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The 2-amino-4-(3-hydroxy-5-methylisoxazol-4-yl)-butyric acid, homo-AMPA, an analog of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and 2-aminoadipic acid, has shown no activity towards ionotropic and
metabotropic glutamate 1, 2, 3, 4, 5, and 7 receptors (mGluR1-7), agonist activity at mGluR6 while the activity at
mGluR8 was never investigated. The effect of homo-AMPA on pain control has been never investigated. In this
study we evaluated the effect of intra-ventrolateral periaqueductal grey (VL PAG) microinjections of homo-
AMPA on pain responses and the activity of pain-responding neurons of the rostral ventromedial medulla
(RVM), the “pronociceptive” ON cells, and the “antinociceptive” OFF cells. The study was performed in control
and diabetic neuropathic mice. Homo-AMPA decreased mechanical allodynia in diabetic neuropathic mice.
Homo-AMPA increased also the latency to tail-flick, decreased the ongoing activity, the pain stimulus-evoked
burst of firing, and the duration of the burst of the ON cells in both, control and neuropathic mice. Homo-
AMPA also increased the ongoing activity, decreased and delayed the pause of the OFF cells in control mice.
Unlike the retina, we did not find the transcript and protein for mGluR6 in the VL PAG. Alpha-methyl-serine-O-
phosphate, a group III mGluRs antagonist, blocked the anti-allodynic effect of homo-AMPA. Considering the
absence of both, mGIuR6 in VL-PAG and homo-AMPA activity at mGluR4 and mGIuR?7 at the dose used, mGluR8
could be the target on which homo-AMPA produces the observed effects. The target of homo-AMPA capable of
evoking analgesia at a very low dose and in conditions of diabetic neuropathy deserves further consideration.

1. Introduction potent agonist at mGluR6 with activity only 4 fold weaker than (S)-Glu
(Brauner-Osborne et al., 1996, 2000; Ahmadian et al., 1997; Schoepp
et al., 1999). It is also noteworthy that although homo-AMPA exhibits

high homology towards a-amino-3-hydroxy-5-methyl-4-isoxazolep

The 2-amino-4-(3-hydroxy-5-methylisoxazol-4-yD-butyric  acid,
homo-AMPA, was developed as an analog of 2-aminoadipic acid, a

glutamate homolog with a backbone extension, with the replacement of
the distal carboxylic acid group with the bioisostere 3-hydroxyisoxazole.
The 2-aminoadipic acid shows increased selectivity towards metabo-
tropic glutamate receptors (mGluRs)(Brauner-Osborne et al., 1996), the
replacement of distal carboxylic acid with 3-hydroxyisoxazole of the
homo-AMPA further restricts the selectivity towards mGIuR6.
Homo-AMPA proved to be inactive at ionotropic glutamate receptors
(iGluRs) and mGluR1, 2, 3,4, and 7 showing to be a selective and rather

ropionic acid (AMPA) it has no activity at AMPA receptors while its
activity at mGluR8 has never been reported. Homo-AMPA is the main
tool for the pharmacological characterization of mGluR6. Compared to
the other mGluRs of the III group mGluR6 shows a high sensitivity to
glutamate, slow desensitization (Nakajima et al., 1993), and a restricted
localization in the retina where it mediates the response to light/dark on
the bipolar ON cells (Nawy and Jahr, 1990; Morgans et al., 2009; Koike
et al., 2010). The expression of mGluR6 was also found on microglia
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(Faden et al., 1997; Taylor et al., 2003), bone marrow stromal cells
(Foreman et al., 2005), prostate cancer cells (Pissimissis et al., 2009),
melanocytes (Devi et al., 2013), keratinocytes (Zheng et al., 2016),
lymphocytes B (Vardi et al., 2011), and on peripheral tissues such as
corneal endothelium, testis (Marciniak et al., 2016), kidney, conjunc-
tiva, eyelid, and lymph nodes (B lymphocytes) (Vardi et al., 2011). Much
more controversial is the demonstration of the presence of the mGluR6
in the CNS and in particular it has been found in the hypothalamus
(Ghosh et al., 1997), nodose ganglia, the nucleus of the solitary tract
(Hoang and Hay, 2001; Young et al., 2008), hippocampus (Dammann
et al., 2018), cortical areas, superior colliculus, axons of the corpus
callosum, accessory olfactory bulb, and the non-neuronal cells of the
subcommissural organ (Vardi et al., 2011; Palazzo et al., 2020). These
data indicating a wider expression of mGluR6 are in agreement with the
finding that the administration of the homo-AMPA in the hippocampus
produced an anxiolytic-like effect in the conflict drinking test in rats
(Patucha et al., 2004). The effect of homo-AMPA on pain control has
never been investigated. Periaqueductal grey (PAG) is the main area of
the pain descending pathway which through projections to the rostral
ventromedial medulla (RVM) inhibits the ascending nociceptive trans-
mission at the level of the dorsal horn of the spinal cord (Fields and
Basbaum, 1999; Fields et al., 2005; Heinricher et al., 2009). In the RVM
pain-responding neurons are found: the ON and OFF cells, which are
activated and inhibited by pain stimuli, respectively (Fields et al., 1991),
offering an electrophysiological method for evaluating/predicting the
analgesic (or pain facilitating) effect of a drug. We have thus aimed in
the current study at profiling the effects of intra-PAG administration of
homo-AMPA on the pain threshold and the activity of ON and OFF
neurons of the RVM. Since group III mGluRs proved to be particularly
effective in modulating pain under pathological conditions (Boccella
et al., 2020; Marabese et al., 2018; Palazzo et al., 2008, 2011, 2013,
2015; Rossi et al., 2014) we have chosen to conduct the study in control
and diabetic neuropathic mice.

2. Methods
2.1. Animals

Male C57BL/6J mice (Envigo, Italy) weighing 22-25 g were housed
three per cage under controlled illumination (12 h light/dark cycle; light
on 6:00 a.m.) and standard environmental conditions (ambient tem-
perature 20-22 °C, humidity 55-60%) for at least 1 week before the
commencement of experiments. Mice chow and tap water were avail-
able ad libitum. The experimental procedures were approved by the
Animal Ethics Committee of the University of Campania “L. Vanvitelli”
of Naples. Animal care complied with Italian (D.L. 116/92) and Euro-
pean Commission (O.J. of E.C. L358/1 18/12/86) regulations on the
protection of laboratory animals. All efforts were made to reduce both
animal numbers and suffering during the experiments.

2.2. Induction of diabetes

Diabetes was induced by two injections, in two consecutive days, of
streptozotocin (STZ, 90 mg/kg, i.p.) (Chem Cruz Biochemicals) freshly
dissolved in sterile 0.9% saline accordingly to the method described by
Jolivalt et al. (2017). The development of diabetes was confirmed by
measuring the glucose concentration 5 days after the second STZ in-
jection (day 0). Glucose levels in blood obtained from the tail vein were
assayed using ACCU-CHEK test strips (Roche Diagnostics Corporation,
Indianapolis, IN, USA). Only mice with high levels of blood glucose
(>250 mg/dL) were included in the diabetic groups. Age-matched
vehicle- (0.9% NaCl, saline) injected mice were used as controls. Dia-
betic mice showed mechanical allodynia, as shown by an increased
sensitivity to von Frey filaments (Jolivalt et al., 2017). Only diabetic
mice with evident mechanical allodynia tested by Von Frey were
included in the study. Electrophysiological and behavioral experiments
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were performed 21 days after the second injection of STZ or vehicle (day
0). Each group of mice was used for 1 treatment and 1 test only. Ex-
perimenters were blind to the treatments in each experiment.

2.3. Mechanical allodynia

Mechanical allodynia was measured by a series of calibrated von
Frey filaments (Stoelting, Wood Dale, IL, USA), ranging from 0.02 to 2
gr. Diabetic neuropathic mice were placed in plastic cages with a wire-
mesh floor approximately 1 h before testing to allow behavioral ac-
commodation. The von Frey filaments were applied in ascending order
to the mid-plantar surface of the hind paw through the mesh floor. If the
use of the filament three times did not induce a reaction, the next fila-
ment with higher pressure was used. The time interval before the
application of each filament was at least 5 s. Data were expressed as
mean + S.E.M. of the mechanical withdrawal threshold (MWT) in
grams.

2.4. Surgical preparation for intra-PAG microinjections

Control and diabetic mice were anesthetized with pentobarbital (50
mg/kg, i.p.), and a 26-gauge, 8 mm-long stainless steel guide cannula
was stereotaxically lowered until its tip was 1.0 mm above the VL PAG
(AP: —4.7 mm and L: 0.5 mm from bregma, V: 1.78 mm below the dura)
(Paxinos and Franklin, 1997). The cannula was anchored with dental
cement to a stainless steel screw in the skull. We used a David Kopf
stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) with
the animal positioned on a homeothermic temperature control blanket
(Harvard Apparatus Limited, Edenbridge, Kent). Intra-VL PAG admin-
istration was conducted with a stainless steel cannula connected by a
polyethylene tube to an SGE 1-pl syringe, inserted through the guide
cannula, and extended 1.0 mm beyond the tip of the guide cannula to
reach the VL PAG. Vehicle (0.05% DMSO in ACSF), homo-AMPA (6
nmol) or homo-AMPA (6 nmol) in combination with
alpha-methyl-serine-O-phosphate (MSOP, 25 nmol), a group III mGluRs
antagonist (Thomas et al., 1996), were injected in a volume of 0.2 pl into
the VL PAG for 60 s and the injection cannula gently removed 2 min
later.

2.5. Tail-flick

The day after the guide cannula implantation, anesthesia was
induced with pentobarbital (50 mg/kg, i.p.) and maintained with a
continuous infusion of propofol (5-10 mg/kg/h, i.v.). A thermal stim-
ulus was elicited by a radiant heat source of a tail-flick unit (Ugo Basile,
Varese, Italy), focused on the mouse tail approximately 1 cm from the
tip. The intensity of the radiant heat source was adjusted to 50 mW
(corresponding to 50 mJ per sec) at the beginning of each experiment to
elicit a constant tail-flick latency. Tail-flicks were elicited and tail-flick
latencies were recorded every 5 min for at least 15 min before and 75
min after the drug or vehicle microinjection into the VL PAG. To prevent
tissue damage, the cut-off time was set at 25 s.

2.6. Single-unit extracellular recordings in the RVM

Single unit extracellular recordings have been carried out in the RVM
while microinjecting homo-AMPA or vehicle into the VL PAG in control
and diabetic mice. We implanted the cannula in the ventrolateral sub-
region of the PAG because output neurons from the VL PAG project
directly to RVM (Sandkiihler and Gebhart, 1984; Moreau and Fields,
1986). A glass-insulated tungsten filament electrode (3-5 MW) (FHC
Frederick Haer& Co., ME, USA) was lowered into the RVM using the
stereotaxic coordinates (AP: —6.48 mm and L: 0.3-0.5 mm from bregma,
and V: 4.5-6.0 mm below the dura) from the atlas of Paxinos and
Franklin (1997). Pain-responding neurons were identified by the char-
acteristic OFF cell pause and ON cell burst of activity evoked by the
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noxious stimulus. In particular, neurons showing an abrupt acceleration
of firing activity were identified as ON cells and neurons showing an
abrupt cessation of firing activity just before the pain-evoked noci-
fensive reaction as OFF cells. Neurons showing no change in activity just
before the nocifensive reaction were identified as neutral cells (Fields
et al., 1983) and were not recorded in the current study. The recorded
signals were amplified and displayed on both, analog and a digital
storage oscilloscope to ensure that the unit under study was unambig-
uously discriminated throughout the experiment. Signals were sampled
by a CED 1401 interface (Cambridge Electronic Design Ltd., UK) and
analyzed by Spike2 window software (CED, version 4) to create peri-
stimulus rate histograms online and to store and analyze digital records
of single-unit activity offline. The configuration, shape, and height of the
recorded action potentials were monitored and recorded continuously
using Spike2 software for online and offline analyses. Once an ON or
OFF cell was identified from its background activity, we optimized spike
size before all treatments. This study only included neurons whose spike
configuration remained constant and could clearly be discriminated
from the background activity throughout the entire experiment. By
doing so, we were able to determine the activity of a single neuron only.
In each mouse, the activity of only a single neuron was recorded before
and after vehicle or drug administration. The ongoing activity, the
average of the firing rate (spikes/sec) for 50 s before the noxious stim-
ulus (which was carried out every 5 min), and noxious stimulus-evoked
activity, the peak height (spikes/sec) of the noxious stimulus-evoked
burst and the duration of the ON cell burst (the time of the increase in
the frequency rate, which was at least twofold higher than its baseline)
were quantified for the ON cells, before and after the VL PAG microin-
jection of vehicle or homo-AMPA. In diabetic mice, we were able to
detect and measure the ongoing and evoked activity of the ON cells only,
while no cell identifiable as OFF was found. The ongoing and evoked
activity of the OFF cells was also investigated in control mice. For each
OFF neuron the ongoing activity, measured in the same way as described
for ON cells (see above), and the noxious-evoked activity, the latency to
the onset of the pause (time between the onset of noxious stimulus
application and the last action potential) and the duration of the pause
(the time elapsing between the pause onset and the first action potential
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following noxious stimulus) were quantified. At the end of the experi-
ment, a volume of 200 nl of neutral red (0.1%) was injected into the VL
PAG for 30 min before killing the mice with a lethal dose of urethane.
Mice were then perfused intracardially with 20 ml phosphate buffer
solution (PBS) followed by 20 ml of 10% formalin solution in PBS. The
brains were removed and immersed in a saturated formalin solution for
2 days. After fixation, the microinjection and recording sites were
identified. The injection sites were ascertained using two consecutive
sections (40 pm), one stained with cresyl violet to identify the micro-
injection site within the VL PAG, and the other unstained to determine
dye spreading. The recording site was marked with a 20 pA DC applied
for 20 s immediately prior to the end of the electrophysiological re-
cordings. Only the data from drug microinjection and diffusion sites
located within the VL PAG and those from the recording sites in RVM
were included in the results. In particular, out of a total of 88 microin-
jections of vehicle or homo-AMPA, 9 were accidently performed outside
the VL PAG and excluded from the results (Fig. 1). No pain-responding
neurons identified by the characteristic OFF cell pause and ON cell burst
of activity evoked by the noxious stimulus were found when the elec-
trode was accidently placed outside the RVM. Each mouse has been used
for a single cell recording. Before recording ON and OFF cell ongoing
and noxious stimulus-evoked activity we explored cell population in
RVM to define any changes of ON and OFF cell proportion in control and
diabetic neuropathic mice. This exploration to identify ON or OFF
neurons did not exceed three neurons per mouse.

2.7. mRNA extraction and reverse transcriptase-PCR

Total RNA was isolated from VL PAG and retina by using the TRIzol
RNA Isolation Reagents, according to manufacturer’s instructions and
quantified using the ND-8000 spectrophotometer (NanoDrop Technol-
ogies, Wilmington, DE, USA). Afterward, single-stranded cDNA was
synthesized from total RNA samples by using the High-Capacity cDNA
Reverse Transcription Kit. The expression of mGluR6 transcript was
determined independently by quantitative real-time PCR (qRT-PCR),
using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA), and primer pairs rat specific to mGluR6 and GAPDH were

Fig. 1. Representative schematic illustration
of the electrode locations within RVM (A)
and microinjection sites for drug adminis-
tration into the VL PAG (B). Coronal brain
slices containing the VL PAG microinjection
sites and RVM recording sites were pro-
cessed after the experiments for histological
analysis. The numbers under the illustration
indicate the distance from the bregma
(Paxinos and Franklin, 1997). Diamonds
indicate ON cells and triangles OFF cells.
The circles indicate neutral cells,
non-responsive to pain stimulus. The black
squares indicate microinjection sites, with
overlapping symbols indicated once, within
the VL PAG while the white squares indi-
cated microinjection sites outside the VL
PAG that were not considered in the data
analysis.
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purchased from Qiagen (Hilden, Germania). To normalize total RNA
samples, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
selected as an appropriate constitutively expressed endogenous control
gene.

2.8. Western blot

Each animal, previously anesthetized, was decapitated, the brain and
eyes removed and dissected to collect the VL PAG and retinas, washed
twice in cold PBS (without Ca®*and Mg2+, pH 7.4), and homogenized in
protein lysis buffer [HEPES 25 mM; EDTA 5 mM; SDS 1%; Triton X-100
1%; PMSF 1 mM; MgCly 5 mM; Protease Inhibitor Cocktail (Roche,
Mannheim, Germany); Phospahatase Inhibitor Cocktail (Roche, Man-
nheim, Germany)]. Lysates were then centrifuged for 15 min at 13,000 g
at 4 °C, and the supernatants were transferred into clear tubes, and
quantified by DC Protein Assay, boiled for 5 min in Laemmli SDS loading
buffer, loaded on 10-15% SDS-polyacrylamide gel electrophoresis, and
then transferred to a PVDF membrane. Filters were incubated overnight
at 4 °C with the rabbit antibody mGluR6 (1:1000, Mybiosource:
MBS555139). Themonoclonal GAPDH (1:5000, Santa Cruz Biotech-
nology, Dallas, Texas) antibody was used to check for equal protein
loading. Immunoreactive bands were visualized by using an enhanced
chemiluminescence system (ThermoFisher, 35055), then quantified
with VisionWorks Life Science Image Acquisition and Analysis software
(UVP, Upland, CA, USA) and expressed as densitometric units (DU).

2.9. Drugs

Homo-AMPA and MSOP were purchased by Tocris Cookson Ltd.,
(Bristol). Homo-AMPA was dissolved in 0.05% dimethyl sulphoxide
(DMSO) in artificial cerebrospinal fluid (ACSF, composition in mM: 125
NacCl, 2.5 KCl, 1.18 MgCl,, and 1.26 CaCly) on the day of the experiment.
MSOP was dissolved in ACSF. The drug solution was microinjected into
the VL PAG in a volume of 0.2 pl. Control mice received the same volume
of vehicle (0.05% DMSO in ACSF). The dose of 6 nmol for homo-AMPA
was chosen to start from the EC50 value (Brauner-Osborne et al., 1996;
Ahmadian et al., 1997) and choosing the lowest dose (6 nmol corre-
sponding to 30 pM) able to modify the pain threshold and the activity of
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the RVM neurons. The dose of MSOP was chosen based on previous
studies in which the MSOP was microinjected into the VL PAG and
showed no effect per se (Maione et al., 1998; Palazzo et al., 2001; Ber-
rino et al., 2001; Marabese et al., 2007a,b).

2.10. Statistics

All data are expressed as mean + SEM. Statistically significant dif-
ferences between the different groups of mice have been analyzed by
two-way analysis of variance (ANOVA) for repeated measures followed
by Tukey’s post hoc test. Two-way ANOVA for repeated measures fol-
lowed by Sidak’s post hoc test has been used to compare post-injection vs
pre-injection values. P < 0.05 was considered statistically significant.

3. Results

3.1. Effect of intra-VL PAG homo-AMPA administration on paw
withdrawal threshold in diabetic neuropathic mice

Mechanical allodynia was measured only in diabetic neuropathic
mice 21 days after STZ administration (Fig. 2A). Mechanical withdrawal
threshold (MWT) to von Frey filament stimulation was measured 15 min
prior and for 120 min (every 15 min) after microinjecting vehicle, homo-
AMPA (6 nmol), or homo-AMPA (6 nmol) in combination with MSOP
(25 nmol) into the VL-PAG. Before STZ administration, the MWT was
1.875 + 0.07, 1.92 + 0.07, and 1.725 + 0.19 g in groups of mice
intended to receive STZ/vehicle, STZ/homo-AMPA, and STZ/homo-
AMPA + MSOP, respectively. Diabetic neuropathic mice before vehicle
(0.058 + 0.008 g, p < 0.0001, n = 8), homo-AMPA (0.058 + 0.008 g, p
< 0.0001, n = 8) or homo-AMPA + MSOP (0.09 + 0.02, p < 0.0001,n =
8) administration showed a decrease in the MWT (Fig. 2B). Intra-VL PAG
microinjection of the vehicle did not change the MWT in diabetic
neuropathic mice (0.10 + 0.033 g, p = 0.9973 at 30 min post-admin-
istration, two-way ANOVA for repeated measures followed by Sidak’s
post hoc test) compared to pretreatment values (Fig. 2B). Intra-VL PAG
microinjection of homo-AMPA increased the MWT in neuropathic mice
with a peak of the effect at 30 min from drug-administration (1.8 £+ 0.07
g, p < 0.0001, two-way ANOVA for repeated measures followed by

Fig. 2. Panel “A” shows the timeline for the
induction of diabetes with 2 consecutive
streptzotocin administration (or saline in the
control group, CTRL) and the performance
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Tukey’s post hoc test) compared to vehicle-treated neuropathic mice.
The duration of the anti-allodynic effect of homo-AMPA in diabetic mice
lasted until the end of the observation period (120 min post-drug)
(Fig. 2B). The intra-VL PAG administration of MSOP (25 nmol), a
group III mGluRs antagonist, in combination with homo-AMPA (6 nmol)
antagonized the effect of the latter (0.22 + 0.6 g, p < 0.0001, at 30 min
post-administration, two-way ANOVA for repeated measures followed
by Tukey’s post hoc test) compared to homo-AMPA-microinjected
neuropathic mice (Fig. 2B). Two-way ANOVA for repeated measures
showed a significant effect of treatments (Fy9 = 185.5, p < 0.0001),
time (F763 = 213.7, p < 0.0001), and a significant interaction of time x
treatment (F1463 = 45.16, p < 0.0001).

3.2. Effect of intra-VL PAG microinjection of homo-AMPA on tail-flick
latencies in control and diabetic neuropathic mice

Tail-flicks were elicited every 5 min for 15 min before and for 60 min
after microinjection of the homo-AMPA or respective vehicle into the
VL-PAG. In control mice, tail-flick latency was 3.88 &+ 0.28 s (n = 6). The
microinjection of the vehicle into the VL PAG did not change tail-flick
latency in control mice (3.43 + 0.184 s, p = 0.7742, at 20 min post-
administration, two-way ANOVA for repeated measures followed by
Sidak’s post hoc test) compared to pretreatment values. The microin-
jection of homo-AMPA (6 nmol) in control mice increased the tail-flick
latency with a peak of the effect 20 min after drug administration
(21.85 + 0.54 5, p < 0.0001, two-way ANOVA for repeated measures
followed by Tukey’s post hoc test) compared to vehicle-microinjected
mice. In diabetic neuropathic mice tail-flick latency was 5.06 + 0.15 s
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(n = 6). Intra-VL PAG microinjection of the vehicle did not change the
tail-flick latency in diabetic neuropathic mice (4.233 + 0.117 s, p =
0.9634, at 20 min post-administration, two-way ANOVA followed by
Sidak’s post hoc test) compared to pretreatment values (Fig. 2C) while
the microinjection of homo-AMPA into the VL PAG increased the tail-
flick latency to 22.6 + 0.83 s (p < 0.0001, two-way ANOVA for
repeated measures followed by Tukey’s post hoc test) at 20 min post-
administration, compared to vehicle-microinjected neuropathic mice
(Fig. 2C). Two-way ANOVA for repeated measures showed a significant
effect of treatments (F3 20 = 650.7, p < 0.0001), time (Fs5 190 = 216.2, p
< 0.0001), and a significant interaction of time x treatment (Fi5100 =
88.18, p < 0.0001).

3.3. Percentage of ON and OFF cells in the RVM in control and
neuropathic mice

We first investigated the percentage of ON (responding with an
excitation, the ON cell burst, to the noxious stimulus) and OFF
(responding with an inhibition, the OFF cell pause, to the noxious
stimulus) neurons in the RVM in control and diabetic neuropathic mice.
In control mice, out of a total of 31 neurons encountered 32.26% were
classified as ON cells (n = 10) and 19.35% as OFF cells (n = 6), while the
rest, 48.39% of the encountered cells (n = 15), did not respond to
noxious stimulation (likely neutral, serotoninergic, or unidentified cells,
Gao and Mason, 2000). In neuropathic mice, out of a total of 33 neurons
encountered 45.45% were classified as ON cells (n = 15) and the
remaining 54.54% of the encountered neurons (n = 18) did not respond
to the noxious stimulation. Ultimately, in neuropathic mice OFF cells

CTRL/Veh

Time 20’ Time 40" Time 60"

CTRL/homo-AMPA

Time 20’ Time 40" Time 60"

STZ/Veh

Time 20" Time 40" Time 60

$TZ/homo-AMPA

Time 0’ Time 20’ Time 40 Time 60’
J—mf t t ,

Fig. 3. Effects of intra-VL PAG microinjection of homo-AMPA (6 nmol, 0.2 pl) or respective vehicle (veh, 0.05% DMSO in ACSF, 0.2 pl) on the ON cell activity in
control (CTRL) and diabetic neuropathic (STZ) mice. Panels “A” and “B” show the spontaneous firing rate, “C” and “D” the burst of firing, and “E” and “F” the
duration of the burst of the ON cells in control and diabetic neuropathic mice before and after the intra-VL PAG administration of homo-AMPA or respective vehicle.
Panels “G”, “H”, “I”, and “J” show examples of ratemater records illustrating the effect of intra-VL PAG microinjection of vehicle (G and I) or homo-AMPA (H and J)
on either the firing rate or burst of the firing of identified RVM ON cells in control (G and H) and diabetic neuropathic mice (H and J). Each point represents the mean
+ S.E.M. * indicates statistically significant difference vs CTRL/veh and #vs STZ/vehicle. P values < 0.05 were considered statistically significant. * corresponds to p
< 0.05, ** and ** to p < 0.01, *** and *## to p < 0.001, and **** and **## to p < 0.0001.
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were not found.

3.4. Effects of intra-VL PAG microinjection of homo-AMPA on the
ongoing and evoked activity of ON and OFF cells in control mice

In control mice, the population of the ON cells had a firing rate of the
spontaneous activity of 6.6 + 0.8 spikes/sec (Fig. 3A and B), a burst of
the firing of 10.44 + 0.55 spikes/sec (Fig. 3C and D) and a duration of
the burst of 4.9 + 0.20 s, n = 5 (Fig. 3E and F). The microinjection of the
vehicle did not change the firing rate (7.8 & 1.2 spikes/sec, p = 0.9471,
at 20 min post-administration, two-way ANOVA for repeated measures
followed by Sidak’s post hoc test) (Fig. 3A and B), the burst of firing
(9.26 + 1.37 spikes/sec, p = 0.9320, at 20 min post-administration,
two-way ANOVA for repeated measures followed by Sidak’s post hoc
test) (Fig. 3C and D), and the duration of the burst (4.66 + 0.39 s, p =
0.9802, at 20 min post-administration, two-way ANOVA for repeated
measures followed by Sidak’s post hoc test) (Fig. 3E and F) of the ON
cells compared to pretreatment values. The intra-VL PAG microinjection
of homo-AMPA (6 nmol) decreased the firing rate of the ON cells (2.20
+ 0.80 spikes/sec, p = 0.0063, at 20 min post-administration, two-way
ANOVA for repeated measures followed by Tukey’s post hoc test)
(Fig. 3A and B) compared to vehicle-treated mice (Table 1A). Homo-
AMPA also decreased the ON cell burst of firing (5.30 + 1.60 spike/
sec, p = 0.032, at 20 min post-administration, two-way ANOVA for
repeated measures followed by Tukey’s post hoc test)(Fig. 3C and D, and
Table 1B), and the duration of the burst (3.60 + 0.18 s, p = 0.0081, at
20 min post-administration, two-way ANOVA for repeated measures
followed by Tukey’s post hoc test) compared to vehicle-treated mice
(Fig. 3E and F, and Table 1C). In control mice, the population of OFF
cells had a spontaneous firing rate of 8.3 + 1.2 spikes/sec and duration
of pause of 4.2 + 0.5 s (Fig. 4A-D). Microinjection of vehicle did not
change the firing rate (8.4 £ 0.90 spikes/sec, p > 0.999, at 20 min post-
administration, two-way ANOVA for repeated measures followed by
Sidak’s post hoc test) and the duration of the pause (4.3 = 0.70 s, p >
0.99, at 20 min post-administration, two-way ANOVA for repeated
measures followed by Sidak’s post hoc test) of the OFF cells compared to
pretreatment values (Fig. 4A-D). The intra-VL PAG microinjection of
homo-AMPA (6 nmol) increased the firing rate of the OFF cells (11 +
0.12 spikes/sec, p = 0.047, at 20 min post-administration, two-way
ANOVA for repeated measures followed by Sidak’s post hoc test)(Fig. 4A
and B, and Table 2A) compared to vehicle-treated mice. Homo-AMPA
also decreases the duration of the OFF cell pause (3.0 + 0.9 s, p =
0.47, at 20 min post-administration, two-way ANOVA for repeated
measures followed by Sidak’s post hoc test) compared to vehicle-treated
mice (Fig. 4C and D, and Table 2B). The E and F panels of Fig. 4 are
examples of ratemater records illustrating the effect of intra-VL PAG
microinjection of vehicle (Fig. 4E) or homo-AMPA (Fig. 4F) on either the
firing rate or duration and onset of the pause of identified RVM OFF cells
in control mice.

3.5. Effects of intra-VL PAG microinjection of homo-AMPA on the
ongoing and evoked activity of ON cells in diabetic neuropathic mice

In diabetic mice, the population of ON cells had an ongoing firing
rate of 14 + 1.1 spikes/sec (Fig. 3A and B), and a burst of the firing of
24.30 + 1.2 spikes/sec that were higher compared to control mice (p =
0.0002, and p < 0.0001, respectively, two-way ANOVA for repeated
measures followed by Tukey’s post hoc test) (Fig. 3C and D). Instead, the
duration of burst in diabetic mice did not change (4.5 £ 0.2's, p = 0.6,
two-way ANOVA for repeated measures followed by Tukey’s post hoc
test) compared to the control mice (Fig. 3E and F). Microinjection of the
vehicle did not change the firing rate (12.5 + 0.5 spikes/sec, p = 0.744,
at 20 min post-administration, two-way ANOVA for repeated measures
followed by Sidak’s post hoc test) (Fig. 3A and B), the burst of firing
(26.7 + 1.80 Hz, p = 0.7318, at 20 min post-administration, two-way
ANOVA for repeated measures followed by Sidak’s post hoc test)
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Table 1

Statistically significant differences found comparing the ongoing firing rate (A),
burst of firing (B) and duration of the burst (C) of the ON cells in control (CTRL)
and diabetic neuropathic (STZ) mice treated with vehicle or with homo-AMPA.
Two-way ANOVA for repeated measures followed by Tukey’s post-hoc test was
used for calculating the statistical significance. Each point represents the mean
+ S.E.M. * indicates statistically significant difference vs CTRL/veh, ° vs STZ/
vehicle and # vs CTRL/homo-AMPA. P values < 0.05 were considered statisti-
cally significant.

A CTRL/ STZ/Veh STZ/Veh STZ/Homo STZ/Homo
Homo vs. CTRL/ vs. CTRL/ AMPA vs. AMPA vs.
AMPA vs. Veh Homo CTRL/Homo STZ/Homo
CTRL/Veh AMPA AMPA AMPA

-10  ns i ## ## ns

0 ns sk #H#H ## ns

5 ns ok ##A# #H# ns

10 ns i ## ## ns

15 * * #H#H## # o

20 i * #H### # oo

25 xx * #HH#HH ns 0000

30 * e #A#H ns oooo

35 ns il #H#HH ns oooo

40 * o #HH#HH ns 0000

45 ns sk #A#H ns oooo

50 ns #H#HH ns oooo

55 ns o ### ns oooo

60 ns o #HH#HH# ns 0000

B CTRL/ STZ/Veh STZ/Veh STZ/Homo STZ/Homo
Homo vs. CTRL/  vs. CTRL/ AMPA vs. AMPA vs.
AMPA vs. Veh Homo CTRL/Homo STZ/Homo
CTRL/Veh AMPA AMPA AMPA

-10 ns e #H# ## ns

0 ns kel #H#H ## ns

5 ns * ### ## ns

10 ns e ## ## ns

15 * * #H### # o

20 il * #H#H## # oo

25 wox #A## ns 0000

30 * o #HHAH#H ns oooo

35 ns o HH#HH ns 0000

40 * #A## ns 0000

45 ns #H#HH ns oooo

50 ns #HH#HH ns 0000

55 ns o HH#H ns 0000

60 ns e #A#H ns oooo

C CTRL/ STZ/Veh STZ/Veh STZ/Homo STZ/Homo
Homo vs. CTRL/  vs. CTRL/ AMPA vs. AMPA vs.
AMPA vs. Veh Homo CTRL/Homo STZ/Homo
CTRL/Veh AMPA AMPA AMPA

-10 ns wx ## ## ns

0 ns el ### ## ns

5 ns ok ##t# ## ns

10 ns wx ## ## ns

15 * #H### # °

20 b * #H#H## # oo

25 i * #H#H#HH# ns oooo

30 i #H### ns o000

35 ns ok #HH#HH ns 0000

40 * e #HH#H#HH ns oooo

45 ns i #HHH#H ns oooo

50 ns ok #HH#HH ns 0000

55 ns o #HH#H ns 0000

60 ns o #A#H ns oooo

©5% P < 0.05, " #F P < 0.01, ** ##7P < 0,001 and *er HHP <
0.0001.

(Fig. 3C and D), and the duration of the burst (4.4 + 0.24 s, p = 0.9969,
at 20 min post-administration, two-way ANOVA for repeated measures
followed by Sidak’s post hoc test) (Fig. 3E and F) of the ON cells
compared to pretreatment values.

Intra-VL PAG microinjection of homo-AMPA caused a decrease in the
firing rate (6.6 + 0.5 spikes/sec, p < 0.0001, at 20 min post-
administration, two-way ANOVA for repeated measures followed by
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Fig. 4. Effects of intra-VL PAG microinjection of homo-AMPA (6 nmol, 0.2 pl) or respective vehicle (0.05% DMSO in ACSF, 0.2 pl) on the OFF cell activity in control
mice. Panels “A” and “B” show the spontaneous firing rate and “C” and “D” the duration of the pause in control mice before and after the intra-VL PAG administration
of homo-AMPA or respective vehicle. Panels “E” and “F” show examples of ratemater records illustrating the effect of intra-VL PAG microinjection of vehicle (E) or
homo-AMPA (F) on either the firing rate or duration of the pause of identified RVM OFF cells in control mice. Each point represents the mean + S.E.M. * indicates
statistically significant difference vs CTRL/veh. P values < 0.05 were considered statistically significant. * corresponds to p < 0.05 and *** to p < 0.001.

Sidak’s post hoc test)(Fig. 3A and B), the burst of firing (11.77 + 1.68
spikes/sec, p < 0.0001, at 20 min post-administration, two-way ANOVA
for repeated measures followed by Sidak’s post hoc test) (Fig. 3C and D),
and duration of the burst (3 £ 0.12 s, p < 0.0001, at 20 min post-
administration, two-way ANOVA for repeated measures followed by
Sidak’s post hoc test) (Fig. 3E and F) of the ON cells compared to pre-
treatment values. The effect of homo-AMPA on the ongoing activity and
burst of firing on the ON cells in diabetic mice was higher compared to
control mice (p = 0.046 and 0.033, respectively, at 20 min post-
administration, two-way ANOVA for repeated measures followed by
Tukey’s post hoc test) (Fig. 3A-D and Table 1). However, the duration of
the burst after the administration of homo-AMPA did not differ in dia-
betic neuropathic mice compared to control mice (p = 0.24, at 20 min
post-administration, two-way ANOVA for repeated measures followed
by Tukey’s post hoc test). The J-I panels of Fig. 3 are examples of rate-
mater records illustrating the effect of intra-VL PAG microinjection of
vehicle (Fig. 3G and I) or homo-AMPA (Fig. 3H and J) on either the firing
rate or burst of the firing of identified RVM ON cells in control (Fig. 3G
and H) and diabetic neuropathic mice (Fig. 3H and J).

3.6. Expression of mGluR6 transcripts in the VL PAG and retinas

gRT-PCR analysis did not detect the presence of mGluR6 within the
VL PAG either in control mice (n = 3) or in diabetic neuropathic mice (n
= 3). Otherwise, the mGluR6 was present in the retina of both, control
(n = 3) and neuropathic diabetic mice (n = 3) with a reduction of about
40% in diabetic neuropathic mice compared to control mice (Fig. 5A).

3.7. Expression of mGluR6 protein in the VL PAG

Western blot did not detect the presence of mGluR6 protein within
the VL PAG either in control mice (n = 3) than in diabetic neuropathic
mice (n = 3). Otherwise, the mGluR6 protein was found in the retina of
both, control (n = 3) and neuropathic diabetic mice (n = 3) with a
reduction of the levels of expression in diabetic neuropathic mice
compared to control mice (Fig. 5B).

4. Discussion

4.1. The microinjection of homo-AMPA in the VL-PAG produces
analgesia and consistently modulates the activity of RVM in control mice

A prerogative for the characterization of the pathophysiological role
and pharmacological relevance of glutamate receptor subtypes is the
availability of highly selective ligands. Regarding metabotropic gluta-
mate receptors, which are the most suitable substrate to modulate
glutamate neurotransmission which is often dysregulated in various
neurological and psychiatric disorders, highly selective ligands for each
receptor subtype (mGluR; g) are available today (O’Brien and Conn,
2016). Homo-AMPA has been developed and described as a selective
agonist at mGluR6 (EC50 = 58 + 11 pM), ineffective at ionotropic
glutamate receptors (iGluRs) and mGluR1, 2, 3, 4, 5, and 7 despite the
isomer R, (R)-homo-AMPA, showed a weak antagonist activity at
N-methyl-p-aspartic acid (NMDA) receptor (IC50 = 131 + 18 uM). The
selectivity of homo-AMPA on mGluR8 has never been investigated so far
(Brauner-Osborne et al., 1996, 2000; Ahmadian et al., 1997). As there
are no other selective ligands for mGluR6, homo-AMPA has become the
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Table 2

Statistically significant differences found comparing the ongoing
firing rate (A), and duration of the pause (B) of the OFF cells in
control (CTRL) mice treated with vehicle or with homo-AMPA.
Two-way ANOVA for repeated measures followed by Tukey’s
post-hoc test was used for calculating the statistical significance.
Each point represents the mean + S.E.M. * indicates statistically
significant difference vs CTRL/veh. P values < 0.05 were consid-
ered statistically significant.

A CTRL/HOMO AMPA vs. CTRL/Veh
—10 ns

0 ns
5 ns
10 ns
15 ns
20 ns
25 ns
30 ek
35 i
40 -
45 dededk
50 ns
55 ns
60 ns
B CTRL/HOMO AMPA vs. CTRL/Veh
—-10 ns

0 ns

5 ns
10 ns
15 ns
20 ns
25 ns
30 ns
35 ns
40 *

45 *

50 ns
55 ns
60 ns

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

gold standard compound for characterizing the role of this receptor.
There is an urgent need for effective and well-tolerated drugs against
chronic pain and studies focused on the role of group III mGluRs have so
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far been addressed at receptor subtypes 4, 7, and 8 (Vilar et al., 2013;
Wang et al., 2011; Maione et al., 1998, 2000; Berrino et al., 2001;
Palazzo et al., 2001, 2008, 2011, 2013, 2015; Marabese et al., 2007 a,b)
excluding mGluR6 although different evidence showed broader receptor
expression rather than tight confinement in the retina (Vardi et al.,
2011; Palazzo et al., 2020). Among the brain areas controlling pain, the
PAG plays a relevant role as it represents the main area of the descending
pathway of pain (Fields et al., 2005; Heinricher et al., 2009).
PAG-induced analgesia is mainly produced through the modulation of
neurons within the RVM (Behbehani and Fields, 1979; Prieto et al.,
1983) whose projections to the spinal dorsal horn inhibit the activity of
nociceptive neurons and pain responses (Fields et al., 1999; Salas et al.,
2016). Two populations of pain-responding neurons are found within
the RVM: the ON cells, defined as “pronociceptive” since they are
excited by nociceptive stimuli and inhibited by analgesics such as
morphine, and the OFF cells, defined as “antinociceptive” since they are
inhibited by nociceptive stimuli and activated by morphine (Fields et al.,
1991).

In this study, we injected homo-AMPA into the VL PAG and moni-
tored pain responses and the activity of the ON and OFF cells of the
RVM. Since group III mGluRs show activity specially in conditions of
pathological pain (Boccella et al., 2020; Marabese et al., 2018; Palazzo
etal., 2008, 2011, 2013, 2015; Rossi et al., 2014) we decided to conduct
the study on control and neuropathic diabetic mice, also in consider-
ation of the fact that diabetes is associated with retinopathy and the
mGIluR®6 receptor is been highly characterized in the retina.

The microinjection of homo-AMPA into the VL PAG increased the
tail-flick latency, inhibited the activity of the ON cells, and enhanced
that of the OFF cells in control mice. In particular, the intra-VL PAG
microinjection of homo-AMPA decreased the ongoing activity, the
evoked frequency of the burst, and the duration of the burst of the ON
cells. It also increased the ongoing activity and the evoked onset of the
pause while decreasing the duration of the pause of the OFF cells in
control mice. These effects correspond to an enhancement of the
descending inhibition of pain and are consistent with the behavioral
analgesia observed in the tail-flick.

Fig. 5. “A” shows the mRNA levels of
mGIuR6 normalized to glyceraldehyde 3-
phosphate dehydrogenase (GADPH) in the
retina and VL PAG of control (CTRL) and
diabetic mice (STZ). We found no transcripts
for mGluR6 in the VL PAG of control and
diabetic mice. Otherwise, the mRNA for
mGluR6 was present in the retina of both,
control and diabetic mice with a reduction of
the expression in diabetic mice compared to
control mice. “B” shows the protein levels of
mGluR6 normalized to glyceraldehyde 3-
phosphate dehydrogenase (GADPH). As

PAG

mGlu6 95 kDa ! : D
GAPDH 37 kDa

Q& with the transcripts, we did not find the
mGIluR6 protein in the VL PAG of both,
control and diabetic mice. The mGIluR6
protein was present in the retina of both
control and diabetic mice. In diabetic mice, a
reduction in mGIluR6 protein levels was
observed. A representative gel blot analysis
for mGluR6 protein (western blotting)
normalized vs GADPH is also shown in the
bottom. Data represent the mean + S.E.M of
three mice per group. * indicates statistically
significant difference vs CTRL. P values <
0.05  were  considered  statistically
significant.



E. Palazzo et al.

4.2. The microinjection of homo-AMPA in the VL PAG reduces
mechanical allodynia and consistently modifies RVM neural activity in
diabetic neuropathic mice

Mice receiving STZ showed increased blood glucose levels. Periph-
eral neuropathy is a frequent complication of chronic diabetes and
mechanical allodynia is a painful manifestation of neuropathy in both,
humans (Vinik et al., 1995; Bastyr et al., 2005) and rodents (Morrow,
2004; Lee-Kubli et al., 2014). In particular, diabetic rodents develop
increased sensitivity to a series of manual von Frey filaments within 2-4
weeks from the induction of diabetes (Calcutt et al., 1996). Consistently,
we found mechanical allodynia 21 days after the induction of diabetes
by STZ. Furthermore, we found changes in the percentage and activity of
ON and OFF cells in diabetic neuropathic mice with an increase in the
number of the ON cells and an enhancement of their activity.

The RVM is the connecting area between the PAG, which in turn
collects inputs from the amygdala, hypothalamus and cortex, and the
dorsal horns of the spinal cord. In chronic pain conditions an imbalance
in the neural activity of the RVM with a clear activation of the ON cells
and inactivation of the OFF cells is widely reported (Millan, 2002;
Vanegas and Schaible, 2004; Heinricher et al., 2009; Ossipov et al.,
2010; Khasabov et al., 2012; Silva et al., 2013; Palazzo et al., 2013; Rossi
et al., 2014; Marabese et al., 2018). The hyperactivity of the ON cells
accounts for an enhancement of the descending facilitation while the
depression of the OFF cells accounts for a reduction of the descending
inhibition causing overall hyperactivity of the spinal neurons and
exacerbation of pain (Millan, 2002; Vanegas and Schaible, 2004; Hein-
richer et al., 2009; Ossipov et al., 2010; Khasabov et al., 2012; Silva
et al., 2013; Palazzo et al., 2013; Rossi et al., 2014; Marabese et al.,
2018). Similarly, enhancement of the ON cell activity concomitantly
with inhibition of the OFF cells was also found in STZ-induced diabetic
neuropathic pain in a previous (Silva et al., 2013) and the current study.
In particular, we found an increase in the number, spontaneous, and
evoked activity of ON cells concomitantly with an apparent absence of
active OFF cells on the total of pain-responding cells encountered in the
RVM. Thus the prevalence of pain facilitation over pain inhibition from
the RVM may account for the pain exacerbation also in diabetic
neuropathic pain.

Although a reduction in the number of active OFF cells was already
observed in neuropathic pain (Leong et al., 2011) and diabetic neu-
ropathy (Silva et al., 2013), in the present study the effect on OFF cells
was more dramatic. In fact, while in the aforementioned studies a
reduction in the number of OFF cells was observed, in our study we
observed the complete silencing of OFF cells. Regarding the study con-
ducted on the same diabetic neuropathy model, the different species
used (mouse versus rat), the length of time elapsed from the adminis-
tration of STZ (3 versus 4 weeks) and the number of cells that were
analyzed (33 versus 56 neurons) can explain the observed differences.
Regarding the mechanisms responsible for this neuronal shutdown of
OFF cells, the neuron death hypothesized in the neuropathic pain model
(Leong et al., 2011) cannot be confirmed in the diabetic neuropathic
pain model (Silva et al., 2013 and the current study) and it could
plausibly depend on the increased activity (and number) of
GABA-containing ON cells (Fields et al., 1991) since an increase in
GABAergic inhibition following diabetic neuropathy has been demon-
strated in the spinal cord (Morgado et al., 2008).

The intra-VL-PAG administration of homo-AMPA increased the tail-
flick latency and the paw withdrawal threshold in diabetic neuropathic
mice. Homo-AMPA also reverted the enhancement of both, spontaneous
and evoked activities of ON cells in diabetic neuropathic mice. In
particular, homo-AMPA decreased the ongoing activity, the frequency of
the burst and the duration of the burst of the ON cells.
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4.3. The effect of homo-AMPA in the VL-PAG is not mediated through
mGluR6 stimulation

Transcripts and proteins of the mGluR6 receptor were found in this
study in the retinas of both, control and neuropathic diabetic mice, with
a reduction in expression levels in diabetic mice, as already observed in
diabetes conditions in the rat (Fan et al., 2020). However, despite the net
effect of homo-AMPA on the nociceptive threshold and the activity of
the ON and OFF neurons of RVM when microinjected into the VL PAG
this study did not detect the presence of mGluR6 transcript and protein
in the VL PAG, unlike other studies that found mGluR6 expression in
brain areas such as cortex, hippocampus, olfactory bulb, the nucleus of
solitary tract, superior colliculus, corpus callosum and subcommissural
organ (Hoang and Hay, 2001; Young et al., 2008; Vardi et al., 2011;
Dammann et al., 2018). In an attempt to identify the target by which
homo-AMPA determined the effects on pain responses and the activity of
the ON and OFF cells we conducted a pilot experiment in which
homo-AMPA was administered in combination with MSOP, a group III
antagonist of mGluRs. The MSOP was shown in this experiment to block
the anti-allodynic effect of homo-AMPA. Based on this result and based
on the fact that mGluR6 was not found in the VL PAG and that at the
dose used homo-AMPA has no effect on mGluR4 and mGluR?7, a possible
target candidate for homo-AMPA it could be the mGluR8. Stimulation of
mGIuR8 at the level of the VL PAG, as in other areas such as the
amygdala (Palazzo et al., 2008, 2011) and dorsal striatum (Rossi et al.,
2014), has already been shown to inhibit pain responses and consis-
tently modify the activity of the ON and OFF cells of the RVM (Marabese
et al., 2007a,b; Hosseini et al., 2021). However, further studies are
needed to confirm the activity of homo-AMPA on mGIuR8, for example,
the use of a mGluR8 selective antagonist or mGluR6 and/or mGIluR8
knockout mice. It has been also reported that homo-AMPA, at higher
doses than those used in the study (131 pM versus 30 pM) also acts as an
N-methyl-p-aspartate (NMDA) receptor antagonist (Ahmadian et al.,
1997). The possibility that homo-AMPA produced the observed effects
through the NMDA receptor block is unlikely in this study: i) due to the
homo-AMPA dose used (6 nmol corresponding to 30 pM) and ii) because
NMDA receptor blockade at the level of the VL PAG would have
inhibited (rather than stimulated) the activity of the descending pain
modulatory pathway (Berrino et al., 2001; Palazzo et al., 2001, 2009).
Among other things, the study underlines the need to carefully interpret
the in vivo (and ex vivo) effects of homo-AMPA and to develop new li-
gands with greater selectivity towards mGluR6. The further necessary
characterization of off-target actions of homo-AMPA will lead to a better
understanding of the mechanisms underlying descending analgesia at
the PAG level and new targets to address therapeutic strategies to relieve
diabetic neuropathic pain. However, the potent analgesic effect of
homo-AMPA in neuropathic pain conditions, whatever the target, de-
serves further consideration.

5. Conclusions

The current study is the first to evaluate the effect of homo-AMPA in
diabetic neuropathy. Although the study did not show the presence of
mGluR6 in the PAG-RVM pathway, the analgesic effect via the facilita-
tion of the descending pathway is of great interest. It is thus evident that
homo-AMPA acts in the brain on another target (mGluR8?), causing
analgesia even at low concentrations. Overall, therefore, this study
pushes us to re-evaluate the potential of this interesting molecule to
understand its site of action and the possibility of therapeutic applica-
tion in diabetic neuropathy.
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