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Abstract 

N-methyl-D-aspartate receptors (NMDARs) are excitatory glutamatergic receptors found 

across the central nervous system. NMDARs consist of subunit variants GluN2A, GluN2B, and 

GluN2D. Within the spinal cord, the superficial dorsal horn (SDH) is a critical site for 

nociceptive signaling; however, the relative expression of GluN2 subunits in the SDH remains 

unknown, especially between sexes and in humans. We aimed to identify the relative NMDAR 

subunit expression in the SDH of adult male versus female rats in L4/L5 lumbar spinal cord 

tissue and investigated whether the patterns of NMDAR subunit expression are conserved in 

humans. Immunohistochemical staining of rat and human tissue was used in conjunction with 

antigen retrieval, which removes cross-linkages that mask the receptor proteins at synaptic sites. 

We identified an enhanced GluN2B and GluN2D expression in the SDH of adult male and 

female rats, as seen in our previous study using juvenile rats. Moreover, GluN2A expression is 

also localized to the SDH in both adolescent and adult rats, which differs from its diffuse 

expression across the dorsal horn in juveniles. This result suggests a developmental switch in 

GluN2A expression across late postnatal development. In addition, we have identified a 

preferential localization of GluN2A, GluN2B, and GluN2D subunits to the lateral region of the 

SDH of adult rats, unlike the selective localization of GluN2B to the medial SDH in juvenile 

male rodents. Finally, we found that the localization of GluN2 subunits to the SDH are largely 

conserved across species from rat to human spinal tissue, however the GluN2 subunit expression 

across the mediolateral axis was uniform in humans with no increased lateral expression. 

Therefore, NMDAR subunit distribution in dorsal horn pain processing circuits appears to be 

relatively conserved across species and sex but diverges across postnatal development in rats. 
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Introduction 

Pain  

According to the International Association for the Study of Pain, pain is defined as “an 

unpleasant sensory and emotional experience associated with, or resembling that associated with, 

actual or potential tissue damage” (Raja et al., 2020). Pain is composed of two main components: 

the discrimination of sensory stimuli in the periphery and emotional processing. Nociception 

plays a key role in the discrimination of sensory stimuli as nociception is the neural process of 

encoding noxious stimuli which relays into the spinal cord and then to the brain. Within the 

brain, the emotional processing of an event aids in the understanding and the memory acquisition 

following a painful event. Pain is a phenomenon that impacts a global population. Chronic pain, 

which is a condition in which pain lasts longer than 6 months, carries significant implications on 

an individual’s quality of life and impacts one in four Canadians (Campbell & Hudspith, 2021; 

Fine, 2011). Despite chronic pain being highly prevalent and debilitating, there are very few 

treatments that target the nociceptive pathways and the source of the pain. Many physicians rely 

on antidepressant and anticonvulsant medications to attempt to treat chronic pain conditions 

(Khouzam, 2016). While these pharmaceuticals may be beneficial to some, there is an absence of 

knowledge of treatment targets within nociceptive signaling pathways. Further investigation into 

the molecular underpinnings of chronic pain signaling could aid in the improvement of 

treatments that target the pathophysiology of the disease and aid in personalizing medicine to a 

specific chronic pain syndrome.  

In addition to an absence of personalized treatments targeting pain signaling circuits, 

there is also an absence of research assessing the differences in molecular pain signaling in both 

males and females. Women have an increased sensitivity to both visceral and somatic pain in 
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comparison to males (Sorge & Totsch, 2017). Furthermore, women are more commonly 

diagnosed with chronic pain conditions including temporomandibular joint pain, fibromyalgia, 

and inflammatory bowel disease (Ji et al., 2015). Despite this, there is limited knowledge 

regarding the molecular mechanisms behind pain processing in the spinal cord and little 

investigation into sex differences that may exist in nociceptive signaling in the spinal dorsal 

horn. Further investigation into the molecular signaling in the spinal cord across variables, such 

as developmental age, sex, and species may allow for the identification of new therapeutic 

targets for treating chronic pain.   

Nociceptive Pathway 

In the event of a noxious input, such as extreme mechanical, chemical, or temperature 

stimuli, there is an activation of high threshold receptors on specific nociceptors in the periphery. 

There are a variety of nociceptors depending on the type of stimuli, which are connected to A 

and C afferent axon fibers. A fibers are myelinated axons of nociceptors that respond quickly to 

a noxious stimulus, specifically chemical and thermal activation. C fibers are unmyelinated and 

respond at a reduced speed to noxious stimuli in the periphery (Giordano, 2001; Todd, 2010). 

They are typically associated with lingering or “second” pain following an initial injury. 

Following the activation of these peripheral nociceptors, an action potential is propagated to the 

dorsal root ganglia (DRG) where the cell bodies of the primary sensory neurons are located. 

These nociceptive A and C fibers continue to synapse into the outermost layers of the dorsal 

horn of the spinal cord (Bourinet et al., 2014). Nociceptive afferent input is received at the level 

of the spinal cord and transmitted to the brain, where the information is processed by higher 

brain regions to incorporate conscious awareness and the emotional elements of pain.  
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Laminar Organization in the Spinal Cord 

The spinal cord is a column of nervous tissue that has a bi-directional transmission of 

neural information to and from the brain. The spinal cord aids in relaying somatosensory 

information, such as painful stimuli, from the periphery to the brain, as well as relaying 

information from the brain to the muscles and motor system. The grey matter of the spinal cord 

is divided into 10 Rexed laminae which are organized based on the cell type and density of 

neurons. Laminae I to VI make up the dorsal horn and relay sensory information; while laminae 

VI to X relay motor information in the ventral horn. Laminae III-VI consists of deeper dorsal 

horn (DDH) tissue that processes and transmits mainly non-nociceptive sensory information, 

such as touch and non-noxious thermal information (Rexed, 1952). Nociceptive information is 

relayed mainly into laminae I and II; also known as the superficial dorsal horn (SDH). Lamina I 

of the SDH, also referred to as the marginal zone of the spinal cord, receives nociceptive and 

thermal sensory information. Lamina I is a highly myelinated region composed of loosely packed 

small interneurons and large projection neurons that transmit nociceptive information (Rexed, 

1952; Todd, 2010). The projection neurons receive direct inputs from C and A fibers as well as 

indirect information from lamina II interneurons (Pan & Pan, 2004). Lamina II is also referred to 

as the substantia gelatinosa due to a limited number of myelinated afferents which makes this 

region appear translucent in appearance. This region of the SDH consists of densely populated 

excitatory and inhibitory interneurons that aid in modulating nociceptive information (Todd, 

2010).  

Lamina II can be further segmented into outer and inner regions (Lu & Perl, 2005). 

Lamina II outer (Lamina 𝐼𝐼𝑜) has smaller, more densely packed cells and receives both 

unmyelinated C fiber and myelinated A fiber inputs. In comparison, lamina II inner (Lamina 
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𝐼𝐼𝑖) consists of larger, unmyelinated neurons that are much less densely packed. Laminae I and II 

work in tandem to process and transmit nociceptive information in the spinal cord. 

Differentiation between lamina 𝐼𝐼𝑜 , lamina 𝐼𝐼𝑖, and lamina I can be found by identifying 

variations in the level of myelination within the SDH (Rexed, 1952). Lamina I is the most 

superior region that has a high density of myelinated fibers; while lamina 𝐼𝐼𝑜 shows a reduction 

in myelination, and lamina 𝐼𝐼𝑖 has little to no myelination (Luo & Yaksh, 2007). Similarly, 

microscopic analysis of cat spinal cord tissue found that laminae II (made of lamina 𝐼𝐼𝑜 and 

lamina 𝐼𝐼𝑖) is thicker than lamina I. Lamina I is approximately half the thickness of lamina II. 

Further, lamina 𝐼𝐼𝑜 is a very thin outer layer of lamina II composed of smaller cells and makes up 

approximately ¼ of the size of lamina II in its entirety (Rexed, 1952). The variations in 

myelination and the different thicknesses within the tissue allow for the differentiation between 

laminae within the SDH as well as aiding in the transmission of nociceptive information.  

Calcitonin Gene-Related Peptide 

Calcitonin gene-related peptide (CGRP) is a neuropeptide that is present in the CNS and 

is specifically found in the spinal cord. CGRP is expressed in peptidergic afferent C-fibers 

relaying from the peripheral DRG to the SDH in the spinal cord. The SDH is a relay site for 

nociceptive thermal and mechanical information. Due to the high density of presynaptic CGRP 

expression in lamina I and lamina II, CGRP has been shown to be an appropriate anatomical 

marker for the superficial dorsal horn (Tie-Jun et al., 2001). The projection of CGRP into the 

SDH has been demonstrated across eight species, including human, mouse, and rat spinal cord 

tissue (Gibson et al., 1984). However, there is a notable difference in CGRP expression within 

lamina II of the SDH between rodent and human species. Rodent models, including rat and 

mouse tissue, have CGRP projections primarily in lamina I and lamina IIo (Lorenzo et al., 2008). 



 

 

5 

However, immunohistochemical staining has identified that CGRP peptidergic fibers relay into 

the entirety of the lamina II in human tissue (Shiers et al., 2021). Therefore, using CGRP as a 

marker for the SDH in rats encompasses mainly lamina I and IIo; while in human tissue CGRP 

will relay into the entire SDH (Iyengar et al., 2017). Therefore, immunohistochemical staining of 

CGRP in spinal cord tissue permits the visualization of the SDH to evaluate the expression levels 

in this nociceptive signaling region and is relatively conserved across species.   

NMDAR Structure 

N-methyl-D-aspartate receptors (NMDARs) are ionotropic glutamatergic channels that 

are found across the central nervous system and play a dominant role in synaptic plasticity. 

These heteromeric receptors consist of seven main components; an N-terminal domain, a ligand-

binding domain, a set of four transmembrane domains, and a C-terminal domain (Traynelis et al., 

2010). The extracellular components of the receptor consist of the N-terminal (NTD) and ligand 

binding domains (LBD). The ligand binding domain contains the glutamate-binding site or the 

co-agonist binding site (glycine binding site), depending on the NMDAR subunit type, which 

allows for channel opening. The binding of both glutamate and glycine/serine in the LBDs 

initiates a conformational change that permits the opening of the channel pore which is formed 

by the transmembrane domains (M1, M2, M3, and M4). More specifically, M3 and M4 aid in 

forming a ligand-binding loop that couples the agonist binding with the opening of the channel 

pore. In contrast, instead of crossing the membrane, M2 forms a re-entrant loop that does not 

cross the membrane to allow for selectivity of ion movement into the channel pore (Paoletti et 

al., 2013; Warnet et al., 2020). Following the M4 membrane, the C-terminal domain (CTD) 

interacts with the intracellular environment and plays a large role in the function of the NMDAR. 

Post-translational modifications, such as phosphorylation, occur at the site of the CTD. 
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Modifications to the CTD differentially regulate NMDAR function across subtypes, therefore 

allowing for diversity in mechanisms of signaling and plasticity. The length of the CTD also 

varies dramatically based on the NMDAR subunit and can extend to up to 660 residues in length 

depending on the species and subunit (Warnet et al., 2020). The complexes that make up 

NMDARs play a large role in the synaptic functioning of the receptor in the CNS. 

GluN1/2/3 Subunits 

NMDARs are tetrameric receptors that vary dramatically in function depending on the 

structure of the specific receptor. The receptor may be composed of GluN1, GluN2, and/or 

GluN3 subunits. A minimum of two GluN1 subunits are required in the structure of the NMDAR 

to bind glycine, a co-agonist of NMDARs, and allow for the receptor to activate and open 

(Wyllie et al., 2013). The remaining two subunits may be made up of GluN2A, GluN2B, 

GluN2C, GluN2D, GluN3A, or GluN3B subunits. Two types of NMDARs are typically found; 

diheteromers consist of exclusively GluN1/GluN2 or GluN1/GluN3 subunits, while 

triheteromeric receptors consist of three subtypes of GluN1, GluN2, and GluN3 subunits 

(Paoletti et al., 2013). A typical NMDAR is composed of two GluN1 subunits and two GluN2. 

NMDARs may contain two GluN1 and two GluN3 subunits, although this combination is less 

common since GluN3 exclusively binds glycine, while GluN2 subunits bind glutamate.  

GluN2A, GluN2B, and GluN2D NMDAR subunits are all expressed in the dorsal horn of 

the spinal cord, while GluN2C is not highly expressed in the spinal cord and is expressed almost 

exclusively in the cerebellum and visual cortex (Monyer et al., 1994). Due to minimal evidence 

of GluN2C expression in the spinal cord, this study only investigated NMDARs with GluN2A, 

GluN2B, and GluN2D subunits. 
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Isoforms 

GluN2 subunit isoforms differ in structure, which ultimately leads to variation in 

function. There are four GluN2 subunit isoforms; GluN2A, GluN2B, GluN2C, and GluN2D. 

These subunits are encoded by genes GRINA, GRINB, GRINC, and GRIND, respectively 

(Warnet et al., 2020). The differences in the sequence identity and lengths of these genes lead to 

variation in the function of NMDARs. However, the CTD is relatively conserved between genes 

and is well conserved between rodent and human species. For instance, the GluN2B subunit 

CTD shares 98% of the genetic sequence between mouse and human species (Warnet et al., 

2020).  

NMDAR Function 

NMDARs are glutamatergic ionotropic receptors that have an extracellular magnesium 

ion (Mg2+) blocking the channel pore at resting membrane potentials. The Mg2+ block restricts 

the movement of cations from entering the NMDA receptor, which can be dislodged after a 

sufficient depolarization of the postsynaptic membrane that repels the positively charged 

extracellular cation and allows for extracellular sodium and calcium ion entry. Before ions can 

enter the channel pore of the NMDAR, the postsynaptic membrane must be depolarized, which is 

typically achieved by the activation of alternative ionotropic glutamate receptors, such as AMPA 

and Kainate receptors (Wang et al., 2010). Glutamate binding to these receptors permits the 

transmission of sodium ions across the cell membrane to depolarize the postsynaptic 

compartment (Wang et al., 2010). The open NMDAR channel pore permits additional entry of 

sodium and calcium ions into the cell to further depolarize the neuron and leads to the 

propagation of an action potential in the postsynaptic neuron. In conjunction with the 

depolarization of the intracellular membrane, calcium influx through the NMDAR leads to 
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downstream signaling cascades that alter cell functions, such as the recruitment of additional 

NMDARs and AMPARs to the cell membrane (Nozaki et al., 2011). Changes in AMPAR 

trafficking to the synapse leads to long term potentiation (LTP) and other forms of synaptic 

plasticity. Overall, NMDARs play a crucial role in synaptic transmission and integration in the 

spinal cord, which permits the transmission of nociceptive signaling in the spinal cord.  

Ca2+ and Mg2+ Variability 

Variations in the identity of the GluN2 subunits in the NMDAR complex yield 

differences in the structure and the function of the receptor. The rate of deactivation of the 

receptor is dependent on the subunits present in the receptor. GluN2A subunits enable a faster 

deactivation rate than GluN2B and GluN2D subunits, while GluN2B also deactivates faster than 

GluN2D subunits (Monyer et al., 1994). Variation in deactivation affects the total calcium entry 

into the cell during an action potential or a local synaptic depolarization and therefore alters the 

plasticity at the synapse. Similarly, the magnesium blockade is differentially affected depending 

on the subunit present. GluN2A and GluN2B subunits in a dimeric receptor show a high 

sensitivity to extracellular magnesium block while GluN2C and GluN2D have a reduced 

sensitivity to magnesium (Wyllie et al., 2013).  

GluN2 Expression in the Brain 

There is a developmental switch in NMDAR subunit expression in the brain that occurs 

at birth. Specifically, synaptic GluN2A, GluN2B, and GluN2D expression differ across early 

developmental ages. Prenatal investigation shows that synaptic GluN2B and GluN2D expression 

is elevated while GluN2A expression is found to be relatively low (Bar-Shira et al., 2015; 

Paoletti et al., 2013). Following birth and across the first two to three weeks of postnatal rodent 

development, there is an opposing pattern in which there is an increase in GluN2A expression 
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and a reduction in GluN2B and GluN2D expression. This expression pattern remains consistent 

into adulthood. Despite the evidence of an early developmental switch of NMDAR subunit 

expression in the brain; there has been no investigation into the expression of GluN2 subunit 

expression across developmental timepoints in the spinal cord. Current research suggests that 

GluN2 subunit contributions are conserved in male rodents from P7 to P21 (Mahmoud et al., 

2020); however developmental timepoints later in development have not yet been investigated. 

NMDAR subunit expression may differ later in development, which could lead to differences in 

nociceptive signaling across postnatal development.  

GluN2A, GluN2B, and GluN2D in the Spinal Dorsal Horn 

RNA and Protein Expression 

GluN2A, GluN2B, and GluN2D subunits play essential roles in nociceptive signaling and 

chronic pain states. In a control condition, baseline levels of GluN2B mRNA (Grin2B) were 

found to be highly expressed in L3-L6, followed by GluN2D (Grin2D), then GluN2A (Grin2A) 

in male rats using RT-PCR (Gaunitz et al., 2002). Further investigation found GluN2A mRNA 

expression across the entire spinal cord grey matter, with an increase in GluN2A mRNA 

transcripts in lamina II at postnatal day 22 in rats (Luque et al., 1994). However, autoradiography 

experiments showed that GluN2A mRNA was only very faintly expressed in lamina II in adult 

rats (Stegenga & Kalb, 2001). Further, high levels of GluN2B mRNA were identified in the 

substantia gelatinosa at postnatal day 2 that persisted to postnatal day 10; followed by lower 

overall expression of GluN2B mRNA transcripts into adulthood (Stegenga & Kalb, 2001). In 

contrast, GluN2B transcripts were found specifically in lamina II and lamina IX of male juvenile 

rats (Luque et al., 1994). Therefore, evidence from two different studies across multiple age 

timepoints suggests different levels of GluN2B mRNA transcripts across development. GluN2D 
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mRNA transcripts have also been found across the grey matter in the spinal dorsal horn of 

female adult rats, with some evidence for localization to lamina II of the SDH (Tolle et al., 

1993). Therefore, GluN2A, GluN2B and GluN2D mRNA transcripts are present in the spinal 

dorsal horn in rats (see Table 1).  

First 

Author 

(Year) 

Sex Age and/or 

Weight 

Region Spinal 

Cord 

Level 

Key NMDAR GluN2 

Findings 

Gaunitz 

(2002) 

Male ~7 weeks 

(135g-170g) 

DH Lumbar  

(L3-L6) 

GluN2B showed the most 

profound expression; followed by 

GluN2A, then GluN2D.  

 Luque 

(1994) 

Male ~6 weeks 

 (120g-130g) 

DH Cervical  GluN2A mRNA is expressed 

throughout the dorsal horn; while 

GluN2B is mainly expressed in 

lamina II and IX 

Stegenga 

(2001) 

Unknown P2, P10, P22, 

and Adult 

(no weights 

listed) 

DH, VH Cervical 

and 

Lumbar 

GluN2A mRNA transcripts were 

found to be faintly localized to 

lamina II in adult rats; high levels 

of GluN2B mRNA were found at 

P22, but no GluN2B mRNA was 

found in adults; no GluN2D 

transcripts were identified at any 

age 

Tolle (1993) Female Adult  

(no weight 

listed) 

SDH, DH Lumbar GluN2D is expressed across the 

rat dorsal horn with some 

localization to the SDH 
Table 1: RNA expression of GluN2A, GluN2B, and GluN2D subunits. Summary table of relevant research 

studies using in situ hybridization or RT-PCR to evaluate the expression of GluN2A, GluN2B, and GluN2D mRNA 

transcripts in the dorsal horn of the rat spinal cord. DH = Dorsal Horn, SDH = Superficial Dorsal Horn, VH = 

Ventral Horn. 

 

Investigation of GluN2 expression using immunohistochemical techniques in juvenile 

rats have identified that GluN2A, GluN2B, and GluN2D subunits are expressed across the entire 

spinal dorsal horn in juvenile male and female rats (Temi et al., 2021). More specifically, 

GluN2B and GluN2D are found to be localized to the SDH; while GluN2A expression is diffuse 

across the entire dorsal horn. This evidence suggests a potentially enhanced role of GluN2B and 

GluN2D in spinal nociceptive processing. Similar immunohistochemical experiments have also 

demonstrated moderate punctate GluN2B expression to be evident in lamina I and II of the adult 
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rat SDH; while GluN2A showed punctate expression within lamina III to IV (Nagy et al., 2004). 

Further immunocytochemical experiments have also identified the presence GluN2B expression 

in lamina I to lamina III of female rats (Yung, 1998). This suggests enhanced expression of 

GluN2B in the nociceptive processing regions of the SDH. However, there is an absence in 

research regarding the role of GluN2D in the spinal cord and especially in the dorsal horn. Initial 

immunohistochemical analyses in the dorsal horn of male juvenile rats showed that GluN2D is 

present in both the SDH and in DRGs (Hummel et al., 2008). GluN2D expression in the spinal 

dorsal horn suggests that this understudied GluN2 subunit may play a role in nociception. 

Overall, initial investigation into the protein quantification of GluN2 subunits suggests that 

GluN2A, GluN2B, and GluN2D subunits are expressed in the dorsal horn of the spinal cord; 

including being found in pain processing regions such as the SDH (see Table 2).  

First Author 

(Year) 

Sex Age and/or 

Weight 

Region Spinal 

Cord Level 

Key NMDAR GluN2 

Findings 
Hummel 

(2008) 

Unknown Adult 

(Obtained at 

~6 weeks and 

held for 3 

weeks) 

DH Lumbar  

(L4 -L6) 

GluN2D is found to be 

expressed in the rat dorsal 

horn (including the SDH) 

Nagy (2004) Male Adult  

(210g-310g) 

SDH, DH Lumbar GluN2A & GluN2B are 

both expressed in the rat 

SDH 

 

Temi (2021) 

Male & 

Female 

Juvenile  

(21 days)  

(No weight 

listed) 

SDH, DH Lumbar  

(L4-L5)  

GluN2A is expressed across 

the entire DH with no 

localization to the SDH; 

GluN2B shows increased 

expression in the SDH in 

males; GluN2D is 

expressed in the DH with an 

observable increased 

expression in the SDH 

Yung (1998) Female Adult  

(200g-250g) 

Lamina I-

III 

Cervical GluN2B is expressed in 

lamina I-III in the rat dorsal 

horn 
Table 2: Protein expression of GluN2A, GluN2B, and GluN2D. Summary table of relevant research studies using 

immunohistochemistry to evaluate the expression of GluN2A, GluN2B, and GluN2D expression in the rat spinal 

cord. DH = Dorsal Horn, SDH = Superficial Dorsal Horn. 
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Functional and Behavioural Evidence 

 

Previous electrophysiological experiments have identified GluN2B as the primary 

NMDAR subunit mediating miniature excitatory postsynaptic NMDAR responses within lamina 

I, while GluN2D was also present, but played a smaller role, and a small contribution of the 

faster-deactivating GluN2A receptors to overall NMDAR charge transfer as well (Hildebrand et 

al., 2014). Electrophysiological recordings completed in lamina II in early postnatal (P7 to P21) 

rat spinal cord tissue identified both GluN2A and GluN2B to play a profound role in mediating 

miniature excitatory postsynaptic NMDAR responses (Mahmoud et al., 2020). In experiments 

conducted in the substantia gelatinosa of males, GluN2B was found to contribute to NMDA-

evoked responses at extrasynaptic sites within the SDH; while GluN2A dominated afferent-

evoked synaptic responses (Momiyama, 2000). In comparison, GluN2D subunits were rarely 

found. GluN2A has been further identified as dominating monosynaptic, afferent-evoked 

NMDAR responses in lamina I of the SDH (Tong & MacDermott, 2014). This research 

exemplifies the functional evidence of GluN2 subunits within the SDH and implies that these 

receptor subunits could play crucial and differential roles in nociceptive signaling within the 

SDH of the spinal cord and across multiple developmental timepoints (see Table 3).  

First 

Author 

(Year) 

Sex Age and/or 

Weight 

Region Spinal 

Cord 

Level 

Key NMDAR GluN2 

Findings 

Hildebrand 

(2014) 

Male Adult  

(350g- 450g) 

Lamina I Lumbar  

(L3-L6) 

GluN2B is the dominant 

subunit in lamina I mEPSC 

NMDAR responses; GluN2D 

and GluN2A are present but 

with reduced function 

Mahmoud 

(2020) 

Male Early Postnatal 

(7-21 days) 

Lamina 

II 

Lumbar  

(L3-L6) 

GluN2A and GluN2B both 

mediate large fractions of 

NMDAR mEPSCs in lamina 

II; GluN2D contributes a 

smaller amount 
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Momiyama 

(2000) 

Unknown Adult 

(7-14 weeks) 

(190g-450g) 

Lamina I 

& II 

Lumbar GluN2A dominate afferent-

evoked synaptic NMDAR 

responses; GluN2B dominates 

NMDA-evoked extrasynaptic 

single channel currents; 

GluN2D is also found for 

extrasynaptic single channel 

currents, but more rarely. 

Tong & 

MacDermott 

(2014) 

Male and 

Female  

Juvenile 

(14-21 days) 

 

Lamina I Thoraci

c and 

Lumbar 

GluN2A and GluN2B both 

prominently contribute to 

afferent-evoked monosynaptic 

NMDAR responses in lamina I 
Table 3: Functional evidence of GluN2A, GluN2B, and GluN2D in the spinal cord. Summary table of relevant 

research studies using electrophysiology to study the activity of GluN2 subunits in the spinal dorsal horn.  

 

GluN2A has been implicated in nociceptive pathways and chronic pain models. Signaling 

cascades triggered by nociceptive afferents led to the phosphorylation of GluN2A in the spinal 

dorsal horn which increased GluN2A-mediated NMDAR responses. The inhibition of SHP1, 

Src-homology 2 domain-containing protein tyrosine phosphatase-1, led to minimal GluN2A 

phosphorylation and a reduction in inflammatory pain response (Yang et al., 2018). This 

illustrated that signaling proteins play a role in regulating NMDAR activity by specifically acting 

on the GluN2A subunit. Further, Nozaki and colleagues found that endogenous zinc interacts 

with GluN2A-containing NMDARs to reduce NMDAR currents and reduce pain responses in 

rodents (Nozaki et al., 2011). A his28 GluN2A knock-in transgenic line, which exhibits 

insensitivity to zinc, was found to lead to a hypersensitivity to noxious thermal stimuli and 

trigger behavioural pain hypersensitivity responses. Modulation of signaling proteins can 

therefore lead to an increased pain response by acting on GluN2A-containing NMDARs.  

GluN2B subunits have been shown to play a role in nociceptive signaling in the SDH of 

the spinal cord. Application of the GluN2B antagonist, ifenprodil, induced a reduction in 

activation of monosynaptic and polysynaptic circuits within lamina I in the SDH; therefore 

suggesting that GluN2B is expressed in nociceptive circuits within the SDH and that a GluN2B 
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antagonist may reduce neuropathic pain (Tong & MacDermott, 2014). Further, blocking GluN2B 

diheteromeric NMDARs in the SDH leads to a reduction in visceral pain. GluN2B antagonists 

reduce phosphorylation via PKC and lead to a reduction in NMDAR-mediated calcium influx 

(Xie et al., 2016). The inhibition of GluN2B NMDAR activity leads to the reduction of visceral 

pain and therefore GluN2B shows promising evidence of modulating spinal pain signaling. 

Further evidence found GluN2B seems to have increased expression in the dorsal horn in 

inflammatory pain models. For example, in a mouse inflammatory pain model, the 

dephosphorylation of Cbl-b, a ubiquitin-protein ligase, led to the reduced ubiquitylation of 

GluN2B NMDAR subunits and increased GluN2B expression in the dorsal horn (Y. Zhang et al., 

2012).  

NMDARs Across Development 

Developmental research in the spinal cord has commonly been restricted to neonatal and 

juvenile age timepoints (P7 to P21). Further research past these age points is almost exclusively 

completed in adults, indicating that there is a gap in the literature across juvenile to adult 

postnatal development. The general, non-subunit specific expression of NMDARs transformed 

from diffuse expression in early postnatal life (P7) to a higher concentration of NMDARs 

localized to the substantia gelatinosa in the SDH of the juvenile spinal cord (P21) (Kalb et al., 

1992). These early findings exemplify the presence of postnatal changes in non-subunit specific 

NMDAR expression that contribute to nociceptive signaling in the SDH. Further investigation 

into GluN2 specific subunits can aid in the understanding of GluN2 specific nociceptive 

signaling in the spinal cord across later development.  

 GluN2A and GluN2B show low to moderate expression in the dorsal horn in the first 

week of early postnatal life; while GluN2A and GluN2B subunits increase to moderate 
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expression in adulthood (Luque et al., 1994; Stegenga & Kalb, 2001; Yung, 1998). Although, 

there is a lack in understanding of NMDAR subunit expression across later postnatal 

developmental stages, most research has been done in juveniles. Further, many studies consider 

ages beyond postnatal day 22 (p22) are to be classified as an adult; although rats only begin to 

enter stages of sexual maturity at postnatal day 35 (Bell, 2018). However, male and female rats 

have a different onset of sexual maturity driven largely by sex hormones. Male rats enter a 

peripubertal stage at postnatal day 42; whereas female rats enter peripubertal stages at 

approximately postnatal day 35. A delay in sex hormone circulation in males leads to a later 

sexual maturity. Therefore, male and female rats undergo changes in development at different 

developmental timepoints, but both show a surge in sex hormones that drives the development 

into adolescence. Overall, there is a lack of evidence as to when a developmental switch in 

NMDAR expression may occur in the dorsal horn of the spinal cord since there are no current 

studies assessing potential subunit changes across late postnatal life.  

Developmental Reorganization  

Synaptic plasticity and neural reorganization are not uncommon in the CNS. For instance, 

the somatosensory cortex and the visual systems are common sites of cortical reorganization that 

persists into adulthood (Dilks et al., 2007). Activity-dependent changes in the environment can 

lead to reorganization of synapses. Similar mechanisms may also be evident in the spinal cord 

and may depend on the presence of NMDARs to modulate activity-dependent signaling and 

reorganization.  

Following birth, the spinal cord undergoes a postnatal reorganization of the primary 

afferents that synapse in the spinal cord. Immediately following birth, A-fibers, specifically low 

threshold mechanosensory A-𝛽 fibers, are predominantly found in the SDH; however, over the 
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first three weeks of postnatal development these fibers are progressively refined to selectively 

innervate laminae II to V and are mainly found in deeper dorsal horn tissue. The alteration in A-

fiber innervation also impacts the receptive field size (Koch & Fitzgerald, 2013). These changes 

are hypothesized to underly changes in reflex responses in early development. Developmental 

reorganization and plasticity of the spinal dorsal horn across developmental time points may be 

due to NMDARs. When rats were treated with MK-801, an NMDAR antagonist, A𝛿-fibers and 

A𝛽-fibers remained in the SDH alongside an increase in receptive field size in deeper dorsal 

horn tissue (Beggs et al., 2002). Importantly, A𝛽-fibers typically project into the DDH, but these 

fibers remained restricted to the SDH in MK-801 treated animals. This suggests that NMDARs 

play a crucial role in postnatal dorsal horn reorganization and that the dorsal horn undergoes 

plastic changes in postnatal development that are activity-dependent and require activation of 

NMDARs to organize the different A-fibers into their appropriate dorsal horn laminae. Further 

investigation is needed to understand the role of NMDAR subunit reorganization within spinal 

dorsal horn tissue across the full spectrum of development.  

Developmental studies typically investigate only up to juvenile (<P22) aged rats. 

Although this age point encompasses a large portion of early postnatal developmental changes, 

there is a lack of knowledge of late adolescent rats and the effect of sex hormones on NMDARs 

and spinal plasticity during sexual maturation. Sex hormones, such as estrogen, have been shown 

to play a role in LTP and NMDAR activation in the brain (Y. Q. Y. Zhang et al., 2012). 

Moreover, there is an increase in reports of clinical pain conditions in young women beginning at 

puberty (Vincent & Tracey, 2008); however, there is an absence of investigations into the effects 

of sexual maturation on the pain-processing regions of the spinal cord.  
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Sex Differences  

Although females are more likely to suffer from chronic pain, much of the literature and 

has been completed using male rodent models (Mogil, 2020). Increasing evidence has 

demonstrated that sex hormones, specifically estrogen and testosterone, play a role in nociceptive 

and chronic pain signaling. Estradiol has been shown to enhance LTP in the CNS (Smith & 

McMahon, 2005), including through NMDAR-dependent mechanisms that increase pain 

responses (Y. Zhang et al., 2012). This has been further displayed in the spinal cord using an 

inflammatory pain model. Upon administration of estradiol in rats, in conjunction with colonic 

inflammation, there was an increased expression of GluN2B NMDAR subunits in the SDH (Ji et 

al., 2015). Interestingly, testosterone seems to play a protective role in pain processing. For 

example, in castrated male rats without external hormone supplementation, castrated males show 

an enhanced behavioural response to painful stimuli (Sorge et al., 2011; Sorge & Totsch, 2017). 

Sex hormones therefore seem to play a large role in organizing and modulating nociception and 

NMDAR responses in the SDH. Therefore, it is important to continue to investigate sex 

differences that may play an important role in variations in molecular mechanisms of nociception 

and chronic pain between males and females.  

Preliminary investigation into the GluN2 containing NMDARs in the SDH of male and 

female rats showed a sex difference in the expression pattern of GluN2B (Temi et al., 2021). 

Juvenile male rats were found to have an increased medial localization of the GluN2B subunit in 

comparison to the central and lateral regions of the SDH. In addition, males were found to have 

increased GluN2B and GluN2D expression in the SDH in comparison to the DDH; while 

females only had an increased GluN2B expression in the SDH and did not have statistically 

significant localized GluN2D expression in the SDH. Therefore, preliminary evidence shows 
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differences in expression patterns in male and female juvenile rats. Further investigation is 

needed to test whether these sex differences change, persist, or are enhanced following pubertal 

stages.  

Investigation Across Species 

The role of GluN2 subunits has been relatively conserved across mouse and rat species 

thus far, but there is limited investigation into the NMDAR expression patterns in human tissue. 

Specifically, there is limited knowledge regarding GluN2 expression in the SDH in human 

tissue. Initial immunoblotting experiments completed in post-mortem human tissue identified the 

presence of GluN2A, GluN2C, and GluN2D subunits in whole human spinal cord tissue  

(Sundström et al., 1997). This exemplifies the potential presence of these NMDAR subunits in 

sensory regions of the spinal cord and further investigation should aid in identifying the role of 

GluN2 subunits that are localized to the pain-specific neural processing in the superficial dorsal 

horn. Further immunoblotting experiments completed in aborted embryos (gestational age of 4-

11.5 weeks) found GluN2A, GluN2B, GluN2C, and GluN2D to be expressed across the spinal 

dorsal horn (Åkesson et al., 2000). Currently, GluN2 subunits have been identified in the SDH of 

rats and mice (Shiokawa et al., 2010; Temi et al., 2021); while initial experiments suggest that a 

combination of GluN2 subunits are expressed in human dorsal horn tissue. Further investigation 

should aid in investigating if GluN2 subunit expression is regionally conserved across specific 

pain-processing laminae of the spinal cord, as seen in mice and rats. 

Techniques in NMDAR-Targeting Immunohistochemistry 

Paraformaldehyde (PFA) fixation is crucial to preserving tissue viability for 

immunohistochemical staining by fixing microtubules in the cytoskeleton through forming 

covalent bonds between proteins in the tissue (Riederer et al., 1993). However, covalent bonds 
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formed by formaldehyde can limit the binding of antibodies to target epitopes in highly cross-

linked, protein-rich regions, such as GluN2 subunits found in the postsynaptic density. This 

reduces the number of labelled GluN2 subunits and can lead to weak GluN2 immunoreactivity 

that does not reflect the true expression levels of the target subunit (Cheng et al., 2019). Antigen 

retrieval, a technique that uses pepsin and heat to break down cross-links formed between protein 

complexes in fixed tissue, improves the accessibility of GluN2 subunits in an 

immunohistochemical staining procedure. Antigen retrieval has been used in previous NMDAR 

immunohistochemical staining protocols to break the covalent bonds and free the binding sites 

on the subunit of interest to enhance immunohistochemical labelling of the target GluN2 subunit 

(Nagy et al., 2004; Temi et al., 2021).  

In conjunction with antigen retrieval, tyramide signal amplification (TSA) aids in the 

amplification of the fluorophore that marks the targeted GluN2 subunit. This technique allows 

for the improvement of low-abundance targets within the tissue. Hydrogen peroxide catalyzes an 

enzymatic reaction between HRP and inactive tyramide. The activation of tyramide forms free 

radicals that form covalent bonds with tyrosine residues around the antibody and protein 

complex. The fluorophore-tagged tyrosine sidechains surrounding the epitope enhance the 

fluorescent signal and improve visualization of the protein complex (Stack et al., 2014). This 

technique has been used in immunohistochemical analyses of NMDARs in the past and is 

important to improve the fluorescence when using confocal imaging (Temi et al., 2021).  
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Experimental Objectives 

This study aimed to use immunohistochemical staining and quantitative analyses to 

determine the relative expression of GluN2A, GluN2B, and GluN2D NMDAR subunits across 

laminae in the spinal dorsal horn while comparing localization patterns across sex, 

developmental timepoints, and species. This series of experiments was separated into distinct 

aims:  

Aim 1: Investigation of NMDAR GluN2 subunit expression in the superficial dorsal 

horn and deeper dorsal horn across sex in adult rat spinal cord tissue 

We proposed to study the expression of GluN2A, GluN2B, and GluN2D subunits in the 

superficial dorsal horn and deeper dorsal horn tissue in male and female adult (P90) rats. 

Previous investigation of GluN2 subunit expression in juvenile rats (P21) found heightened 

localization of GluN2B to the SDH, while GluN2A expression was diffuse across all laminae in 

the dorsal horn. GluN2A and GluN2B showed no differences between males and females, 

however a sex difference was identified in GluN2D expression. GluN2D was found to have 

significantly increased expression in the SDH of males, while females did not show statistically 

significant increases in GluN2D in the SDH (Temi et al., 2021). We hypothesized that these 

expression patterns of GluN2A, GluN2B, and GluN2D would be conserved into adulthood.  

Aim 2: Investigation of NMDAR GluN2 subunit expression in human tissue 

We aimed to study the expression of GluN2A, GluN2B, and GluN2D subunits across 

laminae in the human spinal dorsal horn. GluN2 subunits were found to be present in the dorsal 

horn of fetal human spinal cord (Åkesson et al., 2000; Sundström et al., 1997). Here, we have 

developed novel immunohistochemical staining protocols for male and female adult human 

spinal cord tissue collected from organ donors. This protocol allows for the proper detection and 
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visualization of GluN2 subunits in highly viable human spinal cord tissue. Using this protocol, 

we hypothesized that GluN2 expression would be conserved across species. Based on previous 

results in rat tissue, we hypothesized GluN2A, GluN2B, and GluN2D subunits would be detected 

in the SDH, while the expression of GluN2B and GluN2D would be preferentially localized to 

the SDH (Temi et al., 2021).  

Aim 3: GluN2A expression across developmental timepoints  

Following the completion of data analysis from Aims 1 and 2, GluN2A was found to be 

predominantly localized to the SDH in adult male and female rats. This contradicts our previous 

study, where GluN2A was diffusely expressed across the dorsal horn in juvenile rats (Temi et al., 

2021). GluN2A expression has been found to undergo a developmental switch in the brain in the 

first three weeks after birth (Bar-Shira et al., 2015), whereas there is no corresponding change in 

GluN2A-mediated synaptic responses in lamina II neurons over this early developmental period 

(Mahmoud et al., 2020). We hypothesized that GluN2A expression would become localized to 

the SDH following sexual maturity, suggesting a change in GluN2A expression later in postnatal 

development.  
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Methods 

Experimental Animals  

 This study used 12 adult Sprague Dawley rats aged approximately postnatal day 90 (6 

male and 6 female) as well as 8 post-adolescent Sprague Dawley rats aged postnatal day 42 

(P42) (4 male and 4 female) and 8 juvenile Sprague Dawley rats aged postnatal day 21 (P21) (4 

male and 4 female) for a follow-up developmental study. All rats were supplied by Charles 

River. All policies and animal user protocols were followed in accordance with the Animal Care 

Committees of Carleton University and the University of Ottawa Heart Institute animal care 

guidelines.  

Spinal Cord Preparation and Sectioning 

The rats were anaesthetized through an intraperitoneal injection of 20% urethane (3g/kg). 

The lumbar spinal cord regions were removed via laminectomy and then promptly moved into a 

protective solution that contained 50 mM sucrose, 92 mM NaCl, 17 mM D-glucose, 26 mM 

NaHCO3, 5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM MgSO4. The tissue was then 

removed and immediately fixed in 4% paraformaldehyde for 24 hours. The tissue was 

subsequently washed in 10% sucrose made in 0.1 M phosphate buffer (PB) solution and 

incubated at 4 oC for 24 hours. After the 24h incubation period, the spinal cord tissue underwent 

an additional wash in 10% sucrose made in PB and incubated in solution for a minimum of 6 

hours. The lumbar sections were then transferred to 0.1M PB solution containing 30% sucrose 

for 72h. Following the 72h incubation, the tissue was frozen in Cryomatrix (Thermo Fisher 

Scientific) using liquid nitrogen and isopentane and subsequently stored at -80 oC until 

cryosectioning. All lumbar spinal cord tissue was sectioned in a transverse plane at 25μm using a 

cryostat (Shandon AS620) and slide mounted on pre-treated slides (Fisherbrand Superfrost). 



 

 

23 

Cryosectioning was completed in serial, meaning slides were changed between slices to ensure 

there was an approximately equal sampling of L1 to L6 across the entire slide.  

Human Donors and Spinal Cord Preparation 

Spinal cord tissue was collected from 10 male and 12 female adult human organ donors 

(aged 20-69) identified through the Trillium Gift of Life Network. The Ottawa Health Science 

Network Research Ethics Board approved the collection and use of all human tissue. All organ 

donors were screened to identify and exclude any infectious diseases or neurological conditions, 

such as chronic pain conditions or spinal cord injuries, which would have interfered with the 

objectives of this study.  

Prior to spinal tissue collection, hypothermia was induced using a cooling bed while 

neuroprotective magnesium-containing solution was perfused into the body. Following cross 

clamping of the heart, the spinal cord was accessed and isolated. A posterior vertebrectomy was 

performed to remove the thoracic and/or lumbar region of the spinal cord, which was then placed 

in oxygenated saline solution. The meninges and blood vessels were quickly dissected.  

Following spinal cord retrieval, human donor samples were removed from the saline 

solution and the tissue was immediately fixed in 4% PFA. The same set of treatments and 

freezing procedures were completed for 16 out of the 22 human donor samples used in this study 

as were performed for the rat tissue (see above). However, a subset of 6 out of the 22 human 

samples were removed from the oxygenated saline solution and transferred into an antifreeze 

solution containing 28.7mL of 27.6g/L sodium phosphate monobasic (pH 7.3), 96.3mL of 

28.4g/L sodium phosphate dibasic (pH 7.3), 375mL of 100μl/L diethylpyrocarbonate water, 

300mL Ethylene glycol, and 200mL glycerol. The tissue was sliced in transverse sections using a 

microtome (Leica SM2000R) at a thickness of 25μm and stored in anti-freeze at a temperature of 
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-20°C until slide mounting. To mount the free-floating tissue, sliced spinal cord sections were 

taken out of anti-freeze and placed in a petri dish containing 10mM phosphate buffer saline 

(PBS) (pH 7.2). The spinal cord sections were then carefully moved from the PBS solution and 

onto pre-treated slides using a clean paintbrush and left for 3 minutes to adhere to the slide. 

Following slide mounting, all immunohistochemical procedures were completed in the same 

manner as the tissue that was frozen in cryomatrix and slide mounted on the cryostat. The free-

floating (n=6) and slide-mounted (n=16) human tissue samples were combined into a single 

experimental group (n=22) since the immunoreactivity patterns of GluN2A, GluN2B and 

GluN2D were conserved across both methodologies. 

Immunohistochemistry 

 Immunohistochemistry was used to evaluate the expression of GluN2A, GluN2B, 

GluN2D, and CGRP in the dorsal horn of lumbar and thoracic regions of 10 male and 12 female 

human organ donors as well as the lumbar spinal cord (L4 and L5) in 6 male and 6 female adult 

rats. A subset of 4 male and 4 female late adolescent (P42) and 4 male and 4 female juvenile 

(P21) rats were processed using immunohistochemistry to evaluate the expression of only 

GluN2A in the lumbar spinal cord (L4/L5). The slide mounted spinal cord sections were washed 

for five minutes with PBS and the five-minute wash was repeated three times. The tissue was 

then incubated for 30 minutes in a peroxidase blocker consisting of 50% methanol (100%), 1.8% 

hydrogen peroxide (30% solution), and 48.2% PBS. Following the peroxidase block, the tissue 

was washed with PBS for five minutes, three times each. After the washes, antigen retrieval was 

performed. The pepsin solution used for antigen retrieval consisted of 1 𝑚L of pepsin added to 1 

𝑚L of PBS. The pepsin solution was moved into an incubator set to 37℃. The heated pepsin 

solution was then pipetted onto the tissue and the slide was placed into the incubator for five 
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minutes. After five minutes of incubation in pepsin at 37℃, the tissue was removed from the 

incubator and immediately washed in PBS for five minutes and repeated three times at room 

temperature (approximately 21℃). Following the three washes, a blocking solution was pipetted 

onto the slide mounted tissue. The tissue incubated in blocker solution for one hour. The blocker 

consisted of 5% normal goat serum (NGS) (100%), 0.3% triton-X (10%), 0.3% bovine serum 

albumin (BSA), and 94.4% PBS. Following the one-hour incubation, one of the following 

primary antibodies was added to the blocker solution: rabbit anti-GluN2A (1:2000; Alomone 

Labs, AGC- 002), rabbit anti-GluN2B (1:1000; Alomone Labs, AGC-003) or rabbit anti-

GluN2D (1:1000; Alomone Labs, AGC-020). In addition to the GluN2 primary, mouse anti-

CGRP (1:5000, Sigma Aldrich #C7113) was also added to the solution of primary antibodies and 

blocker and pipetted onto the tissue. The tissue incubated overnight at room temperature 

(approximately 21℃). The following day, the tissue was washed with PBS for five minutes and 

repeated three times. The next steps of the protocol were done in the absence of light to prevent 

light from exciting the fluorophores. After the set of three five-minute PBS washes, rabbit anti-

mouse secondary antibodies (Rabbit HRP) were added to blocker at a concentration of 1:500. 

Goat anti-mouse Alexa Fluor 647 (Sigma #A21235) was added to the blocking solution, 

consisting of secondary antibodies and blocker, at a concentration of 1:1000. The blocker 

solution that contained both Rabbit HRP and Alexa Fluor 647 was pipetted onto the slide-

mounted tissue and remained covered for a two-hour incubation period. After two hours, PBS 

was used to complete three PBS washes for five minutes at a time. After the PBS washes, 

Tyramide Signal Amplification (TSA) (TSA plus cyanine 3 system, Perkin Elmer, Inc., 

NEL744001KT) was completed. The TSA solution consisted of TSA substrate diluted in TSA 

diluent at a concentration of 1:50. 1 μL of TSA substrate was added per 50 μL of TSA diluent. 
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After the TSA solution was prepared, a kimwipe was used to remove excess PBS from the slide 

and 150 μL of TSA solution was pipetted onto each slide. The TSA solution remained incubating 

on the slide for different lengths of time depending on the primary antibody being used and the 

type of tissue. The TSA incubation period was 2.5 minutes for GluN2A on the rat tissue, 7.5 

minutes for both GluN2B and GluN2D on the rat tissue, or 5 minutes for all of GluN2A, 

GluN2B, and GluN2D on the human tissue. The TSA was conjugated with fluorophore cyanine 3 

(cy3) to visualize the appropriate GluN2 subunits. Immediately following the TSA incubation, 

the tissue was washed in PBS for five minutes and repeated three times. The tissue was then 

incubated in Hoechst solution (ThermoFisher #H3569). Hoechst stain was prepared by pipetting 

5 μL of Hoechst to 5000 μL of PBS at a concentration of 1:1000. The Hoechst stain was then 

pipetted onto the tissue to incubate for five minutes. The tissue was then washed with PBS three 

times for five minutes. Following the PBS washes, a subset of 4 human tissue samples were 

treated with TrueBlack (BioTium #23007) to reduce the autofluorescence caused by lipofuscin in 

the extracellular matrix of human tissue. TrueBlack was prepared by mixing 50 μL of TrueBlack 

in 1000 μL of 70% ethanol. 250 μL of the TrueBlack solution was then pipetted onto the tissue 

and incubated for 30 seconds. The 4 human samples then underwent another three PBS washes 

for five minutes each. Following the last set of PBS washes, all slides were then covered using 

Fisherbrand Microscope coverslips and Fluoromount Aqueous Mounting Medium (sigma). Three 

to four drops of fluoromount were then added to each slide. Following the addition of the 

fluoromount, the coverslips (Fisher Scientific) were positioned at a 45° angle to the slides and 

lowered slowly until the fluoromount (Sigma-Aldrich) covered the tissue and the slide. After 24 

hours, the edges of the slides were sealed with clear nail polish to prevent any evaporation of 

fluoromount and prevent the tissue from being dried out or damaged.  
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 TrueBlack has been suggested to reduce non-specific, generalized autofluorescence 

caused by lipofuscin in human tissue (de Blasio et al., 2019). We performed preliminary analyses 

and found no increase in signal-to-noise ratio in untreated fixed human tissue compared to fixed 

tissue treated with TrueBlack (Suppl. Fig. 1). Therefore, we performed this 

immunohistochemical study without TrueBlack treatment, and the subset of 4 human tissue 

samples treated with TrueBlack were not included in our results.  

A no primary control was completed on each animal. The same immunohistochemical 

staining protocol was performed, with one control slide per animal not treated with a GluN2 

primary antibody (rabbit anti-GluN2A (1:2000; Alomone Labs, AGC- 002), rabbit anti-GluN2B 

(1:1000; Alomone Labs, AGC-003) or rabbit anti-GluN2D (1:1000; Alomone Labs, AGC-020)). 

The only primary antibody that was used in our controls was mouse anti-CGRP (1:5000, Sigma 

Aldrich #C7113) (Suppl. Fig. 2). All other steps in the protocol were completed as per the 

experimental protocol.  

Antibodies 

Immunohistochemical staining for GluN2A was performed using a polyclonal antibody 

raised in rabbit (Alomone Labs, #ACG-002). This antibody targets the GHSHDVTERELRN(C) 

peptide that corresponds to residues 41-53 of the GluN2A subunit protein in rats. This peptide 

sequence is identical in both rats and humans and can therefore be used to target GluN2A across 

species. This antibody has been used to identify GluN2A expression using 

immunohistochemistry, immunocytochemistry, immunoprecipitation, and western blots (Atkin et 

al., 2015; Swanger et al., 2013; Temi et al., 2021). 

The polyclonal antibody used to target GluN2B recognizes the peptide sequence 

(C)NTHEKRIYQSNMLNR of the extracellular N-terminus of the GluN2B subunit (Alomone 
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Labs, #AGC-003). The epitope binds to the amino acid residues 323-337 extracellular N-

terminus of the GluN2B subunit which is identical in rats and humans; therefore, this antibody 

targets the GluN2B subunit in both species. This antibody has been used to evaluate GluN2B 

expression using immunocytochemistry, immunohistochemistry, immunoprecipitation, and 

western blots (Atkin et al., 2015; del Toro et al., 2010; Temi et al., 2021).  

Finally, GluN2D immunohistochemical staining was completed using a polyclonal 

antibody raised in rabbit (Alomone Labs, #AGC-020). This antibody targets the 

CRTQNRTHRGESLHR peptide sequence. Specifically, the epitope binds to amino acid residues 

345-369 in the N-terminus of the GluN2D subunit. This region of the GluN2D subunit is highly 

conserved between rats and humans with 14 of 15 amino acid residues being identical across 

species. The GluN2D antibody used in this study has previously been used in 

immunohistochemical, immunoprecipitation and western blot experiments (Dzamba et al., 2015; 

Temi et al., 2021).  

CGRP was targeted using a monoclonal antibody raised in mouse (Sigma-Aldrich, 

C7113). This antibody targets 10 amino acids within the C-terminus of -CGRP in rat and has 

been found to be reactive in human and dog species. This antibody has been used in human 

immunohistochemical protocols as well as protocols for both immunohistochemistry and 

immunofluorescence completed in rats (Steverink et al., 2021; Sullivan et al., 2017; Temi et al., 

2021).  

Microscopy 

Confocal acquisition of z-stack compressed tiled images of the right and left dorsal horns 

were taken using Zeiss Airyscan 800TM at 20× objective with Zeiss ZEN 3.1 imaging software. 
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Orthogonal projections were obtained for each image and used for analysis. The images were 

later analyzed and cy3 staining was quantified using Fiji 2019 Imaging software.  

Image Analysis 

The L4 and L5 spinal cord segments were used for analysis in rats. This cross section was 

identified under a white light microscope using a rodent spinal cord atlas which outlines the 

characteristics of the grey matter, white matter, and other anatomical markers, such as the central 

canal, that are specific to L4 and L5 spinal cord sections (Sengul et al., 2012). Specifically, the 

white matter above the central canal in the medial region of the spinal cord of L4 and L5 spinal 

sections is very narrow, while other sections such as L2 and L3 have a V-shaped region of white 

matter that separates the left and right dorsal horns. To ensure analysis was completed in the L4 

and L5 segments of the lumbar spinal cord, the slide-mounted sections of spinal cord were 

identified using a light microscope prior to immunohistochemical staining. Verification that the 

correct lumbar cross section was used was confirmed by repeating the identification of the L4/L5 

segments under the white light microscope setting of the Zeiss Airyscan 800TM microscope 

prior to confocal image acquisition. 

Although L4 and L5 were analyzed in rats, human analyses were done in both thoracic 

and lumbar spinal segments. The region of the spinal cord that was isolated for tissue collection 

varied depending on each donor and according to the direction of medical providers during organ 

retrieval. Therefore, since different regions of the spinal cord were retrieved for each donor, we 

used the available tissue from each donor and included both thoracic and lumbar samples.  

CGRP staining was used as a marker for the SDH to allow the experimenter to evaluate 

cy3 (GluN2 subunit) expression in nociceptive-specific processing regions of the spinal cord. 

FIJI imaging software, a software developed by ImageJ, was used to quantify the expression of 
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cy3-stained GluN2 subunits in confocal images. The freehand drawing setting, an area selection 

tool, was used to trace the area of CGRP-stained lamina I and II. This exact tracing of CGRP was 

then overlayed onto the image of the cy3-stained GluN2 subunit to then assess the expression of 

GluN2A, GluN2B, or GluN2D in the superficial dorsal horn region of the spinal cord. The 

CGRP trace was done on the CGRP-stained image first, without seeing the cy3-stained image, to 

ensure there was no experimenter bias in the selection of the SDH. The expression of the SDH 

region was then quantified using the ROI manager in the analysis section of FIJI, which gave a 

measure of the calibrated mean gray value of the image that was reported as optical density 

(O.D.) per area of the selected SDH region and saved for further analysis. The deeper dorsal horn 

(DDH) tissue was then identified using anatomical markers in the spinal cord tissue as indicated 

by the rat spinal cord atlas. The same freehand drawing tool on the FIJI software was then used 

to manually select the DDH region. The bottom of the SDH trace, which was identified using 

CGRP, outlines the most dorsal border for the DDH trace. The freehand trace followed the 

bottom of the SDH trace, then continued down the left and right edges of the grey matter. A 

horizontal line was drawn at the most ventral portion of the dorsal horn which ends just before 

the top of the central canal in rats. However, if there was damage to the tissue within the dorsal 

horn, this region was excluded from analysis and a reduced portion of the DDH was used. In 

humans, there was no landmark to use to highlight the DDH. Therefore, only the visible portion 

of the DDH in each confocal image was used in the analysis. The DDH was selected by outlining 

the bottom of the CGRP-stained area and extending downwards no further than the barrier of the 

CGRP-labelled region. A horizontal line was then drawn across the lowest region of the DDH 

that was visible on the confocal image. Overall, the DDH trace encompasses lamina III-VI in rats 

and a minimum of lamina III-IV in humans. The DDH was then quantified to compare the 
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expression of cy3-stained GluN2A, GluN2B and GluN2D in the non-pain specific processing 

region of the DDH to the pain-specific nociceptive signaling in the SDH, which was the region 

of interest in this study.  

 Quantification of GluN2A, GluN2B, and GluN2D was then completed by assessing the 

optical density per area within the traced regions using FIJI. A value of optical density per area 

was obtained within the traces of both the SDH and the DDH, as well as a small selection from 

the background. The background sample was obtained by drawing a small rectangle in the white 

matter of the spinal cord tissue parallel to lamina III where optical density was measured and 

used to normalize both the SDH and DDH values before further analysis.  

  The mediolateral expression across the SDH was also quantified using FIJI software. 

The CGRP trace that was obtained in the preliminary analysis was used to highlight the SDH 

again. Further, a line selection tool was used to manually draw a 900 μm (in rats) or 1200 μm (in 

humans) angled line across the CGRP-stained region from the most medial region to the most 

lateral region of the SDH. This line was 60 μm thick and the shape of the line followed the 

natural curve of the SDH that was outlined by the CGRP-stained region. FIJI software then 

quantified the optical density using a plot. The plot generated a quantification of the optical 

density each of the GluN2A, GluN2B, and GluN2D subunits at 1.24 μm increments across the 

900 μm or 1200 μm line in the SDH. The raw data was normalized by obtaining the average of 

the lowest optical density across the entire line, typically the most medial portion in rats, and 

normalizing each data point to the average of the lowest optical density. This was completed to 

reduce variability in staining intensity across images. The lowest optical density was assessed by 

the experimenter and a range of 50 μm to 200 μm was used to normalize the data across the 

entire line scan. To ensure that the mediolateral expression was not an effect seen due to imaging 
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settings, a sample of CGRP mediolateral expression was also analyzed from each male (n=6) and 

each female animal (n=6) (P90). We found no change in CGRP across the mediolateral axis of 

the SDH (Suppl. Fig. 3); therefore, we continued to quantify and report the mediolateral 

expression of GluN2 subunits in the SDH. 

 All rat tissue was processed in triplicates or quadruplets for each animal. Male and 

female rat tissue samples were completed in tandem on the same day. Immunohistochemical 

staining of GluN2A in juvenile (P21) and late adolescent (P42) rats was also performed in 

parallel on the same days. Both the left and right dorsal horn were imaged from each triplicate; 

however due to the occasional damage during tissue processing that occurred to some dorsal 

horn samples, only one dorsal horn was used for analysis per triplicate. The dorsal horn that had 

no damage, no artifacts, and no folds in the tissue was used for analysis. If both samples were 

viable, the images were evaluated to identify any poor tiling during confocal image acquisition. 

If both the left and right dorsal horns were usable, the representative dorsal horn was chosen at 

random.  

 Human tissue was not stained in triplicates and only one sample was included in the data 

analysis per human sample. Immunohistochemical staining of human tissue was completed in 

parallel with rat tissue when possible.  

Statistical Analyses 

Statistical tests of significance were completed using SPSS 25. A Shapiro-Wilks test was 

used to test the normality of the data. All data was found to be normally distributed. Statistical 

tests were performed including both independent and paired t-tests and two-way analysis of 

variance for independent samples. Tukey’s test was used to make post-hoc comparisons across 



 

 

33 

groups. A p-value less than 0.05 was considered significant. All figures were created using 

Origin 2019 software.  
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Results 

GluN2A, GluN2B and GluN2D in the Superficial Versus Deep Dorsal Horn in Male and 

Female Rats  

To evaluate the relative expression of GluN2A, GluN2B, and GluN2D NMDAR subunits 

in the spinal dorsal horn of male and female adult rats (P90+), the SDH was labelled using 

CGRP. CGRP labelling permitted the identification of the region of interest, the SDH, since 

CGRP afferents relay specifically into laminae I and II of the dorsal horn that make up the SDH 

(Lorenzo et al., 2008). We then outlined the DDH, including laminae III to V, which was 

identified by outlining the base of the SDH to the region of grey matter adjacent to the central 

canal. The GluN2 immunoreactivity per area in both regions was then normalized by quantifying 

the optical density (O.D.) per area of a small region of white matter in the dorsal column 

adjacent to the dorsal horn and dividing the O.D. of the SDH or the DDH by this background 

(BG) (Fig. 1). A ratio of SDH/DDH was also obtained using the normalized optical density 

quantification to interpret GluN2A, GluN2B, and GluN2D relative localization within the dorsal 

horn. 

 
Fig. 1: SDH v DDH analysis completed in male and female rats. (A) Representative confocal image of CGRP 

immunohistochemical staining (in red) including an outline of the SDH, DDH, and BG in a female rat (P90+). (B) 

Representative confocal image of GluN2A immunohistochemical staining (in yellow) with an outline of SDH, 

DDH, and BG in a female rat (P90+). Sections used for respective analyses outlined in green. 
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Initial qualitative observations of the confocal images of the male rat spinal dorsal horn 

revealed that GluN2A (Suppl. Fig. 4), GluN2B (Suppl. Fig. 5), and GluN2D (Suppl. Fig. 6) 

subunits were all localized to the SDH in comparison to the DDH of the tissue (Fig. 2A-C). 

Quantitative analysis was used to compare the O.D. of the GluN2 subunits in the SDH to the 

O.D. in the DDH. We found that the O.D. was significantly higher in the SDH in comparison to 

the DDH across GluN2A (Fig. 2D, n=6, p= 2.9𝑥10−3), GluN2B (Fig. 2E, n=6, p= 2.6𝑥10−3), 

and GluN2D (Fig. 2F, n=6, p=0.044). Additionally, we observed GluN2A (Fig. 3A) and GluN2B 

(Fig.3B) to be expressed in both neuropil and cell bodies while GluN2D was mainly found in 

neuropil (Fig. 3C). Therefore, in contrast to previous results in juvenile (P21) rats which found 

GluN2A to be diffusely expressed across the entire dorsal horn, we found that all GluN2 subunits 

were found to be preferentially localized to the SDH in the spinal dorsal horn in male rats.  

 

Fig. 2: GluN2 subunit expression is localized to the SDH in male rats. Representative confocal images showing 

that (A) GluN2A, (B) GluN2B, and (C) GluN2D expression are localized to the SDH in the male spinal dorsal horn. 

The mean target O.D. normalized to background of (D) GluN2A, (E) GluN2B, and (F) GluN2D is significantly 

higher in the SDH in comparison to the DDH in the dorsal horn of male rats (P90+). * p<0.05, ** p<0.01.  
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Fig. 3: Characterization of GluN2 immunoreactivity in male rats. Representative confocal images showing a 

zoomed in section of the SDH in (A) GluN2A, (B) GluN2B, and (C) GluN2D stained male rats. GluN2A 

immunoreactivity is predominantly localized to neuropil with some immunoreactivity at cell bodies; GluN2B 

staining is found in both cell bodies and neuropil; GluN2D is diffusely expressed across neuropil.  

 

Qualitative observation of the confocal images of female rat spinal cord sections visually 

demonstrated that GluN2A (Suppl. Fig. 7), GluN2B (Suppl. Fig. 8), and GluN2D (Suppl. Fig. 9) 

NMDAR subunits were all localized to the SDH in comparison to the DDH tissue (Fig. 4A-C). 

Quantitative analysis was used to compare the O.D. of the GluN2 subunit in the SDH to the O.D. 

in the DDH (Fig. 4D-F). We found that the O.D. was significantly higher in the SDH in 

comparison to the DDH across GluN2A (Fig. 4D, n=6, p=3.3𝑥10−3), GluN2B (Fig. 4E, n=6, 

p=4.5𝑥10−3), and GluN2D (Fig. 4F, n=6, p=4.7𝑥10−3).  Additionally, visual observation of the 

confocal images found that immunolabelling of GluN2A and GluN2B were in both neuropil and 

cell bodies within the SDH (Fig. 5A-B) whereas GluN2D immunolabelling was mainly in 

neuropil (Fig. 5C). Therefore, in contrast to previous results that found GluN2A to be diffusely 



 

 

37 

expressed across the dorsal horn, all GluN2 subunits were found to be significantly localized to 

the SDH in the spinal dorsal horn in female rats.  

 

 

Fig. 4: GluN2 subunit expression is localized to the SDH in female rats. Representative confocal images 

showing that (A) GluN2A, (B) GluN2B, and (C) GluN2D expression are all localized to the SDH in the female 

spinal dorsal horn. The mean O.D. of (D) GluN2A, (E) GluN2B, and (F) GluN2D is significantly higher in the SDH 

in comparison to the DDH in the dorsal horn of female rats (P90+). 
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Fig. 5: Characterization of GluN2 immunoreactivity in female rats. Zoomed in representative confocal images 

the dorsal horn of female rats showing that (A) GluN2A and (B) GluN2B immunoreactivity is found in neuropil and 

cell bodies; while (C) GluN2D is predominantly expressed mainly in neuropil.  

 

GluN2A, GluN2B and GluN2D in the Superficial versus Deep Dorsal Horn in Male and 

Female Humans  

We aimed to determine the relative expression of GluN2A, GluN2B, and GluN2D 

NMDAR subunits in the dorsal horn of male and female human spinal cord tissue. Using the 

same method of analysis as the rat data, we identified the optical density per area of each of the 

respective GluN2 subunits in the SDH and a portion of the DDH, which was then normalized to 

background fluorescence per area in the white matter adjacent to the SDH (Fig. 6). We went on 

to quantify the mean O.D. normalized to background of each of the GluN2 subunits in the SDH 

and the DDH. A ratio of SDH/DDH was also obtained using the normalized optical density 

quantification to interpret the relative localization of GluN2A, GluN2B, and GluN2D within the 

dorsal horn. 
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Fig. 6: Representative confocal image of immunohistochemical assay and accompanying analysis in a male 

human spinal section. (A) Immunohistochemical staining of CGRP with an outline of the SDH, DDH and a 

selection of the white matter adjacent to the SDH used to normalize the O.D., which was mapped onto the confocal 

image of the GluN2 subunit. (B) Representative immunohistochemical staining of GluN2A expression in a male 

human spinal section with an outline of the SDH, DDH and a region of the background used to normalize the 

selected regions for analysis. (C) Representative confocal image of GluN2A staining overlayed with representative 

CGRP staining. 

 

In male humans, we visually identified a heightened GluN2A (Suppl. Fig 10), GluN2B 

(Suppl. Fig. 11), and GluN2D (Suppl. Fig 12) expression in the SDH compared to the DDH (Fig 

7. A-C). We found that the mean O.D. is significantly higher in the SDH compared to the DDH 

across GluN2A (Fig. 7D, n=10, p=2.0𝑥10−3), GluN2B (Fig. 7E, n=10, p=0.026), and GluN2D 

(Fig. 7F, n=10, p=1.2𝑥10−3). In human female tissue, we also observed a heightened 

localization GluN2A (Suppl. 13), GluN2B (Suppl. Fig 14), and GluN2D (Suppl. Fig 15) subunits 

to the SDH (Fig. 8A-C). Quantitative analysis was then performed to identify that the mean O.D. 

was significantly higher in the SDH compared to the DDH in GluN2A (Fig 8D, n=12, 

p=5.0𝑥10−4), GluN2B (Fig 8E, n=12, p=2.3𝑥10−3), and GluN2D (Fig 8F, n=12, p=1.2𝑥10−4).  
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Figure 7: GluN2 subunits are localized to the SDH compared to the DDH in the human male spinal dorsal 

horn. Representative immunohistochemical staining of (A) GluN2A, (B) GluN2B, and (C) GluN2D all show 

preferential expression to the SDH compared to the DDH in the male human spinal dorsal horn (n=10). Quantitative 

analysis of the mean O.D. of the SDH and the DDH divided by the background for (D) GluN2A, (E) GluN2B, and 

(F) GluN2D. GluN2A, GluN2B and GluN2D all exhibit significantly higher expression in the SDH compared to the 

DDH. * p<0.05, **p<0.01.   

 

  
 

Fig. 8: GluN2 subunits are localized to the SDH compared to the DDH in the human female spinal dorsal 

horn. Representative immunohistochemical staining of (A) GluN2A, (B) GluN2B, and (C) GluN2D all show 

preferential expression to the SDH compared to the DDH in the female human spinal dorsal horn (n=12). 

Quantitative analysis of the mean O.D. of the SDH and the DDH divided by the background for (D) GluN2A, (E) 

GluN2B, and (F) GluN2D show significantly higher expression in the SDH compared to the DDH. **p<0.01, 

***p<0.001. 
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Comparisons Across Subunit, Sex, and Species 

 

Further, we aimed to compare the relative distribution of GluN2A, GluN2B, and GluN2D 

in the spinal dorsal horn across sex in rat tissue (Fig. 9A). All GluN2A, GluN2B, and GluN2D 

showed a similar pattern of expression that demonstrated significant localization to the SDH in 

male (Fig. 2A-C) versus female (Fig. 4A-C) rats. We performed a two-way analysis of variance 

which compared the SDH/DDH ratio for all three NMDAR subunits in both male and female rats 

and found no significant difference in the ratio between GluN2A, GluN2B or GluN2D subunits 

(F(2,30) = 1.94, p= 0.16; Fig. 9A). There was also no difference in GluN2A, GluN2B or 

GluN2D SDH/DDH ratio between males and females (F(1,30) = 0.67, p= 0.42). Therefore, 

GluN2A, GluN2B, and GluN2D localization patterns in the dorsal horn does not differ 

significantly between subunits or between male and female rats.  

Similarly, we aimed to identify any differences in the distribution of NMDAR subunits 

GluN2A, GluN2B, and GluN2D in the human spinal dorsal horn. Visually, we had identified that 

GluN2A, GluN2B, and GluN2D all showed enhanced localization of subunit expression to the 

SDH within the spinal dorsal horn in males (Fig. 7A-C) and females (Fig. 8A-C). We then 

performed a two-way analysis of variance between subunits and sex in human tissue. We found 

no significant difference in expression between GluN2A, GluN2B or GluN2D subunits (F(2, 60) 

= 1.44, p= 0.25; Fig. 9B). We also sought to identify any sex differences in the SDH v DDH 

ratio of GluN2A, GluN2B and GluN2D in humans. Further, there were also no significant 

differences in NMDAR subunit SDH/DDH ratio between male and female human organ donor 

samples (F(2, 60) = 2.74, p= 0.10).   

Visual observation of the expression of GluN2A, GluN2B and GluN2D in rats and 

humans show conserved patterns of NMDAR subunit expression across the laminae of the dorsal 
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horn. Both species show a localization of GluN2A, GluN2B and GluN2D to the SDH compared 

to the DDH tissue. Therefore, it appears that the preferential localization of all GluN2 subunits to 

the SDH is conserved across species.  

 
Fig. 9: Similar patterns of expression are conserved between GluN2A, GluN2B and GluN2D subunits and 

across sex in both rats and humans. (A) Both male and female rats show heightened localization to the SDH 

across GluN2A, GluN2B and GluN2D subunits. There is no significant difference in the SDH/DDH ratio across sex 

or subunits in rats. (B) Both male and female human samples showed heightened localization to the SDH across 

GluN2A, GluN2B and GluN2D subunits. No significant differences were found in the SDH/DDH ratios across sex 

or subunits in humans  

 

GluN2A, GluN2B, and GluN2D Expression Across the Mediolateral Axis of the SDH in Rats 

and Humans 

Upon initial visual investigation of the confocal images, we observed heightened lateral 

expression of GluN2 subunits within the SDH for adult male (Fig. 2A-C) and female (Fig. 4A-C) 

rats but not for adult male (Fig. 7A-C) and female (Fig. A-C) humans. A study by Temi et al. 

(2021) found a heightened medial expression of GluN2B in the SDH for juvenile (P21) male but 

not female rats (Temi et al., 2021). Therefore, we performed analyses on the mediolateral axis 

across the SDH to investigate the difference in the expression across sex in humans and rats. We 

performed a line scan analysis across the SDH mediolateral axes of rat and human samples by 
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obtaining the O.D. at intervals of 1.24 𝜇m from the most medial to the most lateral region of the 

SDH (Fig. 10). The mediolateral line scan was then normalized to itself to reduce the impact of 

variability in staining intensity between samples. In rats, we observed heightened lateral 

expression of GluN2A, GluN2B, and GluN2D across the mediolateral axis of the SDH for both 

males and females; however, in humans we found a uniform expression of GluN2A, GluN2B 

and GluN2D across the SDH mediolateral axis for both sexes (Fig. 11).  

 

Fig. 10: Representative images of line scans across the mediolateral axis of the SDH in rats and humans. (A) 

Representative confocal image of GluN2A immunohistochemical staining in a female rat with a line (green) drawn 

across the mediolateral axis of the SDH. (B) Representative confocal image of GluN2B immunohistochemical 

staining in a male human sample with a line (green) drawn across the mediolateral axis of the SDH.   
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Fig. 11: Line scans across the mediolateral axis of the SDH in rats and humans across sex. In rats, there is an 

enhancement in the lateral expression of (A) GluN2A, (B) GluN2B, and (C) GluN2D across the mediolateral axis of 

the SDH in males and females. Humans show no observable difference in NMDAR subunit expression across the 

mediolateral axis of the SDH in males or females. (D) GluN2A, (E) GluN2B, and (F) GluN2D expression remains 

uniform across the mediolateral axis. 

 

To quantify and compare the magnitude of the change in GluN2 subunit expression 

across the mediolateral axis of the SDH, we calculated the mean O.D. from a medial section (150 

m to 350 m in rats; 200 m to 400 m in humans) from each animal or human sample’s 

representative line scan, followed by the calculation of the mean O.D. from the lateral section 

(600 m to 800 m in rats; 1000m to 1200 m in humans) of each line scan. We then created a 

ratio of normalized lateral expression divided by normalized medial expression to evaluate if 

there was a heightened lateral expression in the rat and human samples. These regions were 

selected to take a representative selection from the medial portion without being too close to the 

edges of the tissue. For both sexes and all GluN2 subunits, rats showed a lateral/medial SDH 
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ratio of approximately 2.5; while humans had a lateral/medial SDH ratio close to 1 (Fig. 12). 

Two-way ANOVA analysis revealed that there were no significant differences in the 

lateral/medial SDH ratio across the GluN2A, GluN2B or GluN2D subunits (F(2, 30) = 1.55, p= 

0.11) or across sex (F(1, 30) = 1.04, p= 0.32). Therefore, heightened localization of NMDARs to 

the lateral SDH is conserved across sex and GluN2 subunit in rats. In humans, we found that 

GluN2A, GluN2B and GluN2D subunits were uniformly distributed across the mediolateral axis 

of the SDH and showed no significant difference in the lateral/medial ratio between subunits 

(F(2,60) = 1.44, p= 0.25) or sex (F(1,60) = 2.74, p= 0.10). Thus, male and female humans show 

uniform distribution of GluN2A, GluN2B and GluN2D subunits across the mediolateral SDH.  

 

Fig. 12: Quantification of mediolateral expression across sex in rats and humans. (A) In rats, GluN2A, GluN2B 

and GluN2D show a significantly increased O.D. in the lateral region of the SDH compared to the medial region. In 

comparison, (B) human tissue shows no heightened lateral expression.  

 

GluN2A Expression Across Development in Male and Female Rats 

Based on our previous findings showing that GluN2A is diffusely and evenly expressed 

across the DDH and SDH of juvenile (P21) male and female rats (Temi et al., 2021), we 

expected GluN2A expression to be diffusely expressed across the DH in adult rat tissue. 
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However, we unexpectedly found GluN2A to be more localized to the SDH versus the DDH as 

well as preferentially enhanced in the lateral versus medial SDH in the present study. Thus, we 

aimed to replicate immunohistostaining of GluN2A in juvenile (P21) male and female rat tissue 

(Suppl. Fig 16) while, in parallel, also staining male and female post-pubertal adolescent (P42) 

tissue (Suppl. Fig. 17). Consistent with our previous report, we found uniform expression of 

GluN2A in both the male (Fig. 13A) and female (Fig. 13C) dorsal horn of juvenile (P21) rats 

(Temi et al., 2021). Further, the mean O.D. was not significantly higher in the SDH compared to 

the DDH in males (Fig. 13B, n=4, p=0.052) or females (Fig. 13D, n=4, p=0.19). Therefore, 

GluN2A is not preferentially localized to the SDH in male or female juvenile rats.  

 

Fig. 13: GluN2A expression is not localized to the SDH in juvenile male and female rats (P21). Representative 

confocal image of GluN2A immunohistochemical staining of (A) male and (B) female juvenile rat spinal dorsal 

horn. The mean O.D. of GluN2A did not significantly differ between the SDH and the DDH in either (C) males or 

(D) females. 
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In comparison, we also assessed the relative expression of GluN2A in late adolescent 

(P42) male and female rat tissue. Upon visual observation of confocal images, we found 

enhanced normalized levels of GluN2A staining intensity compared to P21 rats, and localized 

expression of GluN2A to the SDH in both males (Fig. 14A) and females (Fig. 14C). The mean 

O.D. of GluN2A in the SDH was significantly higher than the DDH in both male (Fig. 14B, n=4, 

p=6.9x10−3) and female (Fig. 14D, n=4, p=0.016) adolescent rats. Thus, GluN2A is localized to 

the SDH in both male and female late adolescent P42 rats (Suppl. Fig. 17).  

 

Fig. 14: GluN2A expression is localized to the SDH in adolescent male and female rats (P42). Representative 

confocal image of GluN2A immunohistochemical staining of (A) male and (B) female adolescent rat spinal dorsal 

horn. The mean O.D. of GluN2A was significantly higher in the SDH compared to the DDH in both (C) males and 

(D) females. 

Further, the ratio of SDH versus DDH GluN2 staining intensity was significantly higher 

in male and female adolescent rats compared to juvenile, while the adolescent male and female 
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rat tissue did not significantly differ from the adult tissue (Fig. 15). A two-way analysis of 

variance was performed to compare the SDH/DDH ratio across sex and age. We found that no 

significant difference between males and females (F(1, 22) = 0.246, p=0.63); however there was 

a significant effect of age (F(2, 22) = 16.1, p=<1.0x10−3). Tukey’s post-hoc tests were used to 

complete comparisons across the different age timepoints. We found that the SDH/DDH ratio 

was significantly different between juvenile (P21) and late adolescent (P42) rats (p=<1.010−3), 

as well as adults (P90+) p=<1.010−3). Comparatively, there were no significant differences 

between late adolescent and adult rats (p=0.99). Therefore, juvenile rats show a significantly 

lower SDH/DDH ratio of GluN2A expression compared to late adolescent and adult rats.  

 
 
Fig. 15: Change in GluN2A expression across development in males and females. Juvenile (P21) male and 

female rats show no enhanced expression of GluN2A in the SDH; however the ratio of SDH v DDH is significantly 

higher in adolescent (P42) and adult (P90+) rats compared to P21 rats, with no significant effect of sex.   

We also assessed the localization of GluN2A expression across the mediolateral axis of 

the SDH across this this later period of postnatal development. Using the same methods as seen 
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in the adult rat and human tissue, we created a line scan of the O.D. of GluN2A across the 

mediolateral axis of the SDH. We observed no change in GluN2A expression across the 

mediolateral axis of the SDH in male and female juvenile (P21) tissue; however, both the late 

adolescent (P42) and adult (P90+) rats showed heightened lateral expression of GluN2A across 

the mediolateral SDH (Fig. 16). The preferential localization of GluN2A to the lateral SDH also 

appeared to be greater in adult (P90+) compared to late adolescent (P42) rats, especially in males 

(Fig. 16B).  

 

Fig. 16: Mediolateral line scan of GluN2A expression across the SDH demonstrates a change in GluN2A 

localization across development. In both (A) Females and (B) Males, juvenile (P21) rats show no enhanced 

expression of GluN2A in the lateral SDH; however, adolescent (P42) and adult (P90+) rats show enhanced lateral 

expression.  

 

In further analyses, we created a ratio of lateral expression divided by medial expression 

using a representative sample from both a medial and lateral region of the line scans (using the 

same methods as seen in adult rat and human mediolateral analyses). Quantitative analysis of the 

lateral/medial ratio confirmed that there is no change in GluN2A distribution across the 
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mediolateral axis of the SDH in juvenile rats, however there was a heightened lateral expression 

in adolescent (P42) and adult (P90+) rats in both males and females (Fig. 17). A two-way 

ANOVA was performed to compare the lateral/medial ratio of the O.D. of GluN2A across P21, 

P42, and P90+ age points. We found that age has a significant effect on the GluN2A 

lateral/medial SDH ratio (F(2, 22) = 9.880, p=<1.0x10−3). Tukey’s test, a post-hoc test, 

demonstrated that there was a significant difference between P21 and P42 (p= 9.0x10−3) as well 

as P21 and P90+ (p=<1.0x10−3); however, there was no significant difference in lateral/medial 

ratio of GluN2A between P42 and P90+ (p=0.78). Therefore, there is a significant difference in 

GluN2A expression across developmental timepoints from juvenile (P21) to adolescent (P42) 

and adult (P90) rat tissue in both males and females.  

 

Fig. 17: Quantification of mediolateral expression of GluN2A across development. Juvenile (P21) male and 

female rats show no enhanced expression of GluN2A in the lateral SDH; adolescent (P42) male and female rats 

show enhanced lateral expression; adult (P90+) male and female rats show a significant increase in lateral 

expression. * p<0.05.  
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Discussion  

 This investigation used immunohistochemistry to evaluate the relative expression of 

GluN2A, GluN2B, and GluN2D NMDAR subunits in the spinal dorsal horn. Male and female 

samples of rat and human tissue were used to quantify and compare GluN2 expression across the 

dorsal horn and across the mediolateral axis of the SDH. After preliminary results, further 

investigation was also performed across juvenile, late adolescent, and adult time points to assess 

the relative changes in GluN2A distribution across development. Overall, we explored the 

GluN2 subunit distribution throughout the dorsal horn of the spinal cord across development, 

sex, and species.   

Our first result showed an enhanced expression of GluN2A, GluN2B, and GluN2D in the 

SDH relative to the DDH in male and female adult (P90+) rat tissue. This result supports the 

hypothesis that GluN2 subunits play a role in nociceptive signaling in the mature spinal cord. 

Previous studies have demonstrated the contribution of GluN2A and GluN2B subunits within the 

SDH using electrophysiology, which suggested the importance of GluN2 subunits in nociceptive 

signaling (Hildebrand et al., 2014; Tong & MacDermott, 2014). Further immunohistochemical 

experiments by Nagy and colleagues demonstrated that GluN2A and GluN2B were present in the 

dorsal horn of male rats; including an observed localization of GluN2B to the SDH (Nagy et al., 

2004). Temi and colleagues also used immunohistochemistry in juveniles (P21) to show 

heightened localization of GluN2B in the SDH compared to the DDH and diffuse GluN2A 

expression across the entire dorsal horn (Temi et al., 2021). Our current study has validated the 

presence of GluN2A and GluN2B in the SDH and further demonstrated higher localization of 

GluN2A and GluN2B in the SDH in comparison to the DDH for male and female adult (P90+) 

rats.   
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We also found enhanced expression of GluN2D in the SDH of male and female adult 

rats. Electrophysiological recordings have demonstrated the contribution of GluN2D in both 

lamina I and lamina II of the SDH, which confirms the presence of GluN2D subunits in the rat 

SDH (Hildebrand et al., 2014; Mahmoud et al., 2020). Further immunohistochemical 

investigations completed in male and female juvenile (P21) rats also identified the preferential 

expression of GluN2D in the SDH; although this result was only found to be significant in male 

rats (Temi et al., 2021). Similarly, immunohistochemical staining analyses completed by 

Hummel and colleagues have identified GluN2D to be present in the rat spinal dorsal horn 

(Hummel et al., 2008). Although this study did not quantify the expression in the SDH versus 

DDH, visual observations of the published figures identify GluN2D to be seemingly localized to 

the SDH as well as having an increased lateral expression within the SDH.   

There is evidence of a somatotopic map across the mediolateral axis of the SDH, 

although there no conclusive data to suggest the same somatotopic map is conserved in humans. 

The present study found GluN2 subunit expression was enhanced in the lateral SDH of male and 

female adult rats while human samples exhibited uniform GluN2 expression across the 

mediolateral axis. This result highlights the possibility of species differences in somatotopic 

mapping or region-specific mechanisms of plasticity within the spinal dorsal horn in rats 

compared to humans. In rats, the medial portion of the dorsal horn receives distal input from the 

limbs and digits, whereas the lateral portion receives proximal projections from the trunk of the 

body (Brown et al., 1997). Further, glabrous skin is found to relay into the medial portion of the 

dorsal horn, including the SDH (Wilson & Snow, 1988). This has been relatively conserved 

across mice, rats, cats, and racoons (Odagaki et al., 2019; Wilson & Snow, 1988). In these 

animals, peripheral innervation is thought to lead to the somatotopic mapping of the dorsal horn. 
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Somatotopic mapping of the dorsal horn was studied under peripheral nerve injury and 

subsequent regeneration to assess how the dorsal horn responds to changes in innervation. 

Peripheral nerve injury was completed in young rats, which found that the somatotopic 

organization of the receptive fields along the mediolateral axis was not restored following 

regeneration of projection axons in adulthood (Koerber & Mirnics, 1995). This suggests that 

development may play a large role in the generation of the somatotopic map across the 

mediolateral axis and that the receptive fields differ across development and cannot be 

regenerated following adolescence. This suggests that our result, which identified a differential 

pattern of mediolateral expression across development from juvenile (P21) rats to adulthood 

(P90+), may imply a crucial role of sexual maturity and hormonal change that occurs between 

juveniles to adults that solidifies the differential patterns of GluN2 expression across the 

mediolateral axis.  

Although peripheral innervation may play a role in the heightened lateral expression of 

GluN2 NMDARs, there are differences in cell density and cell type that may also play a role in 

the heterogenous expression pattern across the mediolateral SDH axis. There is a larger 

innervation density in the medial dorsal horn compared to the lateral. Higher innervation density 

suggests that the presynaptic space occupied by axons in the medial region is wider and there 

may be more space between synapses at this location (Brown et al., 1997). Therefore, it is 

possible that the medial region of the superficial dorsal horn has higher innervation density and a 

reduction in the number of cells which therefore leads to a lower overall expression. Similarly, 

the medial section of the SDH has a larger area and has been suggested to have a wider 

distribution of primary afferents compared to the narrow lateral region of the SDH. Cells may be 

more densely packed in the lateral segment which portrays a higher expression of GluN2 
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subunits in immunohistochemical analyses. Further analyses using a neuronal marker may aid in 

understanding the distribution and density of cells across the mediolateral SDH. However, due to 

the innervation of glabrous skin and distal limbs in the medial SDH, it is crucial to further 

evaluate the differential expression of GluN2 subunits across different skin types and bodily 

regions to understand the underlying signaling for different types of chronic and acute pain.  

We found that GluN2A, GluN2B and GluN2D subunits are localized to the SDH in rat 

and human tissue of both sexes. Although there are a lack of receptor localization studies 

completed in human tissue, immunoblotting experiments identified the presence of GluN2A and 

GluN2D subunits in post-mortem human spinal cord samples (Sundström et al., 1997). 

Comparatively, GluN2A, GluN2B and GluN2D were all found to be present in human embryos 

at 4.5 to 11 weeks gestation in immunoblotting experiments (Åkesson et al., 2000). Our study 

was able to add to the current literature by using immunohistochemistry to assess the distribution 

of GluN2 subunits within whole human spinal cord cross sections to identify the relative 

expression across laminae within the spinal dorsal horn; specifically in nociceptive-specific 

signaling regions of the SDH versus non-noxious somatosensory circuits of the DDH. We were 

able to identify that GluN2 subunits are preferential localized to the SDH and therefore may play 

an enhanced role in pain signaling in humans as well as rats. This may suggest that NMDARs, 

which are found to play an important role in plasticity in the CNS, may engage in heightened 

mechanisms of plasticity in the SDH in response to painful stimuli. Specifically, we hypothesize 

that NMDARs could have a larger contribution to pain signaling than other somatosensory 

stimuli based on their heightened localization to the SDH. Further investigation using human 

spinal cord samples from donors with chronic pain conditions would help solidify the 

understanding of how GluN2 NMDAR dysregulation may play a role in pathological pain 
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processing. Further, a model of chronic pain should also be completed in parallel in rats to 

identify how the distribution of GluN2 subunits may be impacted across species.  

Although rats and humans both show localized expression to the SDH; humans show a 

uniform expression of GluN2 subunits across the mediolateral axis of the SDH while rats show 

enhanced lateral expression. This difference across species suggests a potential difference in 

somatotopic mapping or region-specific nociceptive plasticity across the mediolateral axis of the 

SDH. Evaluation of the GluN1 subunit distribution across the somatosensory cortex of adult 

cynomolgus monkeys found uniform expression of GluN1 subunits across the mediolateral axis 

of the S1 region in the brain (Huntley et al., 1994). Uniform GluN1 expression suggests that 

NMDARs are evenly expressed across the primate somatosensory cortex. In comparison, our 

study identified homogenous expression of GluN2A, GluN2B, and GluN2D subunits across the 

SDH of human male and female spinal cord sections. Garraghty and Muja also studied 

NMDARs in the S1 in the brain of monkeys and suggested that NMDAR distribution will 

continue to change throughout the lifespan (Garraghty & Muja, 1996). This suggests that 

developmental changes, such as sex hormones and environmental influences, can impact 

NMDAR subunit distribution across the CNS and may provide insight to the differential 

expression of GluN2 subunits demonstrated in this study.  

Future investigation is required to evaluate the differences in the topographic map across 

both anatomical regions and across species. Despite the well-understood somatosensory map and 

homunculus in the somatosensory cortex (S1) in the brain, there are minimal studies 

investigating the somatotopic map of the spinal cord, especially as it relates to underlying 

molecular determinants. Current evidence of somatotopic mapping is primarily based on 

evidence from rodent models and the homunculus in the brain. Further research focusing on the 
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topographic mapping of the spinal cord would aid in the understanding of how sensory 

information, such as nociceptive and neuropathic signaling in the SDH, is relayed into the spinal 

cord and up to the brain. Further, there are no studies that systematically compare the 

somatotopic map of the spinal cord to the somatosensory cortex in the brain. The investigation 

into the similarities of somatotopic maps across the CNS could aid in the understanding of the 

changes in receptor expression across the mediolateral axis in both the spinal cord and S1.  

Synaptic plasticity plays a crucial role in the development of the CNS throughout the 

lifespan. A large body of evidence supports that NMDARs play a crucial role in synaptic 

plasticity including activity-dependent long-term potentiation. In the brain, NMDARs are well 

known to drive plasticity that permits the generation and maintenance of memories (Li & Tsien, 

2009). However, the function of NMDARs are lesser known in the spinal cord. It has been 

suggested that activity-dependent changes in spinal synaptic transmission and neuronal 

excitability across the lifespan are driven in part by NMDARs (Fitzgerald et al., 1994). Across 

development, there are increasing alterations in the projections from Aβ-fibers and Aδ-fibers into 

the rat spinal dorsal horn. Immediately following birth, rats aged postnatal days 0-3 show 

densely packed Aβ-fibers and Aδ-fiber projections in the SDH. As the rat ages, there is a 

reorganization of both types of A-fiber projections in which Aδ-fiber innervation becomes 

restricted to lamina I (with some projections into lamina V and X in the DDH) while Aβ-fiber 

projections synapse into laminae II-V by the age of P30 (Todd, 2010). This pattern persists and 

remains similarly innervated into adulthood (Beggs et al., 2002). Further, MK801 treated animals 

did not show any reorganization and all A-fiber projections remained in the SDH into adulthood; 

indicating NMDARs play a role in the reorganization of nociceptive projections in the dorsal 

horn and may have an activity-dependent mechanism that continues to develop into adulthood. 
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This further suggests that changes in nociceptive projections continue across development and 

are not solidified by postnatal day 21. Therefore, NMDAR distribution continues to change 

across postnatal development and into adulthood and is an activity-dependent process. Our study 

investigating the relative distribution of GluN2 subunits in the spinal dorsal horn has found a 

reorganization of GluN2A, GluN2B, and GluN2D between adulthood and previous 

immunohistochemical studies completed in juveniles (Hummel et al., 2008; Nagy et al., 2004; 

Temi et al., 2021). This provides preliminary insight into the understanding of how late postnatal 

reorganization can occur in GluN2 subunits within the dorsal horn. 

Further, our study directly evaluated GluN2A distribution across juvenile (P21), late 

adolescent (P42), and adult (P90+) developmental timepoints under the same experimental 

conditions. Temi and colleagues found GluN2A to be distributed uniformly across laminae of the 

dorsal horn in juvenile males and females (2021), which was confirmed in the present study. We 

also confirmed that there was no change in GluN2A distribution across the mediolateral axis at 

this young age. However, we investigated the change in GluN2A expression across development 

and found heightened lateral SDH expression in late adolescence and adulthood. A study by 

Granmo, Petersson, and Schouenborg investigated activity-dependent changes in the spinal cord 

(Granmo et al., 2008). When comparing primary afferents across postnatal day 2 and postnatal 

day 21, they found large differences in the termination fields across the mediolateral axis across 

development. Further, animals treated with MK-801 had a very different pattern of innervation 

than both P2 and P21 vehicle-treated animals; indicating that NMDARs play a role in the 

reorganization of the mediolateral axis of the dorsal horn in early postnatal rats. Therefore, 

NMDARs play a large role in the organization of the dorsal horn. Further, the change in 

expression and localization of GluN2A across later postnatal development in our study suggests 
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that GluN2A may be crucial to the reorganization of the dorsal horn and may explain differences 

in nociception and pain across the lifespan.  

We found no differences in GluN2 subunit expression across sex. The absence of sex 

differences in our study, both in rat and human tissue, suggests the possibility that the baseline 

expression of GluN2 subunits is conserved across sex. In contrast, a sexual dimorphism in 

NMDAR modulation may mediate altered spinal excitability during acute and/or chronic pain. A 

model of colorectal inflammation found heightened GluN2B expression in rats that were 

administered estradiol; while ovariectomized rats showed no heightened pain response or 

increased GluN2B expression in the lumbar spinal cord (Ji et al., 2015). This suggests that 

estrogen plays a role in modulating pain responses and shows evidence of upregulated excitatory 

elements, such as GluN2B. Our result shows no differences in GluN2B expression across sex; 

however, there is evidence to suggest there may be altered expression of GluN2 subunits in a 

state of dysfunction, as seen in models of pathological pain (Dedek et al., 2022). In a model of 

inflammatory pain, male rats were found to show upregulation of excitation through the 

phosphorylation of Fyn and GluN2B, while simultaneously driving a loss of inhibitory signaling. 

In contrast, female rats did not show this pattern of dysregulation in response to inflammatory 

pain (Dedek et al., 2022). The variation in signaling cascades under an inflammatory pain 

condition demonstrates the possibility that GluN2 subunits in the spinal cord may mediate 

different mechanisms of nociceptive plasticity dependent on sex. This was further demonstrated 

in human tissue, which identified a similar sexual dimorphism in ex vivo treated spinal cord 

tissue (Dedek et al., 2022). Human male ex-vivo spinal cord sections treated with BDNF showed 

a decrease in membrane KCC2, an inhibitory signaling element, while females had no 

downregulation in KCC2 (Dedek et al., 2022). Therefore, the absence of sex differences in 
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baseline expression of GluN2 subunits in healthy rat and human tissue suggests the possibility 

that a pain state, such as chronic pain, may have different underlying mechanisms in males and 

females that would contribute to altered GluN2 expression and resultant pain hypersensitivity.  

Future efforts should quantify GluN2A, GluN2B, and GluN2D expression using a model 

of chronic pain. The current study has identified the presence of GluN2 subunits in the SDH, a 

region of the spinal dorsal horn responsible for nociceptive signaling, although it remains 

unknown how the expression of GluN2 subunits change within the NMDAR under chronic 

activation and central sensitization. Spinal central sensitization, often compared to long term 

potentiation, is marked by increased excitability of nociceptive pathways that drives a heightened 

pain response (Latremoliere & Woolf, 2009). Signaling cascades in central sensitization lead to 

post-translational modifications and the phosphorylation of NMDARs which increases both the 

activity and the density of receptors in the synapse; hereby strengthening the nociceptive 

signaling at the level of the spinal cord. The phosphorylation of GluN2 subunits have been found 

to be associated with pain conditions. Specifically, the phosphorylation of GluN2B was found in 

colorectal model of chronic pain in rodents (Ji et al., 2015). Therefore, identifying the expression 

pattern of GluN2 subunits following chronic pain would allow for comparisons to be made 

between baseline and pathological states. This could be easily completed in rat tissue; although 

the quantity of human tissue obtained through organ donation at a single hospital would pose a 

barrier to tissue accessibility.  

Changes in expression across the mediolateral axis across the SDH should continue to be 

explored by future investigators to aid in the understanding of the contributions of GluN2 

subunits in nociceptive signaling. This is especially important to consider in electrophysiological 

investigations which report recorded activity from either the medial or lateral section of laminae 



 

 

60 

in the SDH, or that do not take this axis into account. The variation in GluN2A, GluN2B, and 

GluN2D expression in the present study may alter the implications of findings recorded from 

only one mediolateral region of the SDH, which should be considered when making conclusions 

in future studies. In addition to understanding the mediolateral axis, further exploration should 

evaluate the expression across distinct sections of the spinal cord, such as higher up in the 

lumbar cord (L1/L2) as well as cervical cross sections. This is important to evaluate due to the 

differing pattern of innervation that occurs at different levels of the spinal cord which may 

potentially impact the mediolateral distribution of GluN2 subunits, according to different 

topographical maps. The present study was completed in lumbar (L4/L5) spinal cord tissue; 

however, each level of the spinal cord receives different primary afferents from the periphery 

which could alter the expression pattern of NMDARs or other receptors. This region was studied 

since the sciatic nerve relays information into the spinal cord at the site of L4/L5 and is relatively 

well conserved across species (Norcini et al., 2016). Sensory information from the leg and foot 

relays into this region of the spinal cord, but the afferent projections are different in other regions 

of the spinal cord which may impact the localization of proteins across the spinal cord. To 

illustrate, neuropeptides have been found to change their localization within the spinal cord 

across development and across the spinal cord segment. FK 33-824 is found in a much higher 

concentration in lamina VII in the cervical spinal cord; but is not highly localized to this lamina 

in the thoracic level (Kar & Quirion, 1995). Therefore, further explorations should include 

cervical, thoracic, and sacral tissue to identify if the same pattern of heightened lateral expression 

in the SDH is conserved across the whole spinal cord, or if it is region-specific, to aid in the 

application and understanding of future research.  
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 In conclusion, we have found localized expression of GluN2A, GluN2B, and GluN2D in 

the SDH compared to the DDH of male and female adult rats. A similar pattern of expression 

was seen in male and female human samples, which indicates a conserved relative expression of 

GluN2 subunits across laminae in the spinal dorsal horn in rats and humans. However, male and 

female rats were found to have an enhanced lateral expression within the SDH; compared to 

humans which demonstrated a uniform pattern of GluN2 distribution across the mediolateral 

axis. This result suggests that future studies should investigate the possibility of differences in 

the contributions of NMDARs in topographic mapping and synaptic plasticity within the SDH of 

humans compared to rats. Finally, we also identified the presence of a late postnatal change in 

GluN2A expression across development. GluN2A expression is uniform across the dorsal horn 

laminae and across the mediolateral axis of the SDH in both males and females aged postnatal 

day 21, while this subunit becomes localized to the lateral SDH by late adolescence (P42) and 

continues into adulthood (P90+). Our result suggests that GluN2A distribution is altered across 

late postnatal life and should continue to be investigated to identify changes in molecular 

mechanisms of nociception and chronic pain across the lifespan.  
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Supplemental Figures 

 

Suppl. Fig. 1. Representative confocal images of a male human sample (P41) treated with 

and without True Black. True Black was found to reduce the fluorescence of CGRP (red), 

GluN2A (yellow) and Hoechst (blue) across the entire image and showed no difference of signal 

to noise ratio between True Black and non-True Black treated images (quantified data analysis 

(n=4) not shown).   
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Suppl. Fig. 2. Immunohistochemical controls in rats and humans in both males and 

females. (A) Male human sample (P39) stained with CGRP (left) and no GluN2 primary 

antibody staining (right). (B) Female human sample (P19) stained with CGRP (left) and no 

GluN2 primary antibody staining (right). (C) Male rat (M6) stained with CGRP (left) and no 

GluN2 primary antibody staining (right). (D) Female rat (F3) stained with CGRP (left) and no 

GluN2 primary antibody staining (right). 
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Suppl. Fig 3. CGRP expression across the mediolateral axis of male and female rats. Male 

(red) (n=6) and female (pink) (n=6) rats aged P90 have uniform CGRP expression across the 

mediolateral axis of the SDH.  
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GluN2A 

 

Suppl. Fig 4. Representative confocal images of GluN2A immunostaining in male rats aged 

postnatal day 90+. 
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GluN2B 

 

 

Suppl. Fig 5. Representative confocal images of GluN2B immunostaining in male rats aged 

postnatal day 90+. 
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GluN2D 

 

Suppl. Fig 6. Representative confocal images of GluN2D immunostaining in male rats aged 

postnatal day 90+. 
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GluN2A 

 

 

Suppl. Fig 7. Representative confocal images of GluN2A immunostaining in female rats 

aged postnatal day 90+.   
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GluN2B 

 

 

Suppl. Fig 8. Representative confocal images of GluN2B immunostaining in female rats 

aged postnatal day 90+.   
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GluN2D 

 

 

Suppl. Fig 9. Representative confocal images of GluN2D immunostaining in female rats 

aged postnatal day 90+.  
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GluN2A 

 

 

Suppl. Fig 10. Representative confocal images of GluN2A immunostaining in male humans. 
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GluN2B 

 

 

Suppl. Fig 11. Representative confocal images of GluN2B immunostaining in male humans. 
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GluN2D 

 

 

Suppl. Fig 12. Representative confocal images of GluN2D immunostaining in male humans 
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GluN2A 

 

Suppl. Fig 13. Representative confocal images of GluN2A immunostaining in female 

humans 
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GluN2B 

 

Suppl. Fig 14. Representative confocal images of GluN2B immunostaining in female 

humans. 
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GluN2D 

 

 

Suppl. Fig 15. Representative confocal images of GluN2D immunostaining in female 

humans. 
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GluN2A 

 

Suppl. Fig 16. Representative confocal images of GluN2A immunostaining in male and 

female rats aged postnatal day 21.   
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GluN2A 

 

Suppl. Fig 17. Representative confocal images of GluN2A immunostaining in male and 

female rats aged postnatal day 42. 

 


