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ABSTRACT 

NYX-2925 is a novel N-methyl-D-aspartate (NMDA) receptor modulator that is currently being 

investigated in Phase 2 clinical studies for the treatment of painful diabetic peripheral 

neuropathy and fibromyalgia. Previous studies demonstrated that NYX-2925 is a member of a 

novel class of NMDA receptor-specific modulators that affect synaptic plasticity processes 

associated with learning and memory. Studies here examined of NYX-2925 administration in rat 

peripheral chronic constriction nerve injury (CCI) and streptozotocin (STZ)-induced diabetic 

mechanical hypersensitivity. Additionally, NYX-2925 was examined in formalin-induced 

persistent pain and the tail flick model of acute nociception. Oral administration of NYX-2925 

resulted in rapid and long-lasting analgesia in both of the neuropathic pain models and formalin-

induced persistent pain, but was ineffective in the tail flick model. The analgesic effects of NYX-

2925 were blocked by the systemic administration of NMDA receptor antagonist 3-(2-

carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP). Microinjection of NYX-2925 into the 

medial prefrontal cortex (mPFC) of CCI rats resulted in analgesic effects similar to those 

observed following systemic administration, whereas intrathecal administration of NYX-2925 

was ineffective. In CCI animals, NYX-2925 administration reversed deficits seen in a rat model 

of rough-and-tumble play. Thus, it appears that NYX-2925 may have therapeutic potential for 

the treatment of neuropathic pain, and the data presented here supports the idea that NYX-

2925 may be acting centrally to ameliorate pain and modulate negative affective states 

associated with chronic neuropathic pain.  
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INTRODUCTION 

Neuropathic pain is a chronic, debilitating condition arising from insults to the central and 

peripheral nerves (Gilron et al., 2015). Although there are multiple compounds marketed for the 

treatment of neuropathic pain, there is still a high unmet medical need. Only one-third of 

neuropathic pain patients achieve a 50% pain reduction, and nearly all continue to experience 

residual pain (Gilron and Dickenson, 2014; Hauser et al., 2014; Finnerup et al., 2015). 

Moreover, the impaired cognitive and emotional states that are often comorbid with chronic pain 

remain largely unaddressed with current pharmacotherapies. As such, there is a growing need 

for new therapeutics for the treatment of neuropathic pain.  

N-methyl-D-aspartate receptors (NMDARs) belong to a family of ligand-gated ionotropic 

glutamate receptors that are found predominantly in the central nervous system (CNS) (Cull-

Candy et al., 2001; Traynelis et al., 2010). NMDARs are critical for learning and memory (Barker 

and Warburton, 2008; Burgdorf et al., 2015b), and there is increasing evidence implicating the 

inappropriate modulation of NMDARs in the etiology of neuropathic pain including its affective 

and cognitive components (Apkarian et al., 2013; Bushnell et al., 2013). Specifically, both the 

chronic and emotional components of neuropathic pain are increasingly understood to rely on 

changes in NMDAR-dependent plasticity within corticolimbic circuitry including the medial 

prefrontal cortex (mPFC) (Apkarian et al., 2013; Bushnell et al., 2013; Kelly and Martina, 2018). 

Because NMDARs play a crucial role in neuropathic pain, as well as in emotional and cognitive 

processes, targeting these receptors could help fulfill the existing unmet medical need. 

Accordingly, several NMDAR-targeted compounds have been studied for the treatment of 

neuropathic pain. These include the NMDAR antagonist ketamine as well as the NMDAR 

glycine-site partial agonist D-cycloserine (Coderre and Melzack, 1992; Millan and Seguin, 1994; 

Seguin and Millan, 1994; Singh et al., 1996). However, results from neuropathic pain clinical 

studies completed with NMDAR-targeted compounds have been mixed. Ketamine, while 
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showing efficacy, can cause psychotomimetic, sedative, and ataxic side effects, which limits its 

therapeutic utility (Backonja et al., 1994; Niesters et al., 2014). DCS, although promising, only 

shows weak-to-moderate effects in studies conducted to date (Holla et al., 2015; Schnitzer et 

al., 2016). Thus, there is a need for novel NMDAR-targeted therapeutics that operate through 

alternative mechanisms of modulating the NMDAR.  

Recent studies have shown that NYX-2925, a novel NMDAR-specific modulator, 

facilitates synaptic plasticity, enhances learning and memory, and has antidepressant-like 

effects in rats with no effect on locomotor behavior (Khan et al., 2018). NYX-2925 has also a 

large therapeutic index (>1000) (Khan et al., 2018). This compound interacts with the NMDAR 

in a different way than other NMDAR-targeted compounds tested to date in that it acts acutely to 

facilitate NMDAR-dependent plasticity via direct activation of NMDAR and also exerts long-

lasting effects by enhancing both metaplasticity and structural plasticity (Khan et al., 2018). The 

goal of the studies reported here was to evaluate potential therapeutic effect of NYX-2925 in the 

rat CCI and diabetes-induced models of neuropathic pain. 
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MATERIAL AND METHODS 

 

Drugs 

NYX-2925 ((2S,3R)-3-hydroxy-2-((R)-5-isobutyryl-1-oxo-2,5-diazaspiro[3.4]octan-2-

yl)butanamide) was synthesized at Sai Life Sciences, India. All other reagents were obtained in 

the highest purity available from standard suppliers: gabapentin (CID: 6453919; Spectrum 

Chemical, USA); buprenorphine HCl (CID: 644073; Reckitt Benckiser Pharmaceuticals, Inc., 

USA); formalin (CID: 712; Sigma-Aldrich, USA), 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic 

acid (CPP; Sigma-Aldrich, USA);  streptozotocin (CID: 29327; STZ; Sigma-Aldrich, USA), and 

carboxymethylcellulose sodium salt (CMC; Sigma-Aldrich, USA). Isoflurane (Novaplus, USA) 

was provided by Center for Comparative Medicine at Northwestern University. 

 

Oral administration 

In acute or repeat sub-therapeutic dosing studies, vehicle (0.5% CMC in MilliQ water), 

NYX-2925 (0.1-100 mg/kg), or gabapentin (150 mg/kg in sterile water) was administered by oral 

gavage. For the repeat therapeutic dosing study, conducted by PsychoGenics (New Jersey, 

USA), gabapentin was dosed at 100 mg/kg (in sterile water). Both these gabapentin 

concentrations show robust and roughly equivalent analgesic affects with no observable 

adverse events. In the CCI studies, dosing occurred 2-3 weeks post-surgery. In the 

streptozotocin (STZ)-induced diabetic neuropathy study, dosing occurred 4-5 weeks post-initial 

STZ injection. 

 

Medial prefrontal cortex microinjection 

NYX-2925 (0.01, 0.1, or 1 μg/0.5 μL saline) or 0.5 μL saline (0.9% NaCl) per side was 

delivered bilaterally into the mPFC via an infusion pump using a 5 μL Hamilton (Reno, NV) 

syringe connected to polyethylene tubing (PE20, Becton Dickinson). Infusions (0.5 μL/min) were 
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administered over 60 sec, and the injection needles (28G, 1.5 mm insertion length) were left in 

the guide cannula for an additional 120 sec to allow for diffusion of the drug from the needle tip. 

 

Intrathecal administration 

Intrathecal (i.t.) injections, which lasted for about 5 minutes, were performed on rats 2-3 

weeks post-CCI surgery, as previously described (Mestre et al., 1994). Rats were anesthetized 

with 5% isoflurane (in O2, to effect) and the dorsal pelvic area shaved and cleaned with 70% 

ethyl alcohol. The i.t. injections occurred under anesthesia (3% isoflurane in O2, to effect). The 

lumbar region was elevated by placing the rat on a fixed 50 mL conical tube. The hip bone (iliac 

crest) was identified to assist in locating the L6 vertebrae. Reagents were prepared in sterile 

saline (0.9% NaCl) and injected into the space between the L4 and L5 vertebrae using a 25 μL 

Hamilton syringe and a 30G needle. A volume of 20 μL of NYX-2925 (0.01 μg-1000 μg), 

injectable sterile saline (0.9% NaCl), or CPP (50 µg) was administered over 60 sec, and the 

injection needle was left in the site for an additional 15 sec to allow for diffusion of the drug from 

the needle tip.  

 

Intravenous administration 

For administration of the positive control in the rat tail flick experiment, the rat was 

heated to a temperature of around 40˚C by being placed in a thermostatically warmed “hot box” 

in order to dilate the lateral tail veins. For injection, the rat was placed in a restrainer and an 

injection bolus (buprenorphine, 1 mL/kg) was administered using a 25G needle. 

 

Animals and Housing 

Male, 2-3 month old Sprague Dawley rats (Envigo, or Charles River Laboratories, USA) 

weighing 250-350 grams were used. All animal handling and experimental protocols were 

approved by the Institutional Animal Care and Use Committee (IACUC) at Northwestern 
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University (Illinois, USA) or PsychoGenics (New Jersey, USA). Rats were housed 3 per cage 

with Envigo Tek-Fresh bedding, supplemented with Enviro-Dri bedding (Shepherd Specialty 

Papers), maintained on a 12:12 light: dark cycle (lights on at 6 a.m.), and given ad libitum 

access to Purina lab chow and tap water throughout the study, unless indicated otherwise. All 

behavioral experiments were carried out between 8:00 a.m. and 4:00 p.m. in testing rooms at 

the same animal facility. 

 

Plasma and spinal cord pharmacokinetics 

To guide the dosage choice for intrathecal administration studies, a pharmacokinetic 

study was completed to assess dose levels reaching the spinal cord after oral administration. 

Determination of plasma and cerebrospinal fluid pharmacokinetics of NYX-2925 after oral 

administration was performed by Sai Life Sciences (India) and described previously (Khan et al., 

2018). Fasted, naïve male rats (Global, India) were dosed with NYX-2925 (10 mg/kg, 10 mL/kg, 

p.o.). Next, plasma and spinal cord were collected at 0.5, 1, 2, 4, 8, and 24 hours post-dose. 

Blood samples (~ 125 μL) were collected in K2EDTA tubes. Samples were centrifuged (4000 

rpm, 10 min, 4˚C) and plasma was then extracted with acetonitrile for bioanalysis. Spinal cord 

samples were homogenized in ice-cold phosphate buffered saline and homogenates stored at -

80°C until analysis. On the day of the assay, homogenates were thawed on ice and extracted 

with acetonitrile. NYX-2925 levels were quantified by liquid chromatography tandem mass 

spectrometry (LC-MS/MS) and non-compartmental analysis (Phoenix WinNolin Version 6.3). 

NYX-2925 concentrations were within the linear range of the standard curve. The lower limit of 

detection for this assay was 10.29 nM.  

 

Animal models of acute, persistent, and neuropathic pain  

For the assessment of NYX-2925 efficacy in spontaneous persistent pain, the rat 

formalin model (Dubuisson and Dennis, 1977) was utilized. The rat tail flick (D'AMOUR and 
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SMITH, 1941) was used as the acute nociceptive pain model. Chronic constriction injury of the 

sciatic nerve (Bennett and Xie, 1988) and streptozotocin (STZ)-induced diabetic neuropathy 

(Morrow, 2004) were used as models of neuropathic pain. For models requiring surgery, 

isoflurane anesthesia was chosen as the preferred method in order to eliminate the interference 

of the injectable anesthetics (e.g., ketamine) with the target of interest. 

 

Chronic constriction injury of the sciatic nerve  

Chronic constriction injury (CCI) of the common sciatic nerve was performed as 

previously described (Bennett and Xie, 1988). Briefly, rats were anesthetized using isoflurane 

(3% in O2, to effect) and an incision (~1.0 cm in length) was made with a scalpel blade dorsally 

through the skin on the right hindlimb parallel and posterior to the femur. Using blunt scissors, 

the biceps femoris and gluteus superficialis muscles were separated. The common sciatic nerve 

was isolated, exposed, and loosely ligated with 4 ligatures (chromic gut 5-0) placed 1 mm apart. 

The same procedure was performed for the sham surgery except the sciatic nerve was left 

intact and not ligated. Both CCI thermal and mechanical acute dose studies were performed at 

Aptinyx, Inc. (Illinois, USA) whereas repeated dose mechanical hypersensitivity studies were 

performed by PsychoGenics, Inc. (New Jersey, USA). Two to 3 weeks post-surgery, rats were 

measured for baseline thermal hyperalgesia or mechanical hypersensitivity of the ipsilateral paw 

followed by dosing and testing.  

 

Streptozotocin-induced diabetic neuropathy 

To induce diabetic neuropathy, rats were injected with streptozotocin (STZ) at 20 mg/kg, 

i.p. once daily for 5 consecutive days (modified from (Morrow, 2004). Following the first STZ 

injection, rats were given tap water supplemented with 10% sucrose (15 g/L) until 48 h after the 

last STZ injection to limit early mortality. Using a restrainer, blood glucose levels were assessed 

via lateral tail vein puncture prior to the test day in order to evaluate the extent of 
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hyperglycemia. Less than 100 µL blood was withdrawn. Rats with blood glucose levels below 15 

mmol/L (280 mg/dL) were excluded from the study. Baseline mechanical hypersensitivity of the 

right paw, as measured with von Frey filaments, was assessed 4 weeks after the first STZ 

injection, followed by dosing and mechanical sensitivity studies.  

 

Thermal hyperalgesia (Hargreaves test)  

Thermal hyperalgesia of the hind paws was measured using an Ugo Basile plantar 

apparatus (Stoelting Company, USA) and, as described by Hargreaves et al. (Hargreaves et al., 

1988). Animals were placed in plastic cages on the surface of a glass plate. After a 15-minute 

acclimation period, a radiant stimulus was applied from beneath, to the middle of the plantar 

surface. When the animal withdrew its paw, the heat source was stopped and PWL was 

recorded. A cutoff of 30 seconds was used to prevent potential tissue damage. The intensity of 

the heat stimulus was adjusted to evoke an average withdrawal response of approximately 20 

seconds for the sham-operated rats (De Vry et al., 2004). Five PWL measurements per 

ipsilateral hindpaw were collected 5 min apart. Before test day, all CCI rats were evaluated for 

thermal hyperalgesia. Only CCI rats with PWL ≤ 11 s were used for testing (De Vry et al., 2004). 

The reported PWL was an average of 3 measurements after the highest and the lowest values 

were eliminated. 

 

Mechanical hypersensitivity (von Frey) test  

Mechanical hypersensitivity was measured by applying von Frey (VF) filaments (North 

Coast Medical, USA) of ascending stiffness (2, 4, 6, 8, 10, and 15 g) to the plantar surface of 

the ipsilateral hind paw. Baseline and post-treatment paw withdrawal threshold (PWT) were 

determined using this method. Animals were allowed to acclimate to the experimental room for 

1 hour and then habituated for an additional 15 minutes to the observation chamber prior to 

each test session. 
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Each von Frey filament was applied perpendicular to the plantar surface of the paw 

ipsilateral to CCI with sufficient force to cause slight buckling and was held in place for 

additional 6 seconds. A positive response was defined as sharp paw withdrawal. Fifty percent 

paw withdrawal threshold (PWT) in grams was calculated based on the Chaplan method 

(Chaplan et al., 1994). At the baseline evaluation post-CCI, any rat with PWT above 5 g was 

excluded from the study (approximately 10-15%). 

Von Frey testing groups were organized such that the average 50% PWT (g) obtained 

from the baseline measurement was similar for each treatment group. The studies were 

conducted so that the investigator performing the testing was blind to treatment group. The 

timing of von Frey testing relative to the dosing of NYX-2925 for each behavioral experiment 

measuring mechanical analgesia is shown in Table 1 

 

Cannulae Implantation 

Medial prefrontal cortex (mPFC) cannulation occurred immediately after CCI surgery. 

Using a Kopf stereotaxic device (California, USA), the skull was secured parallel to the frame 

under isoflurane anesthesia (3% in O2, to effect). Bilateral guide cannulae (22 gauge, 1.5 mm 

center-to-center distance; Plastics One (Virginia, USA) were implanted above the mPFC (from 

bregma: 2.7 mm AP, ± 0.5 mm ML, -3.0 mm DV) in accordance with the Paxinos & Watson 

atlas for a level-skull preparation (Paxinos and Watson, 1998; Burgdorf et al., 2013). Guide 

cannulae were secured in a dental acrylic headcap via small screws. After surgery, internal 

dummy cannulae were inserted into the guide cannulae. The total surgery duration was about 

35-45 minutes. After surgery, animals were housed one per cage.  

In order to verify cannulae placement after the completion of behavioral testing, rats 

were euthanized, brains were snap frozen on dry ice, and stored at -80°C until histological 

analysis. Thirty micrometer brain sections were used for histology as described previously 

(Burgdorf et al., 2001).  
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Tail flick model 

Acute nociception was measured using withdrawal latencies of the tail from a noxious 

radiant heat source. The Ugo Basile tail flick apparatus (Stoelting Company, USA) was used to 

determine thermal pain latency. Stimulation parameters were set such that the average tail 

withdraw latency was between 3 - 5 sec in naïve rats [infrared intensity (IR): 50 and cutoff 

latency: 15 sec]. Rats were acclimated to the experiment room 1 hour prior to testing. Baseline 

tail flick values (1 value/rat) were obtained from all rats prior to dosing. Fifteen minutes post-

baseline measurements, rats were dosed with the test compound, vehicle, or buprenorphine 

HCl (1 mg/kg, i.v.) and post-dose values taken 1 hour later. 

 

Formalin-induced persistent pain model 

Formalin persistent pain was measured as previously described (Hsieh et al., 2010). 

Briefly, clear Plexiglas® chambers were outfitted with observation mirrors underneath the cage 

floor. Rats were orally dosed with vehicle (0.5% CMC, 2 mL/kg), gabapentin (150 mg/kg) or 

NYX-2925 (0.1, 1, or 10 mg/kg) and placed individually in the observation boxes to acclimate. 

Fifteen minutes after test compound administration, 50 μL of 5% formalin solution was injected 

subcutaneously (s.c.) into the dorsal side of the right paw and rats were placed back into the 

observation boxes. Pain behavior was recorded by video camera for 60 min and total pain 

responses (flinching, jerking, lifting, shaking, licking, and biting) were quantified by an 

investigator blind to treatment. Formalin nociception consists of an early phase (0-10 min, phase 

I) followed by brief quiescence and a late phase (20-50 min, phase II) (Dubuisson and Dennis, 

1977). The formalin late phase represents tonic and persistent pain (Chaplan et al., 1997). The 

30-55 minute period of phase II was scored by an investigator blind to treatment. Scoring was 

performed in 5-minute bins; i.e., 5 observation periods in total. The number of pain-evoked 
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responses were summed for all 5-min bins for each rat and then averaged for each treatment 

group (Hsieh et al., 2010).   

 

Ultrasonic Vocalization (USV) Assay  

Using a separate set of CCI rats, the ultrasonic vocalization (USV) assay was performed 

at 3 weeks post-CCI as described previously (Burgdorf et al., 2011a). A week prior to the USV 

study, rats were measured for mechanical hypersensitivity using von Frey filaments. Prior to the 

ultrasonic vocalization test, rats were habituated for 3 consecutive days by light touch handling 

that does not induce USVs (Burgdorf and Panksepp, 2001). Rats were administered NYX-2925 

(1 or 10 mg/kg, 1 mL/kg, p.o.) or vehicle (0.5% CMC; 1 mL/kg, p.o.) 1 h prior to testing. The 

assay consisted of 3 min of heterospecific rough-and-tumble play with alternating 15-sec blocks 

of heterospecific play and 15 sec of no-stimulation for a total of 6 trials of each type (Burgdorf et 

al., 2011a). High frequency USVs were recorded and analyzed by sonogram by an 

experimenter who was blind to treatment condition. Immediately after the 3 min test session, the 

latency (in seconds) of the rat to approach the experimenter’s hand to receive heterospecific 

play was also measured (Burgdorf et al., 2011a). 

 

Statistical Analysis 

Statistical analysis was carried out using GraphPad Prism, version 6.07 (California, 

USA). Statistical significance of group mean differences was measured by 1-way analysis of 

variance (ANOVA), followed by a Bonferroni post-hoc test for all studies, except for the chronic 

constriction injury (CCI) repeat sub-therapeutic dose study for which between subject score 1-

way ANOVA, followed by Fisher’s post-hoc test was performed. In all cases p < 0.05 was 

considered to be statistically significant.  
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RESULTS 

Because chronic pain is a multifaceted disease that cannot be adequately captured via a 

single model, the analgesic effect of NYX-2925 was tested in CCI and diabetes induced 

neuropathic pain. In the chronic constriction injury (CCI) model, the analgesic ability of NYX-

2925 to alleviate thermal hyperalgesia and mechanical hypersensitivity were examined. NYX-

2925 attenuated thermal nociception when tested at 1 h after oral administration. The analgesic 

effects of NYX-2925 administration was examined over a wide dose range at 3 time points after 

a single administration (1 h, 24 h and 1 week) or after two weeks of daily dosing. Within the CCI 

model, additional experiments were completed to better understand the site of drug action as 

well as the dependence upon NMDA receptors. To assess the analgesic effects of NYX-2925 in 

a second neuropathic pain model, the streptozotocin (STZ)-induced diabetic neuropathy model 

was utilized. NYX-2925 analgesic efficacy was also tested in the formalin model of persistent 

pain and in the tail flick model of nociceptive acute pain. In addition, because neuropathic pain 

involves both sensory and affective components, the effects of NYX-2925 on emitted USVs 

were assessed in the heterospecific rough-and-tumble-play model in animals with CCI-induced 

neuropathic pain. 

 

Acute administration of NYX-2925 has significant thermal and mechanical analgesic 

effects in the rat CCI model of neuropathic pain 

Chronic constriction injury (CCI) is a model of neuropathic pain induced by peripheral 

nerve injury (Bennett and Xie, 1988). Sham and CCI-operated rats were generated. Thermal 

hyperalgesia was evaluated two weeks after surgery when neuropathic pain was established 

and stable. Using a plantar test apparatus, sham and CCI rats were evaluated for baseline 

thermal nociception as measured by paw withdrawal latency (PWL) in seconds. As shown in 

Figure 1A, sham rats showed high PWL (16.9 ± 0.6, n = 9). In contrast, CCI rats were 

hyperalgesic and had lower PWL (9.2 ± 0.3, n = 15). On test day (day 15 post surgery), CCI rats 
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with baseline PWL ≤ 11 were dosed orally with either vehicle (0.5% CMC) or NYX-2925 at 10 

mg/kg. In contrast to sham rats, CCI vehicle-treated rats showed thermal hyperalgesia as 

demonstrated by low PWL (9.5 ± 0.7, n = 7). NYX-2925 administration attenuated thermal 

hyperalgesia and resulted in significantly higher PWL (13.5 ± 0.5, n = 8) when tested at 1 h [F 

(4,33) = 35.90, p < 0.0001]. 

Another cohort of rats underwent CCI surgery. Rats with established and stable 

mechanical allodynia, as measured by paw withdrawal threshold (PWT) in grams, were dosed 

once with NYX-2925 (0.1 - 100 mg/kg) and tested 1 h, 24 h and 1 week post-administration. A 

naïve rat that has not undergone the CCI surgery, will have a PWT of 15 grams (Mills et al., 

2012). This value represents the highest possible withdrawal threshold using filaments of the 

size used in this study. Comparatively, as shown in Figure 1B, approximately 3 weeks after CCI 

surgery, vehicle-treated rats showed mechanical allodynia as demonstrated by low PWTs of 

approximately 4 grams. NYX-2925 administration resulted in significant and long-lasting 

analgesia when compared to the vehicle group at all 3 time points tested (1 h: [F (6,65) = 15.22, p 

< 0.0001]; 24 h: [F (6,65) = 7.761, p < 0.0001]; 1 week: [F (6,65) = 12.39, p < 0.0001]). Dose levels 

of 1, 10 and 30 mg/kg increased the PWT significantly (p < 0.001) at all three time points tested. 

NYX-2925 demonstrated an inverted U-shaped dose response with maximal analgesia 

observed at 1-10 mg/kg. Acute administration of 0.1 mg/kg NYX-2925 was ineffective at all 3 

time points and 100 mg/kg NYX-2925 administration produced analgesia at the 1 h and the 24 h 

time points, but not the 1 week time point when compared to the vehicle-treated group (Figure 

1B). Gabapentin, the positive control, showed significant, but short-lasting analgesia only at the 

1 h time point (p < 0.0001). 

To include a sham-operated group, a separate cohort of CCI and sham rats were 

generated (Figure 2A). As expected, the vehicle-administered sham rats had a high baseline 

PWT of 12.8 ± 0.7 (D14 post-surgery) and PWT of 11.1 ± 0.9 measured 1 h after vehicle 

treatment on the experiment day (D19 post-surgery, n = 12). In contrast, vehicle-treated CCI 
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rats were allodynic and had low PWT on both baseline (3.3 ± 0.1, n = 12) and test days (3.5 ± 

0.3, n = 12). Compared to vehicle-treated CCI rats, the NYX-2925-treated CCI rats showed 

significantly higher PWT at both 1 mg/kg (10.1 ± 1.0, n = 9) and 10 mg/kg (7.4 ± 1.0, n = 9) 

when tested at 1 h after oral administration [F (3,38) = 18.89], p < 0.0001]. These data 

demonstrate the reproducibility of NYX-2925 analgesic effects similar to that seen in Figure 1B. 

 

Daily administration of NYX-2925 has a sustained and significant analgesic effect in the 

rat chronic constriction model of neuropathic pain 

To evaluate the effect of chronic dosing of NYX-2925 on neuropathic pain, CCI surgery 

was performed on a separate set of animals. Once mechanical allodynia was established and 

stabilized, rats were randomly assigned to dosing groups. Animals were dosed daily from days 

0 to 13 with vehicle (0.5% CMC, p.o.) or NYX-2925 (1, 10 or 30 mg/kg, p.o.) for 13 consecutive 

days and were tested for mechanical hypersensitivity 24 h after dosing on days 1, 3, 6, 9, 12, 

and 14. Animals in the positive control group were dosed with gabapentin (100 mg/kg) on days 

1, 9 and 14, and tested 1 h post-dosing. To maintain similar handling between groups, vehicle 

was administered on non-test days to rats that received gabapentin. Animals administered NYX-

2925 demonstrated a significantly increased PWT compared to the vehicle-treated rats on all 

test days (D1: [F (4,45) = 57.67, p < 0.0001], D3: [F (4,45) = 15.47, p < 0.0001], D6: [F (4,45) = 

16.93, p < 0.0001], D9: [F (4,45) = 49.42, p < 0.0001], D12: [F (4,45) = 23.75, p < 0.0001], and 

D14: [F (4,45) = 21.97, p < 0.0001]. Daily dosing of NYX-2925 at all doses significantly increased 

the PWT (p < 0.001) in a dose-dependent manner (Figure 2B). This analgesic effect was 

sustained at all time points (D1, D3, D6, D9, D12 and D14). Gabapentin at 100 mg/kg showed 

significant, but short-lasting analgesia with analgesic effects seen only on dosing days (D1, D9, 

and D14). 
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Daily administration of sub-therapeutic NYX-2925 doses improves mechanical 

hypersensitivity in the rat CCI model of neuropathic pain 

The acute administration study demonstrated that NYX-2925 was not analgesic at the 

lowest dose (0.1 mg/kg) tested. To assess whether repeat administration of sub-therapeutic 

doses may become effective, sub-therapeutic doses were administered to CCI rats. Animals 

were dosed daily for 8 days with vehicle or NYX-2925 (0.03, 0.1, 0.3, or 1 mg/kg) and tested 1 h 

after dosing on days 1, 5, and 8 (D1, D5, and D8). Animals in the positive control group were 

dosed with gabapentin (150 mg/kg) one hour prior to testing on each day. As shown in Figure 

2C, repeat administration of NYX-2925 at 1 mg/kg, was analgesic (p < 0.05) at all 3 time points 

tested (D1, D5, D8) when compared to the vehicle group (D1: [F (5,25) = 15.86, p < 0.0001], D5: 

[F (5,24) = 5.323, p = 0.01], D8: [F (5,24) = 5.650, p = 0.001]. Repeat administration of sub-

therapeutic NYX-2925 doses (0.1 or 0.3 mg/kg) showed a trend towards analgesia. The PWT of 

NYX-2925 at 0.1 mg/kg increased from 3.72 ± 0.39 (D1) to 7.21 ± 1.2 (D8), p < 0.05. The PWT 

of NYX-2925 at 0.3 mg/kg also increased from 3.22 ± 0.15 (D1) to 6.6 ± 1.14 (D8), p < 0.05.  

 

Acute administration of NYX-2925 has a significant and long-lasting analgesic effect in 

the rat STZ-induced diabetic neuropathy model 

Administration of streptozotocin (STZ) induces a diabetic-like state in rodents that, over 

time, produces pain similar to that seen in human diabetic neuropathy (Morrow, 2004). The 

analgesic effect of NYX-2925 was evaluated in the STZ-induced diabetic neuropathy model 

after the establishment of mechanical hypersensitivity, as measured by paw withdrawal 

threshold. On the test day, animals were orally dosed with vehicle (0.5% CMC), NYX-2925 (0.1, 

1, 3, or 10 mg/kg), or gabapentin (150 mg/kg).Testing occurred 1 h, 24 h, and 1 week post 

treatment. As shown in Figure 3, NYX-2925 significantly reversed mechanical allodynia at the 1 

h [F (5,36) = 21.34], 24 h [F (5,39) = 7.248], and 1 week [F (5,38) = 23.69] time points (p < 0.0001 for 

all 3 time points). After a single dose, 10 mg/kg NYX-2925 produced significant analgesia at 1 h 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 9, 2018 as DOI: 10.1124/jpet.118.249409

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET#249409 
 

18 
 

(p < 0.0001), 24 h (p < 0.001), and 1 week (p < 0.0001) as compared to the vehicle control 

group. NYX-2925 at 3 mg/kg also produced significant analgesia at the 1 week time point (p < 

0.001). NYX-2925 at the lowest dose (0.1 mg/kg) was not analgesic at any of the time points 

tested (p > 0.05). Gabapentin produced analgesic activity when tested 1 h post-dose (p < 

0.0001), but not at the 24 h or 1 week time points (p > 0.05).  

The results from thermal hyperalgesia experiments conducted in the STZ-induced 

diabetic rats were too variable and hence are not reported. The literature has previously 

reported high variability in thermal hyperalgesia in STZ-induced diabetes (Malcangio and 

Tomlinson, 1998; Khan et al., 2002; Newton et al., 2017). Although some investigators have 

reported an effect (Mak et al., 2015), the STZ doses used were much higher (160 mg/kg, i.p.) 

than what was employed in the current study.  

 

Acute administration of NYX-2925 significantly reduces total pain responses in the 

second phase of the rat formalin model 

In order to evaluate the effects of NYX-2925 in a non-evoked persistent pain model, the 

formalin model was utilized (Dubuisson and Dennis, 1977; Wood et al., 2008; Hsieh et al., 

2010). NYX-2925 (0.1, 1, or 10 mg/kg), vehicle (0.5% CMC), or gabapentin (150 mg/kg) were 

administered via oral gavage 15 minutes prior to a subcutaneous hindpaw injection of 5% 

formalin. The pain response after formalin administration consists of two well-described phases, 

phase I and phase II (Abbott et al., 1995). Phase II starts approximately 20 minutes after 

injection, persists for approximately 30 minutes, and is considered to have a centralized 

component (Ellis A, 2008). NYX-2925 dose-dependently reduced total pain responses in phase 

II [F (4,140) = 13.21, p < 0.0001] (Figure 4). The average pain score for the vehicle group in 

phase II was 18.24 ± 2.02. That score was reduced to 8.17 ± 1.57, and 5.70 ± 1.16 following 

administration of NYX-2925 at 1, and 10 mg/kg, with p < 0.001, and p < 0.0001, respectively. 
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Treatment with the positive control gabapentin also significantly reduced the average pain score 

to 6.33 ± 1.23 (p < 0.0001) when compared to the vehicle-treated group.  

 

Administration of NYX-2925 does not affect acute nociceptive pain in the rat tail flick test 

To investigate whether NYX-2925 administration produces analgesia in an acute 

nociceptive pain model, the rat tail flick test was performed. In this experiment, baseline tail 

withdrawal latencies (in seconds) from an infrared heat source were measured prior to dosing 

and then again at one hour post-drug administration. As shown in Figure 5, NYX-2925 did not 

affect thermal nociception at any of the doses tested (0.1, 1, or 10 mg/kg) when measured 1 h 

after drug administration [F (4,30) = 0.2200, p = 0.9252]. The NYX-2925-treated rats had tail 

withdrawal latencies (following all three doses) that were similar to the vehicle-treated group and 

similar to the baseline values (Figure 5). Rats treated with the positive control, buprenorphine 

HCl (1 mg/kg, i.v.), had significantly elevated thermal nociception values when compared with 

the vehicle-treated group tested 1 h after drug administration (p < 0.0001).  

 

Direct mPFC infusion of NYX-2925 has a significant and long-lasting analgesic effect in 

the rat CCI model of neuropathic pain  

The mPFC is considered a central regulator of neuropathic pain (Apkarian et al., 2005; 

Cordeiro Matos et al., 2015). Direct mPFC administration of centrally acting compounds, such 

D-cycloserine (an NMDAR glycine-site partial agonist) have been shown to reduce chronic pain 

(Millecamps et al., 2007). To assess the potential efficacy of NYX-2925 to reduce pain after 

direct mPFC infusion, bilateral guide cannulae were implanted immediately after the CCI 

surgery. NYX-2925 infused directly into the mPFC produced a significant and dose-dependent 

mechanical analgesia at the 20 min [F (3,24) = 16.18, p < 0.0001], 24 h [F (3,25) = 16.40, p < 

0.0001], and 1 week [F (3,24) = 9.228, p = 0.0003] time points in the rat CCI model of neuropathic 

pain (Figure 6A). Twenty min following administration, NYX-2925 produced significant 
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mechanical analgesia at 0.01 μg and 0.1 μg (p < 0.0001 for both concentrations).The analgesic 

effects of NYX-2925 at 0.01 μg lasted up to 24 h, but dissipated by 1 week. Infusion of 0.1 μg of 

NYX-2925 was analgesic at all three time points tested. The highest concentration of NYX-2925 

did not produce mechanical analgesia (p > 0.05) at any time point tested. After pain 

assessment, brains were collected, sectioned, and stained to verify correct cannulae placement 

in the mPFC (Figure 6C). 

 

Intrathecal injection of NYX-2925 does not produce analgesia in the rat CCI model of 

neuropathic pain  

NMDAR antagonists have been shown to induce analgesic activity in neuropathic pain 

models when administered directly onto the spinal cord (Nasstrom et al., 1992; Chaplan et al., 

1997), while the NMDAR partial agonist DCS is ineffective after direct intrathecal delivery 

(Millecamps et al., 2007). Pharmacokinetic analysis to assess the amount of NYX-2925 

reaching the spinal cord following oral administration was used to guide the dosage choice for 

intrathecal studies (Sai Life Sciences, India). Oral administration of NYX-2925 at 10 mg/kg 

resulted in maximum of 233 nM of compound in the spinal cord at 1 h (Figure 7). Subsequently, 

a wide dose range around this concentration was used to assess analgesic efficacy in the 

intrathecal study (Figure 6B). Since most sciatic afferents enter the spinal cord along the L4 

and L5 dorsal roots, an injection of 20 μL of NYX-2925 (0.01-1000 μg), CPP (50 μg), or vehicle 

was administered between the L4 and L5 vertebrae (Devor et al., 1985). Intrathecal 

administration of NYX-2925 did not produce significant mechanical analgesia compared to 

vehicle-treated CCI rats for any of the doses tested (p > 0.05) (Figure 6B). Intrathecal 

administration of the NMDAR antagonist CPP (positive control) produced significant mechanical 

analgesia [F (7,56) = 14.56, p < 0.0001]. 
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Systemic pretreatment of the NMDAR antagonist CPP inhibits the analgesic effect of 

NYX-2925 in the rat CCI model of neuropathic pain 

To assess the reliance of NYX-2925 on functional NMDA receptors, the NMDAR 

antagonist CPP (10 mg/kg, i.p.) was administered 1 h prior to NYX-2925 (10 mg/kg, p.o.) in a 

group of CCI animals. Separate groups of animals were dosed with saline, 1 mL/kg, i.p. at the 

same time. One hour later, those groups were orally dosed with vehicle (0.5% CMC), NYX-

2925, CPP, or gabapentin (150 mg/kg, p.o.). Mechanical analgesia was assessed using von 

Frey filaments at 1 h and 24 h after compound administration. As expected, a single dose of 

NYX-2925 resulted in significant and long-lasting analgesia when compared to the vehicle group 

1 h: [F (4,24) = 11.91, p < 0.0001] and 24 h: [F (4,23) = 9.046, p <0.001]. Administration of CPP 

prior to NYX-2925 blocked the analgesic effects previously seen at both the 1 h and 24 h time 

points (p > 0.05). Systemic administration of CPP had no effect on its own when tested at both 

the 1 h and the 24 h time points when compared to the vehicle-treated group (Figure 8). 

Gabapentin, the positive control, produced significant, but short-lasting analgesia only at the 1 h 

time point (p < 0.01). 

 

NYX-2925 reverses the decrease in hedonic ultrasonic vocalizations and the increase in 

aversive vocalizations observed with CCI-induced neuropathic pain in rats  

Neuropathic pain has been shown to impair learning and memory, increase negative 

affect, and induce anhedonia (Moriarty et al., 2011; Bushnell et al., 2013; Low, 2013). The 

heterospecific rough-and-tumble play assay is an NMDAR-dependent task that allows for the 

evaluation of affective state as well as positive emotional learning (PEL) (Burgdorf et al., 

2011a). Thus, this model was used to evaluate the effect of CCI-induced neuropathic pain on 

these parameters and the potential of NYX-2925 to reverse any observed deficits. Hedonic 

(frequency modulated 50 kHz) and aversive (20 kHz) vocalizations were quantified during 6 

rough-and-tumble play trials as previously described (Burgdorf et al., 2011a). Vocalizations 
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occurring during the 15 s non-stimulation periods are considered to be a measure of positive 

emotional learning (Burgdorf et al., 2011a). In addition, the approach latency to the 

experimenter’s hand was assessed in order to measure the rewarding value of heterospecific 

play. Vehicle-administered sham-surgery animals were used as a comparison to vehicle-

administered CCI-surgery animals and NYX-2925-administered CCI animals to evaluate the 

effect of NYX-2925 on reversing any deficits seen in CCI animals. 

Three weeks following CCI surgery, vehicle-treated CCI rats emitted less hedonic USVs 

during the non-stimulation period when compared with sham-surgery animals [F (3,31) = 9.303, p 

< 0.0001] (Figure 9A). NYX-2925 (1 or 10 mg/kg, p.o.) administration increased hedonic USVs 

in trials (T) 2-6 [T2: F (3,31) = 4.864,  p < 0.01; T3: F (3,31) = 7.560,  p < 0.001; T4: F (3,31) = 5.748,  

p < 0.01; T5: F (3,31) = 7.322,  p <  0.001, and T6: F (3,31) = 12.65,  p < 0.0001] in CCI rats 

measured 1 h after administration when compared to the vehicle-treated group. Aversive (20-

kHz) ultrasonic vocalizations, which were summed for all non-stimulation periods across trials, 

were increased in CCI rats compared to the sham-surgery group [F (3,31) = 19.73, p < 0.0001]. 

NYX-2925 (1 mg/kg and 10 mg/kg, p.o.) administration significantly decreased (p < 0.0001) 

aversive USVs in CCI rats when compared with the vehicle-treated CCI group (Figure 9B). CCI 

animals also showed significantly higher latency to approach the experimenter’s hand to self-

administer heterospecific play when compared with the sham-surgery group (p < 0.05). NYX-

2925 (1 mg/kg and 10 mg/kg, p.o.) administration to the CCI rats significantly decreased (p < 

0.05) this latency when compared with the vehicle-treated CCI group [F (3,31) = 57.38, p < 

0.0001] (Figure 9C).  
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DISCUSSION 

NYX-2925 markedly reduced pain and improved positive affect in preclinical neuropathic 

pain models. In the formalin test, NYX-2925 reduced spontaneous pain readouts after formalin 

injection. NYX-2925 also decreased thermal hyperalgesia and mechanical hypersensitivity in 

the CCI peripheral nerve injury model. Repeat administration of NYX-2925 resulted in dose-

dependent and sustained analgesic effects in the CCI model. In the STZ-induced diabetic 

neuropathy model, NYX-2925 alleviated allodynia in a dose-dependent manner. 

A single administration of NYX-2925 resulted in significant and long-lasting mechanical 

analgesia which, unlike gabapentin, persisted for at least 7 days in both the CCI and STZ 

models. This long-lasting analgesic activity extends beyond the availability of NYX-2925 in the 

brain, as the compound has a cerebral spinal fluid half-life of under 2 hours in rats (Khan et al., 

2018). We postulate that, the long-lasting analgesia may stem from NYX-2925-mediated 

synaptic plasticity. Ongoing work in our laboratory has demonstrated that NYX-2925 binds 

directly to NMDA receptors causing conformational changes (Khan et al., 2018) that lead to 

rapid influx of calcium and enhancement of long-term potentiation measured in both rat 

hippocampal and prefrontal cortex (Khan et al., 2018). Ex vivo studies have shown significantly 

enhanced long term potential (LTP) in the mPFC of rats treated with NYX-2925 taken 24 h post-

treatment compared to the untreated controls (Khan et al., 2018). Moreover, dendritic spine 

analyses have shown a significant increase in both numbers of spines and “mature” spine 

morphologies (Khan et al., 2018). Thus, the long-lasting effects of NYX-2925 in neuropathic 

pain are likely mediated through these changes in structural plasticity.  

The data presented here also show that the analgesic effects of NYX-2925 were 

NMDAR-dependent, as analgesia was blocked by the systemic administration of CPP. 

Moreover, analgesic effects were also achieved by direct administration of NYX-2925 into the 

mPFC. Thus, the analgesic effect of NYX-2925 appears to impact neuropathic pain via a central 

mechanism.  
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Brain imaging studies in patients and laboratory animals suggest an anatomical and 

functional shift in activated cortical and subcortical circuitry as pain becomes chronic (Apkarian 

et al., 2011; Apkarian et al., 2013; Hashmi et al., 2013). Specifically, chronic pain is associated 

with increased involvement of brain emotional and corticolimbic circuitry and decreased 

involvement of somatosensory circuitry (Baliki et al., 2006; Geha et al., 2007; Farmer et al., 

2011; Parks et al., 2011). This is particularly apparent within the mPFC, where the level of 

connectivity to regions including the insula and nucleus accumbens is highly correlated with 

pain intensity (Baliki et al., 2014). Accordingly, increased regional coincident activity can be 

used to predict the transition from acute to chronic pain (Apkarian et al., 2013) as well as to 

provide a potential indicator for the efficacy of pain therapeutics (Napadow et al., 2012).  

NYX-2925 was not effective in the reflexive tail flick acute model of nociceptive pain. 

This supports the specific target of NYX-2925 function to be within corticolimbic circuitry since 

the tail flick response is a spinally-mediated phenomenon. Further support for this comes from 

reports that other compounds with analgesic effects in neuropathic pain conditions do not show 

effects in the tail flick model (Smith et al., 2017) and further reinforces the concept that 

neuropathic pain is distinct from nociceptive pain.  

The composition of spinal NMDARs (Boyce et al., 1999; Nagy et al., 2004; Wee et al., 

2008) is similar to those found in the cortex (Wu and Zhuo, 2009), and these receptors are 

critically involved in inflammatory and neuropathic pain (Dickenson et al., 1997). For example, 

spinal excitatory neurons appear to be in a perpetually potentiated state, as if LTP is saturated 

in these neurons following peripheral neuropathic or inflammatory injury (Liu and Sandkuhler, 

1997; Zhang et al., 2004; Ikeda et al., 2006). Thus, NMDAR antagonists (Kim and Jeong, 2013; 

Wang et al., 2017) such as ketamine show analgesic activity when administered directly into the 

spinal cord (Chaplan et al., 1997). 

In contrast, the prelimbic mPFC is hypoactive in chronic pain, and neuropathic pain can 

be reversed by increasing mPFC activity with optogenetic tools (Lee et al., 2015; Wang et al., 
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2015; Zhang et al., 2015). Thus, despite the efficacy of intrathecal ketamine to reduce pain, no 

analgesia was observed after intracerebral administration (Chaplan et al., 1997). 

Correspondingly, neither the glycine site partial agonist DCS nor NYX-2925 were effective 

intrathecally, but analgesia was observed following direct administration of either compound into 

the mPFC (Figure 6A; (Millecamps et al., 2007).  

We suggest that the absence of intrathecal NYX-2925 efficacy stems from dorsal horn 

pain circuits being in a hyperactive state following peripheral neuropathic pain or inflammatory 

injury (Miraucourt et al., 2007; Price and Prescott, 2015). In contrast, because NYX-2925 

increases NMDAR current and facilitates long-term potentiation in the mPFC (Khan et al., 

2018), we hypothesize that NYX-2925 alleviates pain by reversing the neuropathy-induced 

hypoactivity of the mPFC.  

Chronic pain patients have been shown to experience deficits in affect, attention, 

memory, and decision making, cognitive processes that rely heavily on the circuitry of higher 

cortical areas such as the mPFC (Kodama et al., 2011; Moriarty et al., 2011; Bushnell et al., 

2013; Ceko et al., 2015), which is hypoactive in chronic pain state (Ji and Neugebauer, 2011; 

Kelly and Martina, 2018). The changes in prelimbic PFC likely exacerbates pain and contributes 

to the increased emotionality of the pain state experienced by these patients (Kodama et al., 

2011; Moriarty et al., 2011; Bushnell et al., 2013; Ceko et al., 2015). We believe that the 

affective component of pain can also be seen in rodents using heterospecific rough-and-tumble 

play. Frequency modulated 50-kHz USVs and 20-kHz USVs are validated measures of positive 

and negative emotion, respectively, in rats (Burgdorf et al., 2011b), and the expression of 

hedonic 50-kHz USVs depends on the NMDAR-driven synaptic plasticity in the mPFC (Burgdorf 

et al., 2015a). A recent study in naïve rodents showed that NYX-2925 administration led to an 

NMDAR-dependent increase in hedonic vocalizations (Khan et al., 2018). Here, we investigated 

hedonic and aversive rat ultrasonic vocalizations as a measure of non-evoked / spontaneous 

pain using heterospecific rough-and-tumble play in CCI rats. NYX-2925 improved hedonic 
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learning as evidenced by greater 50-kHz hedonic calls during the non-stimulation periods, 

decreased hand-approach latencies, and decreased 20-kHz aversive calls. These data suggest 

that NYX-2925 has the potential to reverse the occurrence of mPFC-dependent emotional and 

learning deficits that are highly comorbid with chronic pain.  

In summary, corticolimibic NMDA receptor modulation, as exemplified by NYX-2925, is a 

novel approach for the treatment of neuropathic pain. NYX-2925 is also unique relative to 

current pain therapeutics in that it can induce rapid and long-lasting analgesic effects in a 

variety of neuropathic pain models while also improving emotional and cognitive deficits 

associated with chronic pain.  
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LEGENDS FOR FIGURES 

Figure 1. Administration of NYX-2925 produced thermal and mechanical analgesia in the CCI 

model of neuropathic pain. A. Animals were administered a single dose of vehicle or NYX-2925 

(10 mg/kg) and assessed for thermal analgesic effect, as measured by PWL at 1 h post-drug 

administration. A single administration of NYX-2925 (10 mg/kg) at the 1 h time point significantly 

increased PWL when compared with the vehicle control group (p < 0.05). Sham vehicle-treated 

rats PWL value was equal to 16.9 s (p > 0.05). B. Animals were administered a single dose of 

vehicle, NYX-2925 (0.1, 1, 10, 30, or 100 mg/kg), or gabapentin (150 mg/kg) and assessed for 

analgesic effect, as measured by PWT, 1 h, 24 h, or 1 week post-drug administration. A single 

administration of NYX-2925 (1, 10, or 30 mg/kg) at the 1 h time point significantly increased 

PWT when compared with the vehicle control group (p < 0.05). At the 24 h time point, NYX-

2925 (1, 10, or 100 mg/kg) significantly increased PWT vs. vehicle. The analgesic effect of 

NYX-2925 lasted up to 1 week for dose levels 1, 10, and 30 mg/kg. NYX-2925 at 100 mg/kg 

was not analgesic at the 1 week time point (p > 0.05). NYX-2925 at the lowest dose (0.1 mg/kg) 

was not analgesic at any of the time points (1 h, 24 h, and 1 week) tested (p > 0.05). N = 10-11 

animals per group.  

 

Figure 2 Administration of NYX-2925 produced robust, dose-dependent and long-lasting 

mechanical analgesia in the CCI model of neuropathic pain. A. CCI rats were administered a 

single dose of vehicle or NYX-2925 (10 mg/kg) and assessed for analgesic effect, as measured 

by PWT at 1 h post-drug administration. A single administration of NYX-2925 (10 mg/kg) at the 

1 h time point significantly increased PWT when compared with the vehicle control group (p < 

0.05). Sham vehicle-treated PWT was similar to its baseline value and was equal to 11.12 g (p 

> 0.05). 
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B. Daily administration of NYX-2925 (1, 10, or 30 mg/kg) maintained analgesic efficacy over the 

course of 2 weeks. Animals were dosed daily with vehicle or NYX-2925 (1, 10, or 30 mg/kg) for 

13 consecutive days and were tested for mechanical hypersensitivity 24 h after dosing. A 

separate group of animals was dosed with gabapentin (100 mg/kg) on days 1, 9, and 14. 

Vehicle was administered to these rats on days between tests so that all groups were identically 

handled. Gabapentin-treated animals were tested for mechanical hypersensitivity 1 h after 

dosing. NYX-2925 administration significantly increased PWT when compared to vehicle control 

group on all test days (Day 1, 3, 6, 9, 12, and 14: p < 0.0001). The analgesic effects of 

gabapentin (dosed on D1, D9, and D14; red arrows) were short-lived with loss of efficacy 

observed at 48 h post-administration (D3, D6, and D12). N = 10 animals per group. C. Daily 

dosing of sub-therapeutic NYX-2925 doses increased analgesic efficacy to therapeutic levels. 

Animals were treated daily with vehicle or NYX-2925 (0.03, 0.1, 0.3, or 1 mg/kg) and assessed 

1 h after administration on days 1, 5, and 8 (D1, D5, and D8). A separate group of CCI animals 

was dosed with gabapentin only on test days (D1, D5, and D8) and assessed for mechanical 

hypersensitivity 1 h after dosing. Daily dosing of NYX-2925 (0.03, 0.1, and 0.3 mg/kg) increased 

the PWT when compared to the previous test day. NYX-2925 at its therapeutic dose (1 mg/kg) 

showed a consistent increase in PWT when compared with vehicle for all test days (p < 0.05).  

Animals dosed with gabapentin showed significant analgesia on each testing day, p < 0.05. N = 

4 - 6 animals per group. Between subjects score 1-way ANOVA followed by post-hoc Fisher’s 

test. Data represent means ± SEM, * indicates statistically significant differences when 

compared with the vehicle group at the same time point (p < 0.05), # indicates statistically 

significant differences when compared to the same group at a different test day (p < 0.05).   

 

Figure 3. A single administration of NYX-2925 produced significant and long-lasting mechanical 

analgesia in the STZ-induced diabetic neuropathy model. Neuropathic pain was measured 4 

weeks post-STZ. Animals were administered a single dose of vehicle, NYX-2925 (0.1, 1, 3, or 
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10 mg/kg; p.o.), or gabapentin (150 mg/kg; p.o.) and assessed for analgesic effects at 1 h, 24 h, 

or 1 week post-drug administration. NYX-2925 at the 1 h time point significantly increased PWT 

at the 1, 3, and 10 mg/kg dose levels, vs. vehicle (p < 0.05). At the 24 h time point, 10 mg/kg 

NYX-2925 significantly increased PWT vs. vehicle (p < 0.05). The analgesic effect of NYX-2925 

lasted up to 1 week, with significant increase in PWT seen with 3 and 10 mg/kg vs. vehicle (p < 

0.05). Gabapentin increased PWT at the 1 h time point only (p < 0.05). N = 6-8 animals per 

group. Data represent means ± SEM, * indicates statistically significant differences when 

compared with the vehicle group at the same time point (p < 0.05). 

 

Figure 4. Naïve animals were administered vehicle, NYX-2925 (0.1, 1, or 10 mg/kg; p.o), or 

gabapentin (150 mg/kg; p.o.) 15 minutes prior to formalin administration (50 μL of 5% formalin; 

s.c.) into the dorsal right paw. Pain reactions (flinching, jerking, lifting, shaking, licking, and 

biting) occurring between minutes 30-55 were scored in 5 min bins. NYX-2925 (1 and 10 mg/kg) 

and gabapentin (150 mg/kg) significantly reduced the average number of pain reactions vs. 

vehicle (p < 0.05). NYX-2925 at 0.1 mg/kg was ineffective. N = 5 - 6 animals per group. Binned 

data represent the average of all pain reactions ± SEM during 30-55 minutes post-formalin 

injection per group, * indicates statistically significant differences when compared with the 

vehicle group at the same time point (p < 0.05). 

 

Figure 5. NYX-2925 did not affect thermal nociception in the tail flick model of acute pain. 

Thermal analgesia was assessed by tail withdrawal latency from an infrared heat source. After 

baseline testing, animals were administered vehicle, NYX-2925 (0.1, 1, or 10 mg/kg) or 

buprenorphine (1 mg/kg, i.v.) and reassessed for thermal sensitivity 1 h post-drug 

administration. NYX-2925 was ineffective at all doses tested (p > 0.05).  Buprenorphine 

significantly increased tail withdrawal latency 1 h post-dosing (p < 0.05). N = 7 animals per 
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group. Data represent means ± SEM, * indicates statistically significant differences when 

compared with the vehicle group at the same time point (p < 0.05). 

 

Figure 6. Bilateral infusion of NYX-2925 into the medial prefrontal cortex produced significant 

and long-lasting mechanical analgesia in the CCI model of neuropathic pain. A. After the onset 

of neuropathic pain, CCI animals were administered a bilateral mPFC infusion of vehicle or 

NYX-2925 (0.01, 0.1, or 1 μg into each guide cannulae) and assessed for analgesic effect, as 

measured by PWT at 20 min, 24 h, or 1 week post-drug administration. Administration of 0.01 

μg NYX-2925 significantly increased PWT at 20 min and 24 h post-administration, but not at 1 

week post-administration vs. vehicle (p < 0.05). Administration of 0.1 μg significantly increased 

PWT at all time points vs. vehicle (p < 0.05). The highest concentration of NYX-2925 (1 μg) did 

not increase PWT at any of the time points tested (p > 0.05). N = 6-9 animals per group. B. 

NYX-2925 did not produce mechanical analgesia when delivered via intrathecal administration 

in the CCI model of neuropathic pain. Two to three weeks post-CCI surgery, animals were 

administered intrathecal injections of saline vehicle, NYX-2925 (0.01-1000 μg/20 μL saline), or 

CPP (50 μg/20 μL saline) and assessed for analgesic effect, as measured by PWT, 30-45 min 

post-drug administration. NYX-2925 did not increase PWT at any concentration tested versus 

the vehicle control group (p > 0.05). CPP significantly increased PWT vs. vehicle (p < 0.05). N = 

5-12 animals per group. Data represent means ± SEM, * indicates statistically significant 

differences when compared with the vehicle group at the same time point (p < 0.05). C. Medial 

PFC cannulae placements are shown. All microinjection sites were located within the prelimbic 

mPFC according to the atlas of Paxinos and Watson. 

 

Figure 7. Pharmacokinetic analysis of NYX-2925 in plasma and spinal cord. Overnight fasted 

Sprague Dawley rats were orally dosed with NYX-2925 at 10 mg/kg (in 0.9% saline). A. Plasma 

and B. spinal cords were collected at 0.5, 1, 2, 4, 8, and 24 h post-administration. Samples were 
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extracted and pharmacokinetic analysis of the samples performed using LC-MS/MS. N = 3 rats / 

time point. 

 

Figure 8. Analgesic efficacy of NYX-2925 is blocked by systemic pre-administration of CPP. To 

assess the reliance of NYX-2925 on functional NMDA receptors, the NMDAR antagonist CPP 

was administered 1 h prior to NYX-2925 in a group of CCI animals. Other groups were dosed 

with saline one hour prior to the administration of vehicle, NYX-2925 (10 mg/kg, p.o.), CPP (10 

mg/kg, i.p.), or gabapentin (150 mg/kg, p.o.). Animals were assessed for mechanical 

hypersensitivity at 1 h and 24 h post dose. NYX-2925 administration was analgesic at both time 

points (p < 0.05). Pre-administration of CPP blocked the analgesic effect of NYX-2925 at both 

time points tested (p > 0.05). Gabapentin effects were transient, and were observed only at the 

1 h time point. N = 6 animals per group. Data represent means ± SEM, * indicates statistically 

significant differences when compared with the vehicle group at the same time point (p < 0.05). 

 

Figure 9. In the heterospecific rough-and-tumble play assay, NYX-2925 reversed deficits seen 

in hedonic and ultrasonic vocalizations caused by CCI-induced neuropathic pain. A. CCI-

induced neuropathic pain decreased 50-kHz ultrasonic vocalizations during the 15 s non-

stimulation periods between trials when compared with sham-surgery animals (p < 0.05). A 

trend was seen in trials 1-5, and a significant difference was observed in trial 6 (p < 0.05). A 

single administration of NYX-2925 to CCI rats, 1 h prior to the first trial, significantly increased 

hedonic 50-kHz ultrasonic vocalizations between trials 2 through 6 and trials 3 through 6 for 1 

mg/kg and 10 mg/kg, respectively, when compared to the CCI-vehicle control (p < 0.05). B. 

CCI-induced neuropathic pain significantly increased aversive 20-kHz vocalizations across non-

stimulation periods when compared to sham-surgery animals (p < 0.05).  A single administration 

of NYX-2925 (1 mg/kg or 10 mg/kg) to the CCI rats significantly decreased 20-kHz ultrasonic 

vocalizations (p < 0.05). C. CCI-induced neuropathic pain significantly increased the latency to 
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approach the experimenter’s hand to self-administer heterospecific play when compared to the 

sham-surgery animals (p < 0.05). A single administration of NYX-2925 (1 mg/kg or 10 mg/kg) to 

the CCI rats significantly decreased this latency when compared to vehicle-administered CCI 

animals (p < 0.05). N = 8-9 animals per group. Data represent means ± SEM, * indicates 

statistically significant differences when compared with the vehicle group at the same time point 

(p < 0.05). 
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Table 1. Time course of drug or vehicle administration and von Frey testing  

Experiment NYX-2925 

administration 

Von Frey testing Figure 

CCI single 

administration  

Day 0 1 h, 24 h, and 1 week post-administration 1B 

CCI single 

administration  

Day 0 1 h post-administration 2A 

CCI repeat 

administration, 

therapeutic doses 

Day 0-13 24 h following administration and on days: 1, 

3, 6, 9, 12, and 14 

2B 

CCI repeat 

administration, sub-

therapeutic doses 

Day 0-8 1 h post-administration on days 1, 5, and 8 2C 

CCI mPFC infusion  Day 0 20 min, 24 h, and 1 week post-administration 6A 

CCI intrathecal 

injection  

Day 0 30-45 min, 24 h, and 1 week post-

administration 

6B 

CCI single 

administration, CPP 

pretreatment  

Day 0 1 h, 24 h, and 1 week post- NYX-2925 

administration 

8 

STZ-induced diabetic 

neuropathy  

Day 0 1 h, 24 h, and 1 week post-administration 3 
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