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D-Aspartate (D-Asp) is a free D-amino acid found in the mammalian brain with a temporal-dependent concentration based on
the postnatal expression of its metabolizing enzyme D-aspartate oxidase (DDO). D-Asp acts as an agonist on NMDA receptors
(NMDARs). Accordingly, high levels of D-Asp in knockout mice for Ddo gene (Ddo−/−) or in mice treated with D-Asp increase
NMDAR-dependent processes. We have here evaluated in Ddo−/− mice the effect of high levels of free D-Asp on the long-term
plastic changes along the nociceptive pathway occurring in chronic and acute pain condition. We found thatDdo−/− mice show an
increased evoked activity of the nociceptive specific (NS) neurons of the dorsal horn of the spinal cord (L4–L6) and a significant
decrease of mechanical and thermal thresholds, as compared to control mice. Moreover, Ddo gene deletion exacerbated the
nocifensive responses in the formalin test and slightly reduced pain thresholds in neuropathic mice up to 7 days after chronic
constriction injury. These findings suggest that the NMDAR agonist, D-Asp, may play a role in the regulation of NS neuron
electrophysiological activity and behavioral responses in physiological and pathological pain conditions.

1. Introduction

D-Aspartate (D-Asp) is abundantly found in the brain
during embryonic and perinatal periods, while it strongly
decreases during adulthood [1–3]. D-Asp is selectivelymetab-
olized by D-aspartate oxidase (DDO), the only enzyme that
degrades bicarboxylic D-amino acids, including N-methyl-
D-aspartate (NMDA) [4]. DDO is widely expressed in the
adult brain, since its activity strongly increases frompostnatal

phase until 6 weeks of life [5]. In mammals, D-Asp plays
a role in glutamatergic neurotransmission acting as an agonist
on NMDA receptors (NMDARs) through the binding to
each of the GluN2 subunits [6–9]. Accordingly, in vitro
electrophysiological studies have demonstrated that D-Asp is
able to induce inward currents in CA1 pyramidal neurons in
an NMDAR-dependent manner [8]. Genetically engineered
animal models with a deletion of the Ddo gene (𝐷𝑑𝑜−/−),
showing nonphysiological high levels of D-Asp, have been
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generated to gain insight into the physiological role of this
D-amino acid and of its catabolic enzyme [10]. The levels of
D-Asp were up to 10–20-fold higher in the brain of 𝐷𝑑𝑜−/−
mice, as compared to the wild type littermates [11]. In line
with its pharmacological features, we have demonstrated that
excessive levels of D-Asp in the brain, in both 𝐷𝑑𝑜−/− mice
and mice chronically treated with D-Asp, are associated with
an enhanced NMDAR-dependent long term potentiation
(LTP) in the hippocampus and a loss of the long term
depression (LTD) in the striatum [6–9, 12]. Windup is the
LTP analogous mechanism at spinal cord dorsal horn level,
leading to central sensitization at the base of chronic pain
development and establishment [13, 14]. Similar to LTP,
windup relies onNMDAR activation-dependentmechanism.
Indeed, intrathecal injection of NMDA yields exaggerated
behavioral responses to thermal and low intensitymechanical
stimuli [15] while the peripheral administration of MK801, a
noncompetitive NMDAR antagonist, reduces the excitability
of spinal cord neurons under chronic pain conditions and
inhibits formalin-induced inflammatory pain [16].

In the present study,𝐷𝑑𝑜−/−micewere used to investigate
the consequences of high D-Asp levels on pain responses
and nociceptive specific (NS) neuron activity in chronic pain
by analyzing (i) thermal and mechanical thresholds in naı̈ve
mice, (ii) the evoked activity of the nociceptive specific (NS)
neurons of the dorsal horn of the spinal cord (L4–L6), (iii)
mechanical allodynia in amodel of neuropathic pain induced
by the chronic constriction injury (CCI) of the sciatic nerve,
and, finally, (iv) the nocifensive responses in the formalin test.

2. Methods

2.1. Animals. Knockout mice for the Ddo gene were gen-
erated as described previously [10]. Adult male and female
wild type (𝐷𝑑𝑜+/+) and knockout (𝐷𝑑𝑜−/−) 90-day-old mice,
derived from mating of heterozygous (𝐷𝑑𝑜+/−) mice and
back-crossed to the F5 generation to C57BL/6J strain, were
used. Animals were housed in standard transparent plastic
cages, in groups of 4, lined with sawdust under a standard
12/12-h light/dark cycle (07:00AM/07:00 PM), with food and
water available ad libitum. Testing was performed blind
to treatment group to which each subject belonged. All
procedures were in strict accordancewith the ItalianNational
law (DL116/92, application of the European Communities
Council Directive 86/609/EEC) on care and handling of
the animals and with the guidelines of the Committee for
Research and Ethical Issues of IASP.

2.2. Surgery. 𝐷𝑑𝑜−/− and wild type mice underwent the
chronic constriction injury (CCI) of the sciatic nerve accord-
ing to Bennett and Xie [17] for inducing neuropathic pain
(day 0). Briefly, animals were anaesthetized with sodium
pentobarbital (50mg/kg, i.p.), the right sciatic nerve was
exposed through a 1 cm longitudinal skin incision, and three
ligatures were loosely tied around the nerve just proximal to
the trifurcation. The wound was then closed with 4-0 silk
suture. In the following, the injured right hind paw will be
named as ipsilateral paw and the uninjured left hind paw will

be named as contralateral paw. Control𝐷𝑑𝑜−/− and wild type
mice underwent a sham surgery with exposure of the sciatic
nerve without ligature.

2.3. Extracellular Recordings of Nociceptive Neurons. For in
vivo single unit extracellular recording, experimental groups
consisted of 6–8micewhich included at least 3/4male and 3/4
female subjects with more than one neuron recorded in each
mouse. The single extracellular recordings were performed 7
days after surgery in𝐷𝑑𝑜−/− and𝐷𝑑𝑜+/+ female ormalemice.

On the day of electrophysiological recording experiments
(day 7), mice were initially anesthetized with sodium pento-
barbital (50mg/kg i.p.). After tracheal cannulation, a catheter
was placed into the right external jugular vein to allow con-
tinuous infusion of propofol (5–10mg/kg/h, i.v.). Spinal cord
segments L4–L6were exposedmedially by laminectomy, near
the dorsal root entry zone, up to a depth of 1 mm [18]. An
elliptical rubber ring (about 3 × 5mm) was tightly sealed
with silicone gel onto the surface of the cord. This ring
formed a trough with about 50 𝜇L capacity over the spinal
segments used for topical spinal drug application. It also
provided access to the spinal neurons that receive input from
the ipsilateral paw, where the mechanical stimulation was
applied. Animals were then secured in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA, USA) supported by
clamps attached to the vertebral processes on either side of
the exposure site. The exposed area of the spinal cord was
initially framed by agar and then filled with mineral oil. Body
temperature was maintained at 37∘C with a temperature-
controlled heating pad [19, 20]. A glass-insulated tungsten
filament electrode (3–5MΩ; FHC Frederick Haer & Co., ME,
USA) was used to record single unit extracellular activity of
dorsal horn NS neurons. NS neurons were defined as those
neurons that respond only to high-intensity (noxious) stimu-
lation [19]. To confirmNS response patterns, each neuronwas
characterized while applying a mechanical stimulation to the
ipsilateral hind paw using a von Frey filament with 97.8mN
bending force (noxious stimulation) for 2 s until it buckled
slightly [21]. Only neurons that responded specifically to
the noxious hind paw stimulation, without responding to
stimulation of the surrounding tissue, were included in sham
and neuropathic mice recordings. The recorded signals were
amplified and displayed on a digital storage oscilloscope to
ensure that the unit under studywas unambiguously discrim-
inated throughout the experiment. Signals were also fed into
a window discriminator, whose output was processed by an
interface CED 1401 (Cambridge Electronic Design Ltd., UK)
connected to a Pentium III PC. Spike2 software (CED, version
4) was used to create peristimulus rate histograms online
and to store and analyze digital records of single unit activity
offline. Configuration, shape, and height of the recorded
action potentials were monitored and recorded continuously
using a window discriminator and Spike2 software for online
and offline analysis. This study only included neurons whose
spike configuration remained constant and could be clearly
discriminated from activity in the background throughout
the experiment, indicating that the activity from one neuron
only and from the same neuron was measured. The neuronal
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activity was expressed as spikes/sec (Hz). At the end of the
experiment, each animal was killed with a lethal dose of
urethane.

2.4. Behavioral Testing. Mechanical withdrawal threshold
was tested by using a Dynamic Plantar Aesthesiometer
(Ugo Basile, Model 37400), an apparatus that generates a
mechanical force linearly increasing with time. The force is
applied to the plantar surface of the mice hind paw, and
the nociceptive threshold is defined as the force, in grams,
at which the mouse withdraws its paw [22]. Neuropathic
wild type and 𝐷𝑑𝑜−/− mice were tested for the sensitivity
of both ipsilateral and contralateral hind paws to normally
nonnoxious punctuate mechanical stimuli, at different time
intervals from postoperative day 3 to day 31 and reported
in Figure 4. At each testing day, the ipsi- and contralateral
withdrawal forces were taken as mean of three consecutive
measurements per paw with 10 s interval between each
measurement. Experimental data are expressed as mean ±
S.E.M.

Thermal withdrawal thresholdwasmeasured by exposing
the plantar surface of both hind paws to an infrared heat
stimulus delivered through an automatic device (Plantar test,
Ugo Basile, Comerio, Italy). This apparatus basically consists
of a movable infrared generator placed below a glass pane
uponwhich animal is placed. After an acclimation period, the
infrared source placed under the glass floor was positioned
directly beneath the hind paw and trial began. When the
animal felt pain and withdrew its paw, the infrared source
switched off and the reaction time counter stopped [23].
The withdrawal latency to the nearest 0.1 s was automatically
determined. To avoid damage of hind paw skin tissue, a cut-
off time of 15 s was imposed. Thermal withdrawal latency of
both hind paws was recorded as the mean of the three trials
(s) for three consecutive trialswith at least 10 seconds between
each trial and was plotted.

Formalin test was used to evaluate the response to
inflammatory pain [24]. Formalin solution (20𝜇L of 5% in
saline) was subcutaneously (s.c.) injected into the dorsal
surface of the right hind paw of mice using a microsyringe
equipped with a 26-gauge needle. Mice were then put back
into the chamber and the observation period started. The
nocifensive responses, that is, the total amount of time the
animal spent licking the injected paw, were taken as index
of pain and measured in sec. Nocifensive responses were
recorded continuously for 40 minutes and calculated in
blocks of consecutive 5min periods.

2.5. Data Analysis. For electrophysiology experiments 2-way
ANOVA for repeated measures followed by Bonferroni post
hoc test for multiple comparisons has been used to analyse
statistical differences between the different groups of mice.
Data derived from male and female mice were analyzed
separately.

Concerning behavioral experiments data were expressed
as mean ± standard error of the mean (S.E.M). Statistical
analysis was carried out by using Student’s t-test to analyse
mechanical and thermal nociceptive threshold or two-way

ANOVA for repeated measures and one-way ANOVA to
evaluate mechanical allodynia and formalin-induced inflam-
matory pain. Data derived from male and female mice were
analyzed separately as well as the two phases of formalin test
considered.

3. Results

3.1. Effect of the Ddo Gene Ablation on NS Neuron Activity
of Female Mice in Control and Neuropathic Pain Conditions.
The results are based on NS neurons (two cells recorded
from each animal) at a depth of 0.7–1mm from the surface
of the spinal cord. This cell population was characterized
by a mean rate of spontaneous firing of 0.015 ± 0.002Hz.
Thus, only cells showing this pattern of basal firing were
chosen for the recordings. The electrophysiological studies
have measured the onset of excitation (the time from the
application of the stimulus artefact to the first evoked spike
exceeding the average baseline value + 2 standard deviations),
the frequency of the evoked excitatory responses, and the
duration of excitation (the period in ms of the increased
firing activity which exceeds the average baseline value + 2
standard deviations). The effect of Ddo gene deletion on NS
neuron activity was firstly considered in female 𝐷𝑑𝑜+/+ and
𝐷𝑑𝑜
−/− mice. No change in the spontaneous firing activity

of NS neurons has been found in the sham wild type mice
(0.08± 0.001 spikes/s) (Figure 1) with respect to the näıve (not
shown). In contrast, the deletion of the Ddo gene caused a
significant decrease in the onset of the evoked activity and
an increase in the duration and the frequency of the evoked
activity (237 ± 18ms, F

(3,10)

= 21.02; 12 ± 0.66 s, F
(3,10)

= 56.56;
and 24.18 ± 2.11 Hz, F

(3,10)

= 31, resp.; 𝑃 < 0.05, 𝑛 = 6) in
sham 𝐷𝑑𝑜−/− mice as compared to the sham wild type ones
(Figure 1).

We observed an overall NS neuron hyperexcitability in
CCI as compared with sham in wild type mice. In particular,
we found a significant reduction in the onset and an increase
in the frequency and in the duration of the evoked activity 7
days after CCI (202 ± 25.36ms, F

(3,10)

= 24.83; 27.8 ± 2.39Hz,
F
(3,10)

= 42.10; and 38.5 ± 6.6 s, F
(3,10)

= 25.69, resp.; 𝑃 < 0.05,
𝑛 = 6), as compared to the sham (410 ± 33.16ms, 11 ± 1 Hz, 4.8
± 0.8 s, resp.; 𝑛 = 8) in wild type mice. Surprisingly, the CCI
caused a significant increase in the onset and a reduction in
the frequency and duration of the evoked activity (350 ± 20
ms, F
(3,10)

= 17.64; 14.0 ± 1.28Hz, F
(3,10)

= 25.95; and 8.3 ± 1 s,
F
(3,10)

= 20.47, resp.; 𝑃 < 0.05, 𝑛 = 7) of NS neurons with
respect to the shams in 𝐷𝑑𝑜−/− mice (Figures 1(e), 1(f), and
1(g)). Representative ratemeter records show the activity of a
single NS neuron in sham (Figures 1(a) and 1(b)) and in CCI
(Figures 1(c) and 1(d)) wild type and𝐷𝑑𝑜−/−mice.

3.2. Effect of the Ddo Gene Ablation on NS Neuron Activity of
Male Mice in Control and Neuropathic Pain Conditions. No
change in the spontaneous firing activity of NS neurons has
been found in sham wild type male mice (368 ± 28.2ms, 10.7
± 0.44Hz, 3.7 ± 0.48 s, resp.; 𝑛 = 7) (Figure 2) with respect
to the näıve (not shown). Instead, we found a significant
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Figure 1: Representative ratemeters showing the responses of a single spinal NS neuron to a mechanical noxious stimulation (von Frey
filaments 97.8mN/2 sec) in𝐷𝑑𝑜+/+ (a and c) and𝐷𝑑𝑜−/− (b and d) female mice 7 days after sham (a and b) or CCI (c and d) surgery.The lower
panels show the evoked activity (e), the duration (f), and the onset (g) of the evoked activity induced by the noxious stimulation inNS neurons
in sham andCCI𝐷𝑑𝑜+/+ or𝐷𝑑𝑜−/− femalemice. Small black arrows (a–d) indicate the noxious stimulation onmouse hind paw and grey scale
bar indicates 5min interval in ratemeter. Each point represents the mean ± S.E.M of 6–8 neurons of different groups of mice. P values < 0.05
were considered statistically significant (two-way ANOVA followed by Bonferroni posttest, for comparisons between groups). ∗indicates
significant differences versus sham/𝐷𝑑𝑜+/+, #significant differences versus sham/𝐷𝑑𝑜−/−, and ∘significant differences versus CCI/𝐷𝑑𝑜+/+.
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Figure 2: Representative ratemeters showing the responses of a single spinal NS neuron to a mechanical noxious stimulation (von Frey
filaments 97.8mN/2 sec) in𝐷𝑑𝑜+/+ (a and c) and𝐷𝑑𝑜−/− (b and d) male mice 7 days after sham (a and b) or CCI (c and d) surgery.The lower
panels show the evoked activity (e), the duration (f), and the onset (g) of the evoked activity induced by the noxious stimulation inNS neurons
in sham and CCI 𝐷𝑑𝑜+/+ or 𝐷𝑑𝑜−/− male mice. Small black arrows indicate the noxious stimulation on mouse hind paw and grey scale bar
indicates 5min intervals for ratemeter. Each point represents the mean ± S.E.M of 6–8 neurons of different groups of mice. P values < 0.05
were considered statistically significant (two-way ANOVA followed by Bonferroni posttest, for comparisons between groups). ∗indicates
significant differences versus Sham/𝐷𝑑𝑜+/+, #significant differences versus sham/𝐷𝑑𝑜−/−, and ∘significant differences versus CCI/𝐷𝑑𝑜+/+.

decrease in the onset and an increase in the duration and
the frequency of the evoked activity of NS neurons in sham
𝐷𝑑𝑜
−/−mice (76± 8.3ms, F

(3,10)

= 98.33; 10.6± 0.84 s, F
(3,10)

=
91.5; and 18.4 ± 0.63Hz, F

(3,10)

= 50.87, resp.; 𝑃 < 0.05, 𝑛 = 6)
(Figure 2).

The CCI caused a significant reduction in the onset and
an increase in the frequency and in the duration of the evoked
activity in wild type mice (264 ± 28ms, F

(3,10)

= 150.99; 23 ±
0.9Hz; F

(3,10)

= 150 and 15.06± 1.23 s, F
(3,10)

= 73.25, resp.;𝑃 <
0.05, 𝑛 = 8) as compared to the sham group (368 ± 28.2ms,
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Figure 3: Mechanical (a and b) and thermal (c and d) nociceptive thresholds in female (C, a and c) andmale (D, b and d)𝐷𝑑𝑜+/+ and𝐷𝑑𝑜−/−
naive mice. Number of mice for experimental groups: 𝑛 = 21 (C𝐷𝑑𝑜+/+), 𝑛 = 18 (D𝐷𝑑𝑜+/+), 𝑛 = 23 (C𝐷𝑑𝑜−/−), and 𝑛 = 15 (D𝐷𝑑𝑜−/−).
∗

𝑃 < 0.05.

10.7 ± 0.44Hz, 3.7 ± 0.48 s, resp., 𝑛 = 6). Male 𝐷𝑑𝑜−/− mice,
7 days after CCI, showed a significant increase in the onset of
the evoked activity of NS neurons (264 ± 28ms, F

(3,10)

= 44.7,
𝑃 < 0.05, 𝑛 = 6) as compared to sham.A significant reduction
in the duration of the evoked activity (9 ± 1 s, F

(3,10)

=
14.33, 𝑃 < 0.05, 𝑛 = 6) was also observed 7 days after CCI
in 𝐷𝑑𝑜−/− male mice. No significant changes were instead
observed in the frequency of the evoked activity in 𝐷𝑑𝑜−/−
male mice 7 days after the CCI (Figure 2). Representative
ratemeter records show the activity of single NS neuron in
wild type and𝐷𝑑𝑜−/−malemice 7 days after the sham or CCI
surgery (Figures 2(a), 2(b), 2(c), and 2(d)).

3.3. Effect of the Ddo Gene Ablation on Mechanical With-
drawal Threshold and Thermal Withdrawal Latency. First,

we have investigated whether wild type mice differ in the
nociceptive mechanical and thermal threshold depending on
sex. A significant difference was observed for the behavioral
response to mechanical stimulus in the aesthesiometer test,
with females having a lower threshold in comparison with
males (t value: −3.542; 𝑃 < 0.01), while no differences were
detected for the thermal stimulus (t value: −1.161; 𝑃 = 0.253).
With regard to the deletion of the Ddo gene, we observed a
higher sensitivity to both mechanical and thermal stimuli in
male𝐷𝑑𝑜−/− naivemice (t value:−2.982;𝑃 < 0.05 and t value:
−2.728; 𝑃 < 0.01, resp.) in comparison with male wild type
naive animals (Figures 3(b) and 3(d)). On the contrary, the
mechanical and thermal thresholds in female 𝐷𝑑𝑜−/− naive
mice did not differ (t value: −1.560; 𝑃 = 0.126 and t value:
−0.297; 𝑃 = 0.767, resp.) from those observed in female
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Figure 4: Time course ofmechanical withdrawal thresholds (expressed as applied force in grams) of the ipsilateral hind paws after the chronic
constriction injury (CCI) of the sciatic nerve in female (a) and male (b)𝐷𝑑𝑜+/+ and𝐷𝑑𝑜−/− mice. Number of mice for experimental groups:
𝑛 = 10 (C𝐷𝑑𝑜+/+), 𝑛 = 11 (C𝐷𝑑𝑜−/−), 𝑛 = 13 (D𝐷𝑑𝑜+/+), and 𝑛 = 10 (D𝐷𝑑𝑜−/−). ∗𝑃 < 0.05.

control naive mice (Figures 3(a) and 2(c)), suggesting that
high D-Asp-mediated nociceptive response may be linked to
sex-related factors.

3.4. Neuropathic Pain. The unilateral ligature of the sciatic
nerve, performed in CCI model of neuropathic pain, induces
mechanical allodynia in the hind paw ipsilaterally to the
ligature. The time course of the mechanical withdrawal
thresholds of both ipsilateral and contralateral hind paws,
in 𝐷𝑑𝑜+/+ and 𝐷𝑑𝑜−/− mice, has been measured for 31
days and reported in Figure 4. In all experimental groups
the mechanical withdrawal thresholds decreased after CCI
by about 50% in the ipsilateral, compared to contralateral
hind paw. Animals withdrew their ipsilateral paw after very
low stimuli (4-5 g and 5-6 g for females and males, resp.),
which did not evoke reaction in contralateral paw; for this
reason we considered only the response of the ipsilateral hind
paw to measure mechanical allodynia. In mutant animals
we observed a slight decrease in mechanical withdrawal
threshold, even if two-way ANOVA for repeated measures
showed a significant main effect for time (F

(7,133)

= 4,735;
𝑃 < 0.01 and F

(7,147)

= 2,491; 𝑃 < 0.01 for females and males,
resp.) but not for genotype (F

(1,133)

= 1,644; 𝑃 = 0.215 and
F
(1,147)

= 1,362; 𝑃 = 0.256 for females and males, resp.) or for
time 𝑥 genotype interaction (F

(7,133)

= 1,932; 𝑃 = 0.06 and
F
(7,147)

= 1,332; 𝑃 = 0.238 for females andmales, resp.). When
a comparison between 𝐷𝑑𝑜−/− and𝐷𝑑𝑜+/+ mice was carried
out day by day, a significant difference (𝑃 < 0.05) was found
at day 3 and at day 21 after CCI in male mice. Indeed,𝐷𝑑𝑜−/−
animals showed a further decrease in mechanical allodynia
induced by the sciatic nerve ligation, in comparisonwith wild
type animals.

3.5. Inflammatory Pain. To study behavioral response to
inflammatory pain, we carried out the formalin test. Subcuta-
neous injection of formalin into the dorsal surface of the hind
paw elicits a well-known biphasic behavioral response, as pre-
viously reported [25]. Figure 5 shows the cumulative licking
time induced by formalin test during phase 1 (0–10min) and
phase 2 (10–40min) induced by formalin. Our data indicate
that, in both genders, the nocifensive responses observed
during the second phase were significantly higher in 𝐷𝑑𝑜−/−
mice, when compared to wild type littermates (F

(1,18)

=
6,590; 𝑃 < 0.01 and F

(1,18)

= 5,985; 𝑃 < 0.05 for females and
males, resp.). Conversely, no differences between genotypes
were observed in the nocifensive responses recorded during
the first phase, independently of the sex (F

(1,18)

= 0,006; 𝑃 =
0.938 and F

(1,18)

= 0,010; 𝑃 = 0.9206 for females and males,
resp.).

4. Discussion

In the present work, we found that higher D-Asp levels in
𝐷𝑑𝑜
−/− mice reduce nociceptive threshold in physiological

and chronic pain conditions. In addition, we demonstrated,
by in vivo single unit electrophysiological recordings, that
Ddo gene ablation consistently affects the spinal NS neuron
activity in both sham and neuropathic male and female
animals. Furthermore, we reported that both 𝐷𝑑𝑜−/− female
andmalemutants show increased evoked activity of spinalNS
neurons, as compared to wild type animals, thus suggesting
that increased D-Asp levels play a role in the transmission of
noxious signals in the spinal cord in physiological condition.
This hyperexcitability of NS neurons in the dorsal horn of the
spinal cord was also associated with a significant reduction in
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Figure 5: Cumulative time of the nocifensive response during phase 1 (0–10min) and phase 2 (10–40min) (b and d) in female (a and b) and
male (c and d)𝐷𝑑𝑜+/+ and𝐷𝑑𝑜−/− mice. Number of mice for experimental groups: 𝑛 = 10 (C𝐷𝑑𝑜+/+), 𝑛 = 10 (C𝐷𝑑𝑜−/−), 𝑛 = 10 (D𝐷𝑑𝑜+/+),
and 𝑛 = 10 (D𝐷𝑑𝑜−/−). ∗∗𝑃 < 0.01.

both mechanical and thermalnociceptive thresholds in male
𝐷𝑑𝑜
−/− mice, as compared to wild type. Interestingly, the

hyperexcitability of NS neurons in the dorsal horn of the
spinal cord was not associated with reduced thermal and
mechanical thresholds in female𝐷𝑑𝑜−/− mice, highlighting a
sex-dependent effect for this response. Overall, these findings
indicate that high free D-Asp levels in mutant mice mediate
an altered electrophysiological response and behavioral pain
perception in basal conditions.

The molecular targets on which D-Asp could act are not
fully known. However, NMDAR has been proposed to be
involved in D-Asp-mediated central effects [26–28]. Accord-
ingly, we have previously demonstrated that increased D-Asp
levels enhance the NMDAR-dependent LTP in hippocampal
slices [6–8]. Events comparable to LTP into the spinal
cord have been proposed as cellular mechanisms leading to
pain amplification in chronic pain conditions. Hyperalgesia
and tactile allodynia are the main behavioral dysfunctions
related to central sensitization associated with chronic pain
[29, 30]. Consistently, NMDARs play a crucial role in the
central sensitization at spinal cord dorsal horn level and
NMDAR blockers have been suggested as pharmacological
tools able to attenuate neuropathic pain [31, 32]. In particular,
Pendersen and Gjerstad have previously shown that spinal
administration of GluN2B antagonist is able to normalize the
abnormal neuronal activity and attenuate the magnitude of
spinal cord LTP, following peripheral nerve injury [33].

Here we have examined the effect of D-Asp on the
spinal neuronal evoked activity in Ddo knockout mice in

pathological pain condition induced by chronic constriction
injury. Whilst neuropathy condition did not change or
slightly reduced the nociceptive threshold in mutants, in
comparison with wild type mice, paradoxically it strongly
normalized the neuronal oversensitization found in naı̈ve
𝐷𝑑𝑜
−/− mice. Indeed, in mutant mice the decrease in the

onset and the increase in frequency and duration of the
evoked activity to mechanical noxious stimuli of NS neurons
found in sham were consistently reduced in CCI animals.
Although this observation remains to be clarified at molec-
ular level, we hypothesize the existence of NMDARs desen-
sitization processes in mutant spinal cord under neuropathy
state. In this respect, desensitization of macroscopic currents
in the presence of saturating concentrations of glutamate
and glycine agonists has been previously described [34]
and defined as glycine-independent or glycine-insensitive.
Therefore, we speculate that CCI could trigger a dramatic
increase in spinal glutamate release that, combined with the
high levels of D-Asp,may induce desensitization ofNMDARs
in𝐷𝑑𝑜−/− mice.

Desensitization of NMDARs in spinal cord of mutant
mice could explain also behavioural data showing that
neuropathic pain in 𝐷𝑑𝑜−/− was almost unaltered compared
to wild type mice except at day 3 and day 21.

Furthermore, in this study we have also examined
the nocifensive behavior induced by peripheral formalin
injection. The local injection of formalin into the hind
paw of rodents represents a model for inducing persistent
inflammatory pain, which generates a nociceptive biphasic
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response, oedema, and inflammation [35]. While no differ-
ence was observed in the early formalin phase, which is
caused by direct activation of nociceptive sensory afferents,
we found a significant increase of the late phase, which
is due to the release of inflammatory mediators and also
associated with central sensitization [36, 37]. The important
role of D-Asp in the inflammatory component of formalin
pain was put in evidence by the worsening of nocifensive
response in terms of time spent in licking the injected paw
in 𝐷𝑑𝑜−/− mice, as compared with wild type animals. In the
formalin pain model, the nocifensive response appears to
be associated with altered spinal neuronal activity [36, 38]
and thus the exacerbation of the nocifensive responses in
𝐷𝑑𝑜
−/− mice, which express NS neurons hyperactivity, and

appears consistent. The disparity observed between sexes
may reflect hormonal and genetic factors together with a
different modulatory influence of the immune system [39,
40]. However, further studies are needed to explain the
differences in pain perception betweenmales and females and
thus investigate a possible relation betweenDdo gene deletion
and gender in pain mechanisms.

5. Conclusions

Our study using 𝐷𝑑𝑜−/− mice provides evidence that high
levels of D-Asp affect electrophysiological and behavioral
responses in physiological, inflammatory, and neuropathic
pain conditions. We found an increased evoked activity of
the NS neurons and a significant decrease of mechanical and
thermal thresholds in𝐷𝑑𝑜−/− mice, as compared to controls.
Ddo gene deletion exacerbated the nocifensive responses in
the formalin test and slightly reduced pain thresholds in neu-
ropathicmice.However, the spinal neuronal hyperexcitability
caused by the Ddo gene deletion was no more observed 7
days after the sciatic nerve lesion. In conclusion, based on the
agonistic role of D-Asp on NMDARs, the 𝐷𝑑𝑜−/− mice may
offer a substantial tool to further investigate the NMDAR-
mediated mechanisms involved in neuropathic pain.
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[8] F. Errico, R. Nisticò, G. Palma et al., “Increased levels of d-
aspartate in the hippocampus enhance LTP but do not facilitate
cognitive flexibility,” Molecular and Cellular Neuroscience, vol.
37, no. 2, pp. 236–246, 2008.

[9] F. Errico, S. Rossi, F. Napolitano et al., “D-aspartate pre-
vents corticostriatal long-term depression and attenuates
schizophrenia-like symptoms induced by amphetamine and
MK-801,” Journal of Neuroscience, vol. 28, no. 41, pp. 10404–
10414, 2008.

[10] F. Errico, M. T. Pirro, A. Affuso et al., “A physiological mecha-
nism to regulate d-aspartic acid and NMDA levels in mammals
revealed by d-aspartate oxidase deficient mice,” Gene, vol. 374,
no. 1-2, pp. 50–57, 2006.

[11] F. Errico, F. Napolitano, R. Nisticò, andA.Usiello, “New insights
on the role of free D-aspartate in the mammalian brain,”Amino
Acids, vol. 43, no. 5, pp. 1861–1871, 2012.

[12] F. Errico, A. Bonito-Oliva, V. Bagetta et al., “Higher free
d-aspartate and N-methyl-d-aspartate levels prevent striatal
depotentiation and anticipate l-DOPA-induced dyskinesia,”
Experimental Neurology, vol. 232, no. 2, pp. 240–250, 2011.

[13] S. Pockett, “Spinal cord synaptic plasticity and chronic pain,”
Anesthesia and Analgesia, vol. 80, no. 1, pp. 173–179, 1995.

[14] J. Sandkühler, “Learning and memory in pain pathways,” Pain,
vol. 88, no. 2, pp. 113–118, 2000.

[15] A. H. Dickenson, V. Chapman, and G. M. Green, “The pharma-
cology of excitatory and inhibitory amino acid-mediated events
in the transmission and modulation of pain in the spinal cord,”
General Pharmacology, vol. 28, no. 5, pp. 633–638, 1997.

[16] T. Ushida, T. Tani, M. Kawasaki, O. Iwatsu, and H. Yamamoto,
“Peripheral administration of an N-methyl-D-aspartate re-
ceptor antagonist (MK-801) changes dorsal horn neuronal
responses in rats,” Neuroscience Letters, vol. 260, no. 2, pp. 89–
92, 1999.

[17] G. J. Bennett and Y. K. Xie, “A peripheral mononeuropathy in
rat that produces disorders of pain sensation like those seen in
man,” Pain, vol. 33, no. 1, pp. 87–107, 1988.

[18] B. C. Hains and S. G. Waxman, “Activated microglia contribute
to the maintenance of chronic pain after spinal cord injury,”
Journal of Neuroscience, vol. 26, no. 16, pp. 4308–4317, 2006.



10 BioMed Research International

[19] S. McGaraughty, K. L. Chu, R. J. Perner, S. DiDomenico, M.
E. Kort, and P. R. Kym, “TRPA1 modulation of spontaneous
and mechanically evoked firing of spinal neurons in uninjured,
osteoarthritic, and inflamed rats,”Molecular Pain, vol. 6, article
14, 2010.

[20] A. Telleria-Diaz,M. Schmidt, S. Kreusch et al., “Spinal antinoci-
ceptive effects of cyclooxygenase inhibition during inflamma-
tion: involvement of prostaglandins and endocannabinoids,”
Pain, vol. 148, no. 1, pp. 26–35, 2010.

[21] D. A. Simone, S. G. Khasabov, and D. T. Hamamoto, “Changes
in response properties of nociceptive dorsal horn neurons in a
murine model of cancer pain,” Sheng Li Xue Bao, vol. 60, no. 5,
pp. 635–644, 2008.

[22] S. Marinelli, V. Vacca, R. Ricordy et al., “The analgesic effect
on neuropathic pain of retrogradely transported botulinum
neurotoxin A involves Schwann cells and astrocytes,” PLoS
ONE, vol. 7, no. 10, Article ID e47977, 2012.

[23] V. Vacca, S. Marinelli, S. Luvisetto, and F. Pavone, “Botulinum
toxin A increases analgesic effects of morphine, counters devel-
opment of morphine tolerance and modulates glia activation
and 𝜇 opioid receptor expression in neuropathic mice,” Brain,
Behavior, and Immunity, vol. 32, pp. 40–50, 2013.

[24] F. Pavone, S. Luvisetto, S. Marinelli et al., “The Rac GTPase-
activating bacterial protein toxin CNF1 induces analgesia up-
regulating 𝜇-opioid receptors,” Pain, vol. 145, no. 1-2, pp. 219–
229, 2009.

[25] A. Tjølsen, O.-G. Berge, S. Hunskaar, J. H. Rosland, andK.Hole,
“The formalin test: an evaluation of the method,” Pain, vol. 51,
no. 1, pp. 5–17, 1992.

[26] G. E. Fagg and A. Matus, “Selective association of N-methyl
aspartate and quisqualate types of L-glutamate receptor with
brain postsynaptic densities,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 81, no.
21, pp. 6876–6880, 1984.

[27] J. B. Monahan and J. Michel, “Identification and character-
ization of an N-methyl-D-aspartate-specific L-[3H]glutamate
recognition site in synaptic plasma membranes,” Journal of
Neurochemistry, vol. 48, no. 6, pp. 1699–1708, 1987.

[28] H. J. Olverman, A. W. Jones, K. N. Mewett, and J. C. Watkins,
“Structure/activity relations of N-methyl-d-aspartate receptor
ligands as studied by their inhibition of [3H]d2-amino-5-
phosphonopentanoic acid binding in rat brain membranes,”
Neuroscience, vol. 26, no. 1, pp. 17–31, 1988.

[29] M. Costigan, J. Scholz, and C. J. Woolf, “Neuropathic pain: a
maladaptive response of the nervous system to damage,”Annual
Review of Neuroscience, vol. 32, pp. 1–32, 2009.

[30] J. Sandkühler, “Models and mechanisms of hyperalgesia and
allodynia,” Physiological Reviews, vol. 89, no. 2, pp. 707–758,
2009.

[31] S. Collins, M. J. Sigtermans, A. Dahan, W. W. A. Zuurmond,
and R. S. G. M. Perez, “NMDA receptor antagonists for the
treatment of neuropathic pain,” PainMedicine, vol. 11, no. 11, pp.
1726–1742, 2010.

[32] D. J. Hewitt, “The use of NMDA-receptor antagonists in the
treatment of chronic pain,” Clinical Journal of Pain, vol. 16, no.
2 supplement, pp. S73–S79, 2000.

[33] L. M. Pedersen and J. Gjerstad, “Spinal cord long-term poten-
tiation is attenuated by the NMDA-2B receptor antagonist Ro
25-6981,” Acta Physiologica, vol. 192, no. 3, pp. 421–427, 2008.

[34] R. Nahum-Levy, D. Lipinski, S. Shavit, and M. Benveniste,
“Desensitization of NMDA receptor channels is modulated by

glutamate agonists,” Biophysical Journal, vol. 80, no. 5, pp. 2152–
2166, 2001.

[35] C. A. Porro and M. Cavazzuti, “Spatial and temporal aspects
of spinal cord and brainstem activation in the formalin pain
model,” Progress in Neurobiology, vol. 41, no. 5, pp. 565–607,
1993.

[36] D. Dubuisson and S. G. Dennis, “The formalin test: a quantita-
tive study of the analgesic effects of morphine, meperidine, and
brain stem stimulation in rats and cats,” Pain, vol. 4, no. 2, pp.
161–174, 1977.

[37] F. Guida, L. Luongo, G. Aviello et al., “Salvinorin A reduces
mechanical allodynia and spinal neuronal hyperexcitability
induced by peripheral formalin injection,” Molecular Pain, vol.
8, article 60, 2012.

[38] R. Cadet, L. Aigouy, and A. Woda, “Enhanced nociceptive
behaviour following conditioning injection of formalin in the
perioral area of the rat,” Brain Research, vol. 676, no. 1, pp. 189–
195, 1995.

[39] A. M. Aloisi and G. Sorda, “Relationship of female sex hor-
mones with pain perception: focus on estrogens,” PainManage-
ment, vol. 1, no. 3, pp. 229–38, 2011.

[40] V. Vacca, S. Marinelli, L. Pieroni, A. Urbani, S. Luvisetto, and F.
Pavone, “Higher pain perception and lack of recovery fromneu-
ropathic pain in females: a behavioural, immunohistochemical,
and proteomic investigation on sex-related differences in mice,”
Pain, vol. 155, no. 2, pp. 388–402, 2014.


