OPA-N-acetyl-
cysteine method. a HPLC separation of a standard mixture of amino 
acids (20 pmol each amino acid and 10 pmol of d-Asp) derivatized 
with OPA-NAC and fluorescence detection. Dashed line represents 

the HPLC gradient program. b Same sample as in a after treatment 
with DDO. The peak corresponding to d-Asp disappears because of 
oxidation by DDO. The arrow shows the elution of d-Asp

Table 1   Analysis of d-aspartate content

SNI and sham mice treated with d-Asp (20  mM) drinking solution 
show an increase of the brain concentration of the d-amino acid. Data 
are the mean ± SEM of 8–12 mice per group

* Significant difference vs. sham/water

° Significant difference vs. SNI/water. P < 0.05 has been considered 
as level of significance

Group Total brain (nmol/g)

Sham/water 255 ± 29

Sham/d-Asp 440 ± 45*

SNI/water 228 ± 33

SNI/d-Asp 466 ± 35°
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Novel object recognition

In the novel object recognition test sham mice did not 
show any change in recognition index compared to naïve 
mice (data not shown). One month d-Asp drinking solu-
tion treatment (20  mM) did not change the recognition 

index in sham mice. SNI mice drinking water showed 
a significant reduction in the recognition index as com-
pared to sham mice drinking water (F(5,42)  =  6.80; 
p  <  0.001). The 1  month d-Asp drinking solution sig-
nificantly increased the recognition index in the SNI 
mice (F(5,42) =  6.80; p  <  0.001) (Fig.  3b). Amitriptyline 

Fig. 2   Effects of d-Asp (20  mM) drinking solution on mechanical 
allodynia measured through dynamic plantar aesthesiometer (a), von 
Frey filaments (b) or motor coordination measured at the rotarod (c) 
30 days after SNI or sham surgery. The effect of d-Asp on mechanical 
allodynia measured by von Frey was compared to that one of ami-
triptyline. Mechanical withdrawal threshold was significantly lower 
in the ipsilateral hind paw of SNI mice drinking water (SNI/water) (a, 
b). Chronic treatment with d-Asp drinking solution increased MWT 
in SNI mice (a, b). Chronic treatment with amitriptyline (10 mg/kg, 
i.p.) increased MWT in SNI mice without changing it in the shams 

(b). Motor coordination, determined as duration before fall down in s, 
was impaired in SNI mice and improved by 30 days treatment with d-
Asp drinking solution (c). Each point represents the mean ± standard 
error of the mean (SEM) of the mechanical withdrawal threshold in 
grams or latency in s of 8–12 mice per group apart from motor coor-
dination experiments where groups of 19–24 mice were considered. 
Open circles or asterisks indicate significant differences compared to 
sham/water or SNI/water, respectively. P < 0.05 was considered sta-
tistically significant

Fig. 3   Effects of a month d-Asp (20 mM) drinking solution or ami-
triptyline (10  mg/kg, i.p.) on the percentage of alternation in the Y 
maze (a) or the recognition index in the novel object recognition task 
(b) in sham and SNI mice. Values are mean ± SEM of 8–12 animals 

per group. Open circles or asterisks indicate significant differences 
compared to sham/water or SNI/water, respectively. P  <  0.05 was 
considered statistically significant
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treatment (10 mg/kg, i.p.) significantly increased the rec-
ognition index in the SNI mice (F(5,42) = 6.80; p < 0.05) 
(Fig. 3b).

d‑Asp drinking solution does not ameliorate 
depression‑like behavior in SNI mice

Tail suspension

Sham mice did not show any change in the duration of 
immobility compared to naïve mice (not shown). The 
d-Asp drinking solution (20  mM) did not change the 
immobility time in sham mice. SNI mice drinking water 
showed a significant increase in the duration of immo-
bility 30 days post SNI (F(5,42) = 17.17; p < 0.001). The 
treatment with d-Asp (20  mM) drinking solution did 
not modify significantly the duration of the immobility 
in SNI mice (Fig.  4a). The treatment with amitriptyline 
(10  mg/kg, i.p.) significantly reduced the duration of 
the immobility in SNI mice (F(5,42) = 17.17; p < 0.001) 
(Fig. 4a).

Forced swimming

Sham mice did not show differences in the duration of 
immobility compared to naïve mice (not shown). The 
d-Asp drinking solution (20 mM) did not alter the dura-
tion of immobility time in sham mice. SNI mice drink-
ing water showed a significant increase in the duration of 
immobility 30 days post SNI (F(5,42) = 119.6; p < 0.001). 
The treatment with d-Asp (20 mM) drinking solution did 
not modify significantly the duration of the immobil-
ity in SNI mice (Fig.  4a). The treatment with amitripty-
line (10 mg/kg, i.p.) significantly reduced the duration of 
the immobility in SNI mice (F(5,42) =  119.6; p  <  0.001) 
(Fig. 4b).

d‑Asp drinking solution does not affect anxiety‑like 
behaviour in SNI mice

Light/dark box

Sham mice did not show any change in time spent in the 
illuminated compartment of the light dark box compared to 
naive animals (data not shown). Sham mice drinking d-Asp 
solution (20 mM) or treated with amitriptyline (10 mg/kg, 
i.p.) did not show any significant change in the time spent 
in the illuminated compartment of the light/dark box. SNI 
mice drinking d-Asp solution (20  mM) did not show any 
change in the time spent in the illuminated compartment of 
the light/dark box (Fig. 5a). SNI mice treated with amitrip-
tyline showed a significant increase in the time spent in the 
illuminated compartment of the light/dark box (p < 0.001) 
(Fig.  5a). Sham mice drinking d-Asp solution (20  mM) 
show a significant increase in the number of transitions in 
the two compartments (F(5,42) =  22.40; p  <  0.001) while 
amitriptyline (10  mg/kg, i.p.) caused the opposite effect 
(F(5,42) = 22.40; p < 0.05) compared to sham mice drinking 
water. The SNI mice drinking water showed a significant 
decrease in the number of transitions in the two compart-
ments (F(5,42) =  22.40; p  <  0.01) compared to the shams 
drinking water. The treatment with d-Asp (20 mM) did not 
show any significant change while amitriptyline increased 
significantly the number of transitions (F(5,42)  =  22.40; 
p < 0.001) in the SNI mice (Fig. 5b).

Murble burying

No difference in the number of marbles buried and digging 
events were observed in sham mice compared to naïve mice 
(data not shown). The d-Asp drinking solution (20  mM) 
did not change the number of marbles buried and digging 
events in sham mice. SNI mice drinking water showed an 

Fig. 4   Effects of a month d-Asp (20 mM) drinking solution or ami-
triptyline (10  mg/kg, i.p.) on the duration of immobility in the tail 
suspension (a) or in the forced swimming (b) tests in sham and SNI 
mice. Values are mean ± SEM of 8–12 animals per group. Open cir-

cles or asterisks indicate significant differences compared to sham/
water or SNI/water, respectively. P < 0.05 was considered statistically 
significant
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increase in the number of digging events (F(3,44) =  6.46; 
p  <  0.01) (Fig.  5c) and marbles buried (F(3,44)  =  26.83; 
p < 0.001) (Fig. 5d) and a decrease of latency time to dig 
(not shown) compared to sham mice drinking water. The d-
Asp drinking solution (20 mM) did not change the number 
of digging events and marbles buried in the SNI group of 
mice (Fig. 5c, d).

d‑Asp drinking solution rescues the social interaction 
and social recognition in SNI mice

In the three-chamber paradigm sham mice did not show any 
change in social affiliation and the social recognition mem-
ory compared to naïve mice (data not shown). The 1 month 
d-Asp drinking solution (20 mM) did not change the social 
affiliation and the social recognition in sham mice (not 
shown). SNI mice drinking water for a month showed a 
significant impairment in sociability and social recogni-
tion memory compared to the sham mice (F(5,42) = 35.22 
and F(5,42) = 17.34, respectively with p < 0.001 for both) 
(Fig. 6c, d). The 1 month d-Asp drinking solution (20 mM) 
produced a normalization of social affiliation and social 
memory behavior (F(5,42)  =  35.22 and F(5,42)  =  17.34, 
respectively with p < 0.0001 for both) (Fig. 6c, d).

d‑Asp affects amino acids release in the mPFC of SNI 
mice

The d-Asp and l-Glu content in the mPFC of sham and SNI 
mice drinking d-Asp solution or treated with amitriptyline 
(10  mg/kg, i.p.) was measured by in  vivo microdialysis 

associated with HPLC. A significant increase of d-Asp 
was observed in sham mice drinking d-Asp (20 mM) solu-
tion whereas sham mice treated with amitriptyline (10 mg/
kg, i.p.) did not show changes in d-Asp level (Fig.  7a). 
SNI mice drinking water showed a significant increase 
in d-Asp content compared to sham mice drinking water. 
The increase of extracellular d-Asp in the SNI mice was 
significantly reverted by d-Asp (20  mM) drinking solu-
tion (F(5,48) = 3.74; p < 0.05) though not by amitriptyline 
(10 mg/kg, i.p.). Level of l-Glu was significantly reduced 
in sham mice drinking d-Asp (F(5,48) = 5.98; p < 0.05) or 
treated with amitriptyline (F(5,48) =  5.98; p  <  0.05) or in 
SNI mice drinking water (F(5,48) =  5.98; p  <  0.05). The 
decrease of l-Glu level in SNI mice was not modified after 
d-Asp (20 mM) drinking solution or amitriptyline (10 mg/
kg, i.p.) (Fig. 7b).

d‑Asp drinking solution restores postsynaptic protein 
expression in SNI mice

Western blotting was carried on mPFC synaptosome frac-
tions obtained from sham or SNI mice after 1 month water, 
d-Asp drinking solution or amitriptyline (10  mg/kg, i.p.). 
SNI of the sciatic nerve induced a significant increase in 
Homer 1a (F(4,15) =  28.26; p  <  0.05) (Fig.  8) and NR2B 
subunit of NMDA receptor (Fig. 9) (F(4.12) = 6.39; p < 0.05) 
as compared with sham mice drinking water. No changes 
in the Shank1 and PSD-95 protein levels were observed in 
SNI mice drinking water as compared to sham mice drink-
ing water (Fig.  8). One month d-Asp (20  mM) drinking 
solution completely reverted the Homer 1a (F(4,15) = 28.26; 

Fig. 5   Effects of a month d-
Asp (20 mM) drinking solution 
or amitriptyline (10 mg/kg, i.p.) 
on the time spent in the light 
box (a), and the number of tran-
sitions (b) in the light-dark box, 
or the number of digging events 
(c) and the number of marbles 
buried (d) in the marble burying 
in sham and SNI mice. Values 
are mean ± SEM of 8–12 
animals per group. Open circles 
or asterisks indicate significant 
difference compared to sham/
water or SNI/water, respec-
tively. P < 0.05 was considered 
statistically significant
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p  <  0.05) and NR2B subunit (F(4.12)  =  6.39; p  <  0.05) 
increase in the SNI group of mice (Fig.  7). Moreover, 
1  month d-Asp drinking solution (20  mM) significantly 
decreased Shank1 (F(4.15) = 11.12; p < 0.05) and PSD-95 
(F(4.15) =  107.3; p  <  0.05) protein levels as compared to 
SNI mice drinking water (Fig. 9). One month amitriptyline 
treatment (10  mg/kg, i.p.) increased significantly Homer 
1a, Homer 1b, Shank1 and PSD-95 protein levels in the 
SNI group of mice (Fig. 9). 

Discussion

The SNI of the sciatic nerve reproduces the multiple symp-
toms related to neuropathic pain in rodents, ranging from 
mechanical allodynia and thermal hyperalgesia to affective 

and cognitive impairments mimicking human experience 
(Neugebauer et  al. 2009). Indeed in our study the SNI of 
the sciatic nerve apart from mechanical allodynia drove to 
anxiety- and depression-like behavior, cognitive impair-
ment and social isolation in mice.

Altered glutamate transmission is found in chronic pain 
conditions (al-Ghoul et al. 1993; Hudson et al. 2002) and 
psychiatric disorders (Campbell and MacQueen 2006; 
Konarski et al. 2008; Koolschijn et al. 2009; Coyle 2012). 
The NMDA receptor plays a major role in pain sensitiza-
tion (Woolf and Salter 2000), schizophrenia (Coyle et  al. 
2003), depression (Duman 2014) and cognition (Kull-
mann et  al. 2000). d-Asp has been suggested to orthos-
terically activate NMDA receptor (Fagg and Matus 1984; 
Monahan and Michel 1987; Shibata et  al. 2011) and be 
the endogenous precursor of NMDA produced by means 

Fig. 6   Effects of 1 month water 
or d-Asp drinking solution on 
the social interaction paradigm 
in sham and SNI mice. a, b 
The time of permanence of the 
different groups of mice in each 
chamber in the first and second 
session, respectively. c The 
total social interaction time and 
d social recognition memory. 
Values are mean ± SEM of 
8–12 animals per group. Open 
circles indicates significant 
difference compared to sham/
water. P < 0.05 was considered 
statistically significant

Fig. 7   Effects of a month d-Asp (20 mM) drinking solution or ami-
triptyline (10 mg/kg, i.p.) on the d-Asp (a) or glutamate (b) extracel-
lular concentration in the mPFC of sham or SNI mice. a, b The pmol 
in 10 μl of microdialysis perfusate. Values are mean ± SEM of 8–12 

animals per group. Open circles or asterisks indicate significant dif-
ference compared to sham/water or SNI/water, respectively. P < 0.05 
was considered statistically significant
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of a d-aspartate methyl transferase (NMDA-synthetase) in 
the rat nervous tissue (D’Aniello et al. 2000a, b). The first 
finding of this study was that 1-month treatment with d-
Asp drinking solution causes a twofold increases of d-Asp 
level in the brain in both sham and SNI mice according to 
Errico et  al. (2011a) and alleviated mechanical allodynia 
in SNI mice. These findings suggest that d-Asp may revert 
mechanical allodynia by stimulating NMDA receptors at 
supraspinal level. Indeed, NMDA receptor activation in the 
medial prefrontal cortex (mPFC), has proven to inhibit pain 
(Millecamps et  al. 2007). mPFC is one of the main brain 
region implicated in the neural network involved in the 
affective/cognitive consequences of chronic pain (Apkarian 

et al. 2005). Conversely, at spinal level high amount of d-
Asp leads to increased evoked activity of nociceptive spe-
cific neurons and a decrease of mechanical and thermal 
pain thresholds (Boccella et al. 2015). Microdialysis stud-
ies found increased extracellular levels of d-Asp in the 
mPFC of SNI mice, and a decrease of extracellular gluta-
mate. Intriguingly the d-Asp treatment was able to increase 
the level of d-Asp in mPFC in sham mice while normal-
izing d-Asp concentration to levels similar to the controls 
in SNI mice. The increased levels of d-Asp in neuropathic 
pain condition which happens concurrently to a glutamate 
decrease in the mPFC is consistent with the finding of 
Guida et  al. (2015). Therefore an opposite modulation of 

Fig. 8   Effects of a month d-
Asp (20 mM) drinking solution 
or amitriptyline (10 mg/kg, 
i.p.) on the expression levels 
of Homer 1A (a), Homer 1B 
(b), Shank1 (c) or PSD-95 (d) 
normalized to β-actin in the 
mPFC of sham or SNI mice. 
Values are mean ± SEM of four 
animals per group. Open circles 
or asterisks indicate significant 
difference compared to sham/
water or SNI/water, respec-
tively. P < 0.05 was considered 
statistically significant
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Fig. 9   Effects of a month 
d-Asp (20 mM) drinking solu-
tion on the expression levels 
of NMDA receptor subunits 
NR2A (a) or NR2B (b) normal-
ized to β-actin in the mPFC of 
sham or SNI mice. Values are 
mean ± SEM of four animals 
per group. Open circles or 
asterisks indicates significant 
difference compared to sham/
water or SNI/water, respec-
tively. P < 0.05 was considered 
statistically significant
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d-Asp and glutamate may occur in the SNI mice as conse-
quence of abnormal glutamate transmission following long 
lasting SNI, which in turn may drive changes in the NMDA 
receptor and PSD proteins expression (see afterwards). 
Moreover, the effect of d-Asp drinking solution on the d-
Asp levels in the SNI mice in the mPFC appears different 
from that on total brain, where the d-Asp content was sig-
nificantly increased. The d-Asp drinking solution may thus 
cause changes in d-Asp level which apart from being site-
specific may depend on the physiological/pathological pre-
existing condition. Indeed in this study the treatment with 
d-Asp drinking solution normalized the d-Asp content in 
the mPFC in neuropathic pain condition. Even if a further 
increase of d-Asp content in mPFC in SNI mice treated 
with d-Asp drinking solution was expected it may be that 
compensatory mechanisms occur for preventing that high 
levels of d-Asp by increasing NMDA receptor-mediated 
currents (Krashia et  al. 2015) and changing PSD proteins 
(Krashia et al. 2015 and this study) may switch to excite-
toxicity (Fan et  al. 2014). Indeed, d-Asp oral treatment 
reverted the sensory and cognitive symptoms in the SNI 
mice. Even if thermal hyperalgesia develops in the SNI 
model of neuropathic pain (Decosterd and Woolf 2000) 
in the current study mechanical allodynia was considered 
as the only evoked sensory symptom since it is the most 
troublesome with suffering often persisting after cessation 
of stimulation and highly affecting quality of life (Gottrup 
et al. 2003).

The effect of d-Asp on mechanical allodynia was com-
pared and it has proven to be similar to that of amitripty-
line, a first line antidepressant used against neuropathic 
pain (Sindrup et  al. 2005). Amitriptyline relieves neuro-
pathic pain by inhibiting presynaptic reuptake of serotonin 
and noradrenalin enhancing monoamine role as endog-
enous inhibitors of the pain gate at the dorsal horn of the 
spinal cord level. Other plausible analgesic mechanisms 
of amitriptyline are: (1) opioid receptor stimulation (Hall 
and Ogren 1981), (2) NMDA receptor blockade (McCas-
lin et al. 1992; Watanabe et al. 1993; Eisenach and Gebhart 
1995), (3) blockade of sodium (Ishii and Sumi 1992; Def-
fois et al. 1996; Pancrazio et al. 1998) or (4) calcium chan-
nels (Lavoie et al. 1990; Shimizu et al. 1992). Apart from 
relieving mechanical allodynia, both d-Asp and amitripty-
line restored cognitive performance in the SNI mice show-
ing cognitive deficit. This outcome is in line with studies 
demonstrating that increased d-Asp level in the hippocam-
pus was able to enhance NMDA receptor-dependent LTP 
(Errico et  al. 2008a, 2011a, b), the cellular mechanism at 
the base of learning and memory (Bliss and Collingridge 
1993). The effect of amitriptyline in improving cognition 
has been already described and will be not discussed here 
(Orsetti et  al. 2007; Hu et  al. 2010). The 1  month d-Asp 
drinking solution normalized also the social affiliation 

and sociability, which were deeply disrupted in SNI mice. 
Asociality (i.e., withdrawal from social contact) has been 
demonstrated to be associated with NMDA receptor hypo-
function (Coyle 2012; Errico et  al. 2014) and down-regu-
lation of d-Asp binding subunit of NMDA receptor (Errico 
et al. 2014). Thus the d-Asp drinking solution by activating 
NMDA receptors may have counteracted the development 
of NMDA hypo-function. In our study the affective behav-
ior such as anxiety and depression were unaffected after 
the oral d-Asp treatment. A large body of evidence is now 
showing that the NMDA receptor blockade on GABAergic 
interneurons and the following dis-inhibition of glutamate 
outflow is the molecular mechanism possibly responsible 
of the rapid and potent antidepressant effect of ketamine 
(Paul and Skolnick 2003; Skolnick et  al. 2009; Sanacora 
et al. 2012; Pilc et al. 2013; Duman 2014). The increased 
glutamate outflow may in turn stimulate synaptogenesis 
via mammalian target of rapamycin (mTOR) signaling and 
brain derived neurotrophic factor (BDNF) release (Duman 
2014). Further investigations examining the role of d-Asp 
oral treatment on brain BDNF or mTOR signaling in hip-
pocampus or prefrontal cortex, together with ultra-struc-
tural studies showing synaptogenesis, would be useful to 
elucidate the lack of anxiolytic/antidepressant action of 
d-Asp oral treatment. As expected, amitriptyline, which 
among other thing block NMDA receptor such as keta-
mine (Reynolds and Miller 1988; Cai and McCaslin 1992; 
McCaslin et al. 1992; Watanabe et al. 1993), was effective 
in ameliorating anxiety and depression-like behavior.

In SNI mice was detected an increased expression of 
Homer 1a, the inducible Homer isoform acting as domi-
nant negative on Homer 1 constitutive forms and therefore 
disrupting the anatomical and functional network between 
glutamatergic receptors, PSD scaffolding proteins and 
intracellular effectors (de Bartolomeis et al. 2014). NR2B 
subunit of NMDA receptor was also increased in SNI group 
of mice. NR2B-containing receptors, compared with other 
NMDA receptor subtypes, appears to contribute preferen-
tially to pathological processes linked to over-excitation 
of glutamate transmission. Shank1 and PSD-95, postsyn-
aptic proteins involved in signal transduction and psychi-
atric disorders (Helyes et  al. 2003) were not modified in 
SNI mice. The 1  month d-Asp drinking solution normal-
ized the expression levels of Homer 1a and NR2B subunit 
of NMDA receptors. It is worthy of note that compounds 
able to antagonize NR2B subunit selectively are effective 
in relieving neuropathic pain sensory symptoms in line 
with the analgesic effect of d-Asp chronic treatment (Wu 
and Zhuo 2009). d-Asp treatment decreased Shank1 and 
PSD-95 protein levels whereas no changes were detected 
for Homer 1b expression in the SNI mice. Previous studies 
have indeed demonstrated that altered glutamate transmis-
sion and synaptic maladaptive changes in the postsynaptic 
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density at this level may contribute to central sensitization 
associated with neuropathic pain and consequent neuro-
logical/psychiatric disorders (Wei et al. 2001; Neugebauer 
et al. 2009; Jernigan et al. 2011; Giordano et al. 2012; Nith-
ianantharajah and Hannan 2013; Hung et al. 2014; Iasevoli 
et  al. 2014; Guida et  al. 2015). Accordingly, the effect of 
d-Asp in reducing NR2B subunit of the NMDA receptor, 
Homer 1a, Shank1 and PSD-95 expression may be inter-
preted as a correction of “hyperglutamatergic state” occur-
ring in pathological neural conditions such as neuropathic 
pain (Herrero et  al. 2000) suggesting that restoring of 
glutamate postsynaptic signaling, which is altered in SNI 
mice, may drive to a relief of sensorial, cognitive and social 
impairments as observed in the SNI group of mice. Chronic 
treatment with amitriptyline also changed the expression 
level of PSD proteins which occurred concurrently to its 
effectiveness in ameliorating neuropathic pain symptoms 
from sensorial to affective/cognitive ones. In this case, 
however, an increase of Homer 1a, Homer 1b, Shank1 and 
PSD-95 was observed. The observed discrepancy among 
the effect of amytriptyline and d-Asp treatment on PSD 
protein expression level is in line with the opposite action 
of the two drugs on NMDA receptor: antagonist or ago-
nist activity, respectively. This result is consistent also with 
an agonist-induced down-regulation of NR2B subunit of 
NMDA receptor as it was found in the current study. While 
it is hard to explain the difference of efficacy of amitrip-
tyline or d-Asp in the depression/anxiety behavioural test 
and on PSD protein levels this study suggests that targeting 
altered glutamate neurotransmission may ameliorate abnor-
mal sensory, motor, cognitive and social behavior associ-
ated with neuropathic pain.

Conclusions

In conclusion 1  month exposure to d-Asp alleviates 
mechanical allodynia and cognitive impairments in SNI 
mice, whose pain reaction and learning behavior were 
proved to be highly compromised. d-Asp consumption 
did not alter the affective responses, as amitriptyline did, 
but was able to counteract the social isolation. These data 
highlights the perspective to targeting endogenous d-Asp/
NMDA synthesis and metabolism leading to altered gluta-
mate transmission for the treatment of chronic pain and its 
related cognitive and affective disorders.
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