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Abstract 

Chronic pain is a health crisis with few safe and effective treatments. Understanding the 

mechanisms that drive chronic pain predicate the development of novel therapeutics for the 

disease. The superficial dorsal horn (SDH) is an integral part of the pain-processing circuit. 

Nociceptive output from the SDH is mediated by a homeostatic balance of inhibition and 

excitation, resulting in pain responses in healthy individuals that are proportional to noxious 

stimuli. In chronic pain, the balance between inhibition and excitation degrades, resulting in 

spinal hyperexcitability and an increase in pain outputs to the brain. To study the molecular 

processes that disrupt the balance of inhibition and excitation within SDH circuitry, we paired a 

male rat ex vivo pain model with in vivo models. We found that the loss of potassium-chloride 

cotransporter 2-dependent inhibition (disinhibition) and facilitated excitation (marked by 

potentiation of excitatory N-methyl-D-aspartate receptors, NMDARs) are linked. We determined 

that downregulation of the phosphatase STEP61 is the linker between disinhibition and NMDAR 

potentiation in male rats. To address the translational divide that exists between basic science 

rodent research and clinical trials, we developed an ex vivo pathological pain model using human 

organ donor tissue. Using this model, we found that the STEP61-mediated link between 

disinhibition and NMDAR potentiation is conserved in the SDH of male humans. Despite that 

chronic pain affects women more often than men, the molecular underpinnings of chronic pain 

have been studied almost exclusively in males. Surprisingly, we found that NMDARs are not 

potentiated in our female rodent pain models, and that protein markers of disinhibition and 

facilitated excitation remain unchanged. This demonstrates a sex difference in neuronal pain 

processing in rodents within the SDH. Further, we used human tissue models to discover that this 

sex difference is conserved between rats and humans. We conclude that loss of STEP61 links 
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disinhibition and facilitated excitation in male rats and humans, but this mechanism of spinal 

hyperexcitability is sexually dimorphic. The lack of coupling of disinhibition to NMDAR 

potentiation suggests divergent neuronal signalling drives SDH hyperexcitability and chronic 

pain in females. This thesis highlights the importance of sex-inclusive research. 
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 1 

Chapter  1: An introduction to spinal hyperexcitability in chronic pain 

 

1.1 General Introduction 

Chronic pain is a debilitating disease that affects millions worldwide. Amidst the 

backdrop of the opioid epidemic, the need for new treatment strategies that are both safe and 

effective has never been greater. The development of new pain therapeutics has been plagued 

with difficulty, resulting in high failure rates of new therapeutics in clinical trials (Gewandter et 

al., 2020). A factor contributing to this high failure rate may be the predominant use of male 

rodent subjects in the foundational studies used to identify targets for therapeutic treatment. To 

address this problem, here, we will investigate mechanisms of spinal hyperexcitability using 

male and female rodent models, as well as preclinical human models of pathological pain. The 

goal of this body of work is to contribute to the foundation of knowledge of the mechanisms that 

lead to spinal hyperexcitability within the pain pathway, which may later lead to the 

development of novel therapeutics.  

 

1.2 Pain pathways and processes: 

Acute pain is a critical protective mechanism that alerts the body to tissue damage. The 

somatosensory nociceptive system is comprised of peripheral sensory neurons, circuits in the 

superficial dorsal horn (SDH) of the spinal cord and many brain regions. The peripheral sensory 

neurons, descending modulatory input to the spinal cord from the brain, and the SDH are 

responsible for nociception; once afferent signals are relayed to the brain, conscious perception 

of nociception results in the multifaceted experience of pain. Pain is defined as “an unpleasant 
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sensory and emotional experience associated with, or resembling that associated with, actual or 

potential tissue damage” (Raja et al., 2020). Pain is modulated by experience, cognition, and 

even social constructs such as cultural expectation and gender (Gold and Gebhart, 2010). A large 

number of brain areas are involved in integrating and modulating pain (for review see Almeida et 

al., 2004). Additionally, the perception of pain can be blocked by inhibiting nociception at the 

peripheral or spinal level (Gracely et al., 1992). Thus, a practical treatment approach is 

modulating nociceptive input at the spinal cord level, before these nociceptive signals reach the 

brain. 

Acute pain is protective; it is transient and has a high threshold for activation, meaning that 

normally only sensory input that poses a real or potential threat to tissue is encoded as painful 

(Grichnik and Ferrante, 1991). After sustained activation of peripheral nociceptors due to 

inflammation, tissue damage, or disease processes, acute pain signalling can provoke plastic 

changes in the SDH that lower the threshold for activation or even result in spontaneous pain. In 

the case of acute pain, a temporarily lowered pain threshold can be protective; for example, when 

tissue bruising becomes sensitive to the touch, it signals the body to protect the area so it can 

heal. These plastic changes are deemed pathological when they persist beyond a period of 3 

months and are then deemed ‘chronic’ (Merskey and Bogduk, 2002). Chronic pain symptoms, 

which result from plastic changes in nociceptive circuitry, include hyperalgesia (increased pain 

response to noxious stimuli), allodynia (a painful response to a normally innocuous stimulus), 

and spontaneous or ongoing pain (Merskey and Bogduk, 2002). There are molecular and cellular 

changes associated with these pathological processes that form neural correlates of chronic pain 

as a disease in and of itself (Keller et al., 2007); however, these processes require further 

investigation. 
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1.3 Spinal Dorsal Horn Circuitry:  

The organization of circuitry in the dorsal horn lends itself to plastic changes that can 

increase the excitatory input from the peripheral sensory nervous system to the brain. Peripheral 

afferents have nociceptive receptors that detect tissue damage or inflammation by transducing 

chemical or mechanical stimuli into receptor potentials and then action potentials (Gold and 

Gebhart, 2010; Todd, 2010; Peirs and Seal, 2016). Peripheral afferents are made up of pseudo-

unipolar neurons whose cell bodies are located in dorsal root ganglia (DRG). Nociceptors 

themselves may become sensitized by repeated stimulation, and thus increase their inputs onto 

the SDH (Gold and Gebhart, 2010).  

Lamina I and II, the outer-most laminae of the SDH, are the main sites of entry for high-

threshold nociceptive primary afferents (Todd, 2010; Peirs and Seal, 2016). Aδ fibres are small-

diameter, myelinated primary afferent fibres that synapse onto lamina I and lamina IIouter 

neurons. C fibres also have a small diameter but are unmyelinated and synapse onto lamina I-II 

neurons. Aδ and C fibres can be categorized as peptidergic or nonpeptidergic. Peptidergic fibres 

contain neuropeptides, such as CGRP, substance P (SP) and galanin (Todd, 2010; Peirs and Seal, 

2016). CGRP is of particular interest because primary afferents are the only cellular 

compartments containing CGRP within the SDH (Todd, 2015). Therefore, CGRP can be used as 

a marker of lamina I and II in rodents and humans (Shiers et al., 2021). Nonpeptidergic primary 

afferents in rodents can be labelled using IB4. IB4 is a plant lectin that binds to glycoconjugates 

on nonpeptidergic fibres in lamina I and II (Todd, 2015).   

Within the SDH, primary afferents synapse onto second-order spinal neurons. Most neurons 

in laminae I and III, and virtually all neurons in lamina II, are interneurons, meaning that they 

make local synaptic connections within the dorsal horn. Interneurons within the SDH are vastly 
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diverse. They can be divided into two general subtypes: excitatory (glutamatergic) and inhibitory 

(GABAergic (γ-aminobutyric acid-ergic) and/or glycinergic) (Todd, 2010; Gatto et al., 2019). 

SDH neurons can also be categorized by morphology as either radial, vertical, fusiform, central 

and islet cells (Ran et al., 1998; Todd, 2010; Yasaka et al., 2010; Punnakkal et al., 2014; Dickie 

et al., 2019; Gatto et al., 2019), or by electrophysiological properties (delayed, tonic, initial 

bursting and single spiking cells, (Yasaka et al., 2010; Dickie et al., 2019; Gatto et al., 2019). 

Finally, neurons within the SDH can be categorized by neurochemical markers. For example, 

excitatory interneurons can be defined by the expression of markers such as neurokinin B, 

neurotensin, gastrin-releasing peptide, and substance P (Gutierrez-Mecinas et al., 2016; Dickie et 

al., 2017; Todd, 2017). Inhibitory interneurons can be classified by the presence of proteins such 

as galanin, neuropeptide Y, neuronal nitric oxide synthase, or parvalbumin (Iwagaki et al., 2013). 

Although these methods of categorization can be useful tools in describing broad cell types, there 

is overlap between the categorical features and functions of these interneuron categorization 

techniques (Todd, 2010; Gatto et al., 2019). 

Recent advances in single-cell RNA sequencing techniques (scRNA-seq) have generated an 

extensive amount of data regarding the numerous subtypes of neurons in the SDH. Recently, 

Russ and colleagues have created a harmonized atlas of cell types from transcriptomic data from 

six separate studies of mouse spinal cord scRNA-seq data (Russ et al., 2020). Important findings 

from this large-scale approach include 20 distinct excitatory clusters and 14 inhibitory clusters 

within the dorsal horn (Russ et al., 2020). However, gaps still exist between the longstanding, 

well-established, functional classes of SDH neurons described above and the large number of 

clusters identified using scRNA-seq. Further investigation is needed to understand how these 
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techniques converge to describe the subpopulations of neurons that contribute to specific 

functional subnetworks within the SDH  (Gatto et al., 2019). 

 In addition to input from primary afferents, the SDH receives input from descending 

modulation from the brain. There is descending serotonergic input from the nucleus raphe 

magnus, as well as noradrenergic input from the locus coeruleus and pontine regions (Zoli et al., 

1999; Todd, 2010). The SDH also receives descending input from a GABAergic pathway 

originating in the rostral ventromedial medulla (Kato et al., 2006; Todd, 2015).  

The final neuronal subpopulation within the SDH is a small number of projection neurons. 

Nociceptive projection neurons are primarily located in lamina I, where they make up 

approximately 5% of the neuronal population of male rats (Spike et al., 2003). The axons of 

projection neurons are highly collateralized; some neurons project to three or more targets, 

including the lateral parabrachial nucleus, the thalamus, and the periaqueductal gray (Al-Khater 

and Todd, 2009). Understanding of organization and coding of nociceptive output through 

projection neurons is a developing topic. Recent developments show that there is heterogeneity 

in projection neurons, with some populations relaying monomodal sensory information, such as 

cold (Hachisuka et al., 2020), while most are polymodal (Häring et al., 2018; Choi et al., 2020).   

Projection neurons typically project contralaterally, crossing the midline to project rostrally, 

however, some project bilaterally as well (Spike et al., 2003). Connections between primary 

afferents, interneurons, and projections neurons in combination with descending input from the 

brain make up the circuitry in the SDH. The following section will highlight some of the 

phenomena that underlie plastic changes seen in this circuitry of the SDH. 
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1.4 Spinal Plasticity: 

1.4.1 Gate Control Theory: 

Melzack and Wall proposed one of the first theories that postulate the importance of the 

complex circuits in the SDH, and how those circuits change to result in increased excitability 

(Melzack and Wall, 1965). They proposed that projection neurons in the SDH receive input from 

nociceptors as well as from low-threshold Aβ fibres. The Aβ fibres contribution to nociception 

is, however, gated by feed-forward activation of inhibitory interneurons. Repeated noxious 

stimulation was proposed to result in inhibition of these inhibitory interneurons, resulting in a 

transformation of low-threshold mechanosensation into a painful stimulus: allodynia (Melzack 

and Wall, 1965). Gate control theory spurred interest in interneuron function and how plasticity 

in spinal circuitry results in pain hypersensitivity. 

Recent advances have expanded on Melzack and Wall’s gate control theory to account 

for features of pain and itch processing and circuitry that were unknown when gate theory was 

first proposed (Braz et al., 2014). For example, interneurons within the SDH are diverse; recent 

advances have found that parvalbumin-expressing interneurons play a modality-specific role in 

gating mechanical, but not thermal input to the dorsal horn (Petitjean et al., 2015). Another 

development has been the understanding of how SDH neurons receiving monosynaptic 

excitatory Aβ fibre input can be gated by disynaptic inhibition; it is the kinetic properties of 

excitatory synaptic glutamate receptors, in combination with filtering by potassium channels, 

that result in inhibition, or gating, within these neurons (Zhang et al., 2018). The discovery of the 

shared circuitry underlying pain/ itch signalling (Ross, 2011) presents a problem for gate theory. 

Grp+
 second-order neurons in the SDH integrate itch and pain transmission and code for pain in 

an intensity-dependent manner (Sun et al., 2017). This suggests that there is a “leaky gate” that 
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controls pain transmission. This discovery accounts for crosstalk between pain and itch (Sun et 

al., 2017). 

1.4.2 Central Sensitization:  

 Nociceptor sensitization is an important factor underlying pain hypersensitivity. This 

phenomenon, however, does not account for many of the complex symptoms of chronic pain, 

such as dynamic tactile allodynia and temporal summation of pain (Woolf, 2011). In the years 

that followed the description of Gate Theory, it became apparent that nociceptive synapses were 

shaped by use-dependant plasticity. Many years after Melzack and Wall’s seminal theory, 

Clifford Woolf described a new mechanism called ‘central sensitization’ (Woolf, 1983). Central 

sensitization describes increased synaptic efficacy or excitability in nociceptive neurons in the 

SDH that lasted for a prolonged period (over twenty minutes) following brief, low-frequency 

bursts of action potentials into the SDH (Woolf, 1983, 2011).  Central sensitization branches 

from two preceding concepts: 1. Melzack and Wall’s discovery of windup, a form of plasticity 

that results in increased amplitude of a response (depolarization) during repeated low-frequency 

stimulation, in SDH neurons (Melzack and Wall, 1965) and 2. Bliss and Lomo’s discovery of 

long-term potentiation (LTP) in the hippocampus (Bliss and Lømo, 1973). Windup, LTP, and 

central sensitization are all the product of changes in synaptic plasticity – in each of the three 

processes, changes in the N-methyl D-aspartate receptor (NMDAR) are potentially responsible 

for increased depolarization of the post-synaptic neuron (Woolf and Salter, 2000; Latremoliere 

and Woolf, 2009; West et al., 2015). Central sensitization is distinguished from windup by its 

presence, measured by increased excitability after the stimulus is withdrawn. Windup, on the 

other hand, is characterized by progressively increased amplitude of depolarization during a 

course of repeated stimulation and is heterosynaptic; classic hippocampal LTP is homosynaptic 



 8 

and describes the magnitude of synaptic responses (Ji et al., 2003). In central sensitization, a 

conditioning input generates amplified subsequent responses to successive stimulation of discrete 

afferents, thus providing explanations for a variety of clinical symptoms of chronic pain (Ji et al., 

2003). 

 Central sensitization describes a broad phenomenon that results in increased spinal and 

supraspinal responses in the nociceptive pathway to noxious or innocuous stimuli, as well as 

potential spontaneous activity in these circuits; however, many factors contribute to its initiation 

and maintenance. Glial supporting cells, immune factors such as cytokines, membrane 

excitability and gene transcription, along with activity-dependent plasticity, all contribute to 

increasing spinal hyperexcitability, which underlies chronic pain (Kuner, 2010, 2015; Woolf, 

2011; Luo et al., 2014; Finnerup et al., 2021).  

The output of increased excitability resulting from central sensitization can be produced 

at several levels within spinal circuits. At the molecular level, repeated activation leads to 

phosphorylation of receptors, kinases, and ion channels, thereby modulating their function (Hu 

and Gereau IV, 2003; Kawasaki et al., 2004; Ji et al., 2018). Another phosphorylation-dependent 

effect of central sensitization is the trafficking of receptors to the synapse (Liu and Salter, 2010; 

Tao, 2012; Finnerup et al., 2021). Molecular changes at the presynaptic membrane result in 

increases in quantal neurotransmitter release and increased probability of vesicle release 

(Moechars et al., 2006; Edwards, 2007; Toyoda et al., 2009; Chen et al., 2014b). At the 

postsynaptic level, alterations of receptor properties, as well as changes in the number and types 

of postsynaptic receptors, can result in an increased probability of evoking action potential 

through increases in EPSC magnitude (Lau and Zukin, 2007; Larsson and Broman, 2008; Choi et 

al., 2010; Ling et al., 2021). The resulting activation of metabotropic receptors and increases in 
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intracellular calcium contribute to changes in gene transcription that further promote increases in 

excitability (Latremoliere and Woolf, 2009; Du et al., 2018; Zhang et al., 2019a). The molecular 

mechanisms that result in functional plastic changes in central sensitization can be observed at 

the structural level as well, with changes in the number of synaptic spines (Stratton and Khanna, 

2020), changes in connectivity (Gong et al., 2019), as well as circuit-levels changes in 

descending modulation from the brain that promote hyperexcitability (Mills et al., 2018). Despite 

the broad scope of mechanisms that lead to increases in spinal excitability, NMDARs are central 

mediators of many of these molecular mechanisms of hyperexcitability in spinal nociceptive 

networks. 

 

1.5 NMDA Receptors 

1.5.1 NMDAR background and stoichiometry  

Glutamatergic signalling is the primary excitatory synaptic messenger system of the postnatal 

brain. This system contains both ionotropic glutamate receptors (iGluRs), including NMDARs, 

α-amino-3-hydroxy-5-methyl-4-isohexazole propionate receptors (AMPARs), and kainate 

receptors as well as metabotropic glutamate receptors (mGluRs) (Henson et al., 2010; Sanz-

Clemente et al., 2013b; Yao et al., 2013). The iGluR family has a heterotetrameric structure. 

Each of the four subunits of an iGluR contains an extracellular N-terminal domain, a ligand-

binding domain, a series of linked transmembrane domains that contribute to the receptor pore, 

and an intracellular C-terminal domain. The exact structure of the subunits depends on the type 

and subtype of iGluR (Cavara and Hollmann, 2008; Yao et al., 2013; Hansen et al., 2018).  
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NMDARs have several subtypes that can make up the tetrameric structure of the receptor. 

Historically, it was thought that two main subtypes can compose an NMDAR: two obligatory 

GluN1 subunits (which have eight different functional splice variants) and two GluN2 subunits 

(which have four isoforms, GluN2A-GluN2D) (Schüler et al., 2008; Yao et al., 2013). In the last 

twenty years, a third subtype was discovered: GluN3 (with two isoforms: GluN3A and GluN3B) 

(Dunah et al., 1999; Cavara and Hollmann, 2008). NMDARs are composed of two GluN1 

subunits and a combination of two other GluN2 and/or GluN3 subunits. The composition of the 

receptors varies across development and by location and dictates not only the physical structure 

of the receptor but also the physiological role that the receptor has. Due to a large number of 

possible subtype combinations, NMDARs vary greatly in their biophysical properties (Cavara 

and Hollmann, 2008; Paoletti et al., 2013).  

Of the NMDAR subunits, the differences in biophysical properties between the GluN2A-D 

subunits have been studied most extensively. Each subunit has a distinct affinity for glutamate; 

the EC50 of GluN2A (2.5μM in receptors containing two GluN1 and two GluN2A subunits 

(Erreger et al., 2005)) is five-fold greater than that of GluN2D (receptors containing two GluN1 

and two GluN2D subunits), meaning that glutamate has a five-times higher binding affinity to 

GluN2D than to GluN2A. GluN2B and -2C have intermediate affinities for glutamate (Hansen et 

al., 2018). Additionally, the exponential deactivation time course (τdecay) for the four subunits 

varies greatly: it is 40-50 ms for GluN2A-containing diheterotetrameric receptors, or receptors 

that contain two GluN1 subunits and two of the same type of non-obligatory subunit (GluN2A 

here), 200-400 ms for GluN2B-containing diheterotetrameric receptors, and approximately 2-4 s 

for GluN2D-containing diheterotetrameric receptors (Vicini et al., 1998; Paoletti et al., 2013). 

Diheterotetrameric GluN2A and GluN2B receptors have higher single-channel conductance and 
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higher calcium permeability than GluN2C and GluN2D-containing receptors (Monyer et al., 

1992; Retchless et al., 2012; Paoletti et al., 2013). Characterizing the properties of the many 

types of NMDARs is key to understanding how different NMDAR subunits contribute to the 

normal functioning of the central nervous system, as well as the role NMDAR subunit variation 

plays in the many neuropathologies that involve NMDARs (Pachernegg et al., 2012). 

GluN1/GluN2-containing NMDARs are termed coincidence detectors. For the pore of the ion 

channel to open for GluN1/GluN2 receptors, four necessary events must occur: (i) the GluN1 

subunits must bind glycine, (ii) the GluN2 subunits must bind glutamate at the same time as (iii) 

the depolarization of the membrane, and (iv) membrane depolarization forces a magnesium ion 

plug from the ion pore that then allows influx of cations. GluN3A/B subunits differ significantly 

in structure from GluN2 subunits and are more similar to GluN1 subunits (Cavara and Hollmann, 

2008; Henson et al., 2010; Low and Wee, 2010). This results in GluN3A/B subunits binding 

glycine, not glutamate (Dunah et al., 1999; Cavara and Hollmann, 2008). Without a GluN2 

subunit present, a GluN1/GluN3 heterodimeric receptor can open and allow ionic conductance 

by glycine binding and removal of the magnesium ion block alone. A heterotrimeric 

GluN1/GluN2/GluN3 receptor requires both glutamate and glycine binding (Cavara and 

Hollmann, 2008).  

 

1.5.2 NMDAR expression in SDH circuits 

Because NMDAR subunits have distinct physiological properties, it is important to consider 

their expression patterns. The GluN2A, 2B and 2D subunits are expressed in the rodent SDH 

(Bourinet et al., 2014; Russ et al., 2020). GluN2C has been found to be expressed at very low 
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levels in the SDH, or not at all (Yung, 1998; Shibata et al., 1999). In the early postnatal brain, 

there is a high expression of GluN2B and GluN2D-NMDARs (Crair and Malenka, 1995; Hsia et 

al., 1998). The properties of GluN2B and GluN2D subunits promote plastic changes in 

development through synaptic integration due to their slow deactivation kinetics (Paoletti et al., 

2013). In the weeks following birth, there is a developmental switch in the brain that promotes 

GluN2A-NMDAR expression, while expression and synaptic localization of GluN2B and 

GluN2D-NMDARs are decreased. This results in decreased synaptic strength and dampens the 

probability of functional circuit reorganization through NMDAR potentiation in the adult brain 

(Gray et al., 2011). This developmental switch does not occur in the SDH of male rats (females 

have not been studied) (Mahmoud et al., 2020). Instead, the relative contributions of GluN2A- 

and GluN2B-mediated NMDAR responses at lamina II synapses remain constant throughout the 

early developmental period of male rats (Mahmoud et al., 2020). In male adult rat lamina I 

neurons, GluN2B and GluN2D-containing NMDAR subunits make up the majority of NMDAR 

responses, with modest contributions from GluN2A-NMDARs (Hildebrand et al., 2014).  

Although no comparison exists of synaptic NMDAR responses of SDH neurons by sex, a 

recent study used immunohistochemistry to examine the expression of NMDAR subunits across 

the SDH in juvenile rats of both sexes (Temi et al., 2021). Temi and colleagues found robust 

expression of GluN2A-NMDARs across both the SDH and the deep dorsal horn in both sexes. 

GluN2B subunits, however, were concentrated in the SDH in both sexes (Temi et al., 2021). In 

males, GluN2D was also enriched in the SDH, but tissue from females showed no differences 

between the SDH and the deep dorsal horn in GluN2D staining. This illustrates two key points: 

1. that SDH circuitry is primed for central sensitization based on the functional properties of 
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NMDAR subunits, and 2. That there are sex differences in the expression of GluN2D subunits 

within the juvenile rat SDH (Temi et al., 2021).  

In addition to distinct distributions across the SDH, GluN2-NMDAR subunits have different 

localizations within neurons. Using immunohistochemistry, GluN2B and GluN2D are found to 

be expressed in both the neuropil and soma in the SDH in male and female juvenile rats (Temi et 

al., 2021). In contrast, the most robust expression of GluN2A-NMDARs is in the neuropil across 

both the SDH and the deep dorsal horn (Temi et al., 2021). In male adult rats, 

electrophysiological characterization of the relative contributions of GluN2-NMDAR subunits 

found that all spinally-expressed GluN2-NMDARs contribute to both synaptic and extrasynaptic 

signalling (Momiyama, 2000; Tong and MacDermott, 2014), with GluN2B and GluN2D making 

up the largest proportion of current (Hildebrand et al., 2014). Interestingly, investigation using 

unitary evoked EPSCs in male adult rat lamina I neurons found that individual synapses vary in 

their NMDAR subunit composition (Hildebrand et al., 2014). 

Both GluN3A and GluN3B NMDAR subunits are expressed in the human spinal cord 

(Aguet et al., 2019). GluN3A is expressed in excitatory dorsal horn neurons of juvenile mice 

(Chamessian et al., 2018; Geus et al., 2020), while GluN3B-NMDARs appear to be expressed 

primarily in motoneurons within the adult rat spinal cord (Wee et al., 2008). Because there 

appears to be a developmental switch from GluN3A to GluN3B in the rat brain during 

development (Siaw et al., 2016), the expression patterns of GluN3-NMDAR subunits should be 

considered at multiple developmental timepoints in the SDH.  

The subcellular distribution of GluN3-NMDAR expression remains unknown in the 

SDH. In the brain, GluN3A subunits differ in subcellular distribution from GluN2 subunits. 
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GluN2 subunits are found primarily in the postsynaptic density, where most neurotransmission 

occurs. A study that used pre-embedded immunogold labelling found that GluN3A was present 

in the highest concentration in the perisynaptic membrane and decreased in concentration toward 

the postsynaptic density (Pérez-Otaño et al., 2006). This same study found that GluN3A-

containing NMDARs are selectively removed from the postsynaptic density by endocytosis in an 

activity-dependent manner, leaving the postsynaptic density rich in GluN1/GluN2 NMDARs 

(Pérez-Otaño et al., 2006). Another study used crude synaptosome fractions of forebrain and 

midbrain rat tissue found that both GluN3A and GluN3B are primarily associated with peripheral 

components of the postsynaptic density (Siaw et al., 2016).  These findings demonstrate that 

GluN2-containing NMDARs make up the majority of synaptic NMDARs, while GluN3-

containing NMDARs are found extra-or-perisynaptically. The distributions of NMDAR subunits 

at normal physiological conditions both across the SDH, as well as their distribution within 

neurons, sets the stage for modulation in response to stimuli.  

 

1.5.3 NMDAR modulation by Kinases 

 Protein phosphorylation is an important mechanism for regulating NMDARs.  

Phosphorylation results in increased single-channel conductance (Levitan, 1994), as well as 

increased trafficking of NMDARs to synapses (Liu and Salter, 2010), and thus increases 

NMDAR currents. Protein kinases phosphorylate the cytoplasmic domains of NMDAR subunits; 

because these subunits have different C-terminal domains, they are targeted by different kinases 

that have varied effects on the function of the receptors (Wang et al., 2014b). For example, 

GluN1 can be phosphorylated at three different sites. Protein kinase-C (PKC), a family of 

serine/threonine protein kinases that targets serine and threonine amino acid residues, 
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phosphorylates S890 on GluN1, which results in the removal of the receptor from the synaptic 

membrane (Tingley et al., 1997). PKC can also phosphorylate S896. When S896 is 

phosphorylated along with S897 (which is phosphorylated by protein kinase A, PKA) surface 

expression of NMDARs increases (Scott et al., 2001). Interestingly, there are no known tyrosine 

modulation sites on GluN1 (Salter and Kalia, 2004). 

 GluN2A and GluN2B NMDAR subunits have notably long cytoplasmic domains. This 

results in several possible modulation sites by protein kinases (Wang et al., 2014b). On the 

GluN2A subunit, PKA phosphorylates S900 and S929; both these sites modulate receptor 

desensitization and resultant current decay times (Maki et al., 2013). PKC phosphorylates 

GluN2A S1291 and S1312, where phosphorylation potentiates GluN2A subunits (Jones et al., 

2012). Phosphorylation of GluN2A S1232 by cyclin dependant kinase-5 (Cdk5) is linked to LTP 

(Li et al., 2001). Src, a member of the Src-family tyrosine kinase (SFK) family, phosphorylates 

tyrosine residues on GluN2A at Y1292, Y1325, and Y1387 (Salter and Kalia, 2004). 

Phosphorylation of these sites potentiates GluN2A NMDARs (Yang and Leonard, 2001; Salter 

and Kalia, 2004; Taniguchi et al., 2009). 

 GluN2B-NMDARs are also heavily regulated by protein kinases. S1303 is 

phosphorylated by both PKC and calcium/calmodulin-dependant protein kinase type II 

(CaMKII). S1323 is phosphorylated by PKC. S1480, which is phosphorylated by casein kinase 2 

(CK2), results in the removal of the receptor from the synapse (Sanz-Clemente et al., 2013a). 

Y1252, Y1336, and Y1472 are phosphorylated by the SFK Fyn (Salter and Kalia, 2004), 

however, Y1472 is the main phosphorylation target of Fyn on recombinant GluN2B (Nakazawa 

et al., 2001) and promotes trafficking to the synapse (Goebel-Goody et al., 2009). 
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Phosphorylation of GluN2B Y1336 promotes enrichment of extrasynaptic NMDARs (Goebel-

Goody et al., 2009). 

 Recent studies suggest that GluN2D and GluN3A receptor subunits are also regulated by 

phosphorylation, however, the effects of their phosphorylation remain unclear (Dunah et al., 

1998; Chowdhury et al., 2013). GluN2D receptors undergo changes in phosphorylation 

throughout development, with a five to six-fold increase in tyrosine phosphorylation in the 

thalamus of unsexed rats seen from postnatal day 1 to postnatal day 49 (Dunah et al., 2002). The 

specific kinase that results in phosphorylation of GluN2D-NMDARs is unknown. Unlike 

GluN2B-NMDARs that show increased trafficking to synapses upon phosphorylation (Goebel-

Goody et al., 2009), GluN3A-NMDARs show increased endocytosis when phosphorylated at 

Y971 by Src (Chowdhury et al., 2013). This is particularly interesting, as both GluN2A and 

GluN3A are substrates of Src, but GluN3A decreases synaptic plasticity (Roberts et al., 2009), 

while GluN2A increases it (Salter and Kalia, 2004). Thus, the activity of Src may increase 

calcium permeability at synapses by concurrently increasing GluN2A receptor activity, while 

decreasing synaptic levels of GluN3A (Chowdhury et al., 2013).  

 There is an important functional significance of the differential regulation of NMDAR 

subunits by kinases. Because of differential expression of NMDAR subunits across the CNS 

(Yashiro and Philpot, 2008; Ewald and Cline, 2009), and because kinase activity can also be 

tissue-specific and is associated with specificity to distinct NMDAR subunits (Wang and Salter, 

1994; Groveman et al., 2012), there are region-specific mechanisms of NMDAR modulation. For 

example, both GluN2A and GluN2B are implicated in synaptic plasticity in the CA1 region of 

the hippocampus (Lüscher and Malenka, 2012), however, differential mechanisms of activation 

by kinases result in GluN2A-mediated LTP by Src, while Fyn phosphorylation of GluN2B can 
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result in LTD (Fox et al., 2006; Yang et al., 2012). Thus, determining the particular mechanisms 

that lead to region-specific synaptic plasticity can identify pharmacologic treatment targets that 

can precisely modulate a type of synaptic plasticity.  

 

1.6 Types and Models of Chronic Pain 

Chronic non-cancer pain can be classified into two categories: neuropathic pain or 

inflammatory pain. Neuropathic pain is the result of physical damage to the nervous system; for 

example, a lesion to a peripheral nerve during a surgical procedure (Vilim, 1999; Woolf and 

Mannion, 1999; Liu et al., 2008). Chronic inflammatory pain results from a prolonged 

inflammatory response to injury, infection, or as a result of an autoimmune disorder (Vilim, 

1999; Liu et al., 2008; Dickie et al., 2017). A common animal model of neuropathic pain is 

peripheral nerve injury (PNI). In PNI, a nerve, most often the sciatic nerve (Figure 1), is 

mechanically damaged by lesion or constriction (Vilim, 1999). Widely used models of 

neuropathic pain include: spinal nerve ligation (SNL), where spinal nerves are tightly sutured 

(Ho Kim and Mo Chung, 1992), partial sciatic nerve ligation (PSNL), where a suture is placed 

partially through the sciatic nerve (Seltzer et al., 1990), chronic constriction injury (CCI), where 

multiple loose sutures are placed around the sciatic nerve (Bennett and Xie, 1988), and spared 

nerve injury (SNI), where both the common peroneal and tibial nerves are ligated (Decosterd and 

Woolf, 2000). In male rodents, the resulting injury from SNI or CCI results in the release of 

BDNF from microglia and the molecular cascade that results in pathological pain (Coull et al., 

2005; Trang et al., 2009, 2012; Sorge et al., 2015). Recently, neuropathic pain has been 

successfully modelled using exogenous BDNF (Coull et al., 2005; Hildebrand et al., 2016). In 

these models, which we will refer to as the ex vivo model of pathological pain, naïve rodent 
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spinal cords are removed and treated with 50 ng/mL recombinant BDNF for a minimum of 70 

minutes (Coull et al., 2005; Hildebrand et al., 2016). Neurons from tissue treated with the ex vivo 

model show the same functional and biochemical hallmarks of neuropathic pain within lamina I: 

facilitated excitation, marked by potentiation of NMDAR mEPSCs and upregulation of total and 

phosphorylated GluN2B-NMDARs (Hildebrand et al., 2016), as well as disinhibition, marked by 

a depolarizing shift in GABA reversal potential (EGABA) (Coull et al., 2005). Peripheral 

inflammatory pain is modelled in rodents using sub-plantar, intramuscular, or intraosseous 

injections of irritating substances that cause an inflammatory immune response to the site of 

injection (Zhang and Ren, 2011). In inflammatory pain models where peripheral inflammation is 

sustained and severe, such as in CFA-induced inflammatory pain, spinal mechanisms contribute 

to sustained pain hypersensitivity (Lin et al., 2002; Torsney, 2011). In such models, BDNF has 

been shown to be secreted from primary afferents, however, it is unclear whether disinhibition is 

involved and whether the inflammatory pain is linked to NMDAR potentiation (Mannion et al., 

1999; Lever et al., 2001; Zhao et al., 2006; Sikandar et al., 2018).  
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Figure 1. Common in vivo animal models of inflammatory and neuropathic pain. A) Cutaneous and 

subcutaneous inflammatory pain models exemplified by injection of an inflammatory agent (1. Complete Freund’s 

Inflammatory Pain Models: 

Neuropathic Pain Models: 
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adjuvant, CFA (Iadarola et al., 1988) 2. Carrageenan (Vinegar et al., 1969) 3. Mustard Oil (Inoue et al., 1997) 4. 

Formalin (Dubuisson and Dennis, 1977) 5. Capsaicin (LaMotte et al., 1991)) into the footpad of a rat. B) Muscle 

inflammation can be modelled using intramuscular injections of 1. Acidic saline (Sluka et al., 2001), 2. Carrageenan 

(Diehl et al., 1988), 3. Mustard oil (Ro et al., 2003), 4. Formalin (Ro et al., 2003), or 5. Hypertonic saline (Ro et al., 

2003) into, for example, the gastrocnemius muscle. C) Joint inflammation can be modelled using intraosseous or 

intraarticular injections of 1. CFA (Wú Lin et al., 1998), 2. Carrageenan (Radhakrishnan et al., 2003), or 3. Formalin 

(Martins et al., 2006). D) Neuropathic pain can be modelled using: 1. spinal nerve ligation (SNL), tight ligation of 

spinal nerves (Ho Kim and Mo Chung, 1992), 2. partial sciatic nerve injury (PSNI) performed by suturing partway 

through and ligating the sciatic nerve (Seltzer et al., 1990), 3. Chronic constriction injury (CCI) is performed by 

placing several loose sutures around the sciatic nerve (Bennett and Xie, 1988), 4. Spared nerve injury (SNI), where 

the common peroneal and tibial nerves are ligated (Decosterd and Woolf, 2000). Figure made using BioRender.com 

 

 

1.7 Modulating NMDARs in Pain Models 

 Studies examining the effects of blocking NMDARs have demonstrated that NMDARs 

are critically involved in spinal hyperexcitability in neuropathic pain. An early study found that 

intrathecal injection of the NMDAR antagonist MK-801 reverses mechanical and heat 

hyperalgesia in male rats with neuropathic pain (Yamamoto and Yaksh, 1992a). Since recent 

studies have found that phosphorylation and upregulation of GluN2B-NMDARs in the SDH 

drive neuropathic pain in male mice and rats (Hildebrand et al., 2016; Xie et al., 2016; Zhou et 

al., 2019), it is of particular interest to specifically target the GluN2B subunit-containing 

NMDARs. Intrathecal administration of the GluN2B-NMDAR antagonist Ro 25-6981 reversed 

thermal hyperalgesia and mechanical allodynia in male SNL rats (Qu et al., 2009). In addition, 

intrathecal injection of the GluN2B-specific antagonist ifenprodil before SNL inhibited 

mechanical allodynia, but not thermal hyperalgesia, in male SNL rats (Qu et al., 2009).  
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 Modulating NMDARs has also been found to be successful in alleviating inflammatory 

pain in animal models. The NMDAR antagonist MK-801 administered intrathecally reduces 

phase I of the formalin model of inflammatory pain in male rats (Yamamoto and Yaksh, 1992b). 

Other studies investigated the knockdown of the GluN1 subunit of the NMDAR in the spinal 

cord in mice of both sexes. Selective deletion of GluN1 subunits by localized injection of adeno-

associated virus reduced the GluN1 mRNA levels by 60-80% in the SDH and prevented the 

induction of inflammatory pain, but did not affect pain thresholds in uninjured animals (South et 

al., 2003; Garraway et al., 2007). Because NMDARs serve critical roles across the CNS, it is 

important to target pathological NMDAR signalling, while leaving basal NMDAR signalling 

intact. Lui and colleagues found that targeting Src-NMDAR anchoring within the NMDAR 

complex could reverse both inflammatory (formalin and CFA) and neuropathic (PNI) pain in 

male rats (Liu et al., 2008). 

In the clinic, NMDAR antagonists have shown some efficacy as analgesic agents (Collins 

et al., 2010; Zhong et al., 2010; Aiyer et al., 2018). Clinically available NMDAR antagonists 

include ketamine, methadone, amantadine, memantine, dextromethorphan, valproic acid, and 

carbamazepine, and all have shown efficacy for treating certain clinical pain populations (Collins 

et al., 2010; Zhou et al., 2011; Aiyer et al., 2018). Of the clinically used NMDAR antagonists 

mentioned here, none are effective for treating all types of pain. In many cases, a given treatment 

alleviates pain in specific modalities of a type of pain. For example, dextromethorphan treatment 

reduces neuropathic pain in patients with diabetic neuropathy, but not in postherpetic neuralgia 

(Nelson et al., 1997; Sang et al., 2002; Aiyer et al., 2018). Many have high risks of adverse side 

effects: ketamine must be administered carefully at low doses to prevent dissociative or 

hallucinogenic effects (Niesters et al., 2014). Methadone, which is both an opioid receptor 
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antagonist and NMDAR antagonist, is associated with cardiac side effects such as QT 

prolongation and has large variability in absorption, metabolism and potency (Palat and Chary, 

2018). Finally, NMDAR antagonists administered systemically interfere with cellular 

mechanisms of plasticity and learning, thereby producing unwanted side effects (Ilkjaer et al., 

1996). These findings indicate that NMDARs could serve as a useful pharmacological target for 

the treatment of chronic pain, however, it is necessary to selectively target pathological pain-

related NMDAR processes to avoid unwanted side effects in the brain, such as inability to form 

new memories.  

 

1.8 Disinhibition 

Loss of γ-aminobutyric acid type A (GABAA) receptor-mediated inhibitory synaptic 

transmission can result in increased output from the dorsal horn through a process called 

disinhibition. Coull and colleagues were the first to describe the mechanism underlying 

disinhibition (Coull et al., 2003). Using a male rat PNI model of neuropathic pain, they found 

that lamina I neurons from PNI animals had a significant reduction in anion reversal potential 

(EGABA) (Coull et al., 2003). The change in EGABA can result in a net excitatory effect of GABAA-

receptor/glycine receptor (GlyR)-mediated postsynaptic currents, as was measured using calcium 

imaging and electrophysiology. Exogenous application of GABA increased intracellular calcium, 

indicating that GABA application resulted in action potential firing in lamina I neurons from PNI 

animals. (Coull et al., 2003). The depolarizing shift in EGABA is a result of potassium chloride co-

transporter 2 (KCC2) downregulation; pharmacological blockade of KCC2 using the selective 

KCC2 blocker [(dihydroindenyl)oxy]alkanoic acid (DIOA) resulted in an increase in intracellular 

calcium following GABA application, indicating that KCC2 blockade was sufficient to drive loss 
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of inhibition within lamina I neurons. Furthermore, selective knockdown of KCC2 resulted in a 

decrease in both mechanical and thermal nociceptive threshold (Coull et al., 2003). Thus, Coull 

and colleagues concluded that KCC2 downregulation in male PNI animals drives changes in the 

transmembrane anion gradient, resulting in loss of inhibition, or disinhibition (Coull et al., 2003).  

In their 2005 paper, Coull and colleagues expanded on the findings of their 2003 work to 

investigate the driving factors of disinhibition (Coull et al., 2005). They found that intrathecal 

administration of ATP-activated microglia resulted in not only decreases in PWT but also 

resulted in a significant increase in Eanion, resembling the changes in Eanion observed in PNI 

animals (Coull et al., 2005). They next tested if BDNF, which is known to be secreted by 

microglia, was sufficient to induce a PNI-like phenotype. They found that intrathecal BDNF 

administration reduced PWT and that when BDNF was bath-applied to spinal slices for 90 

minutes or more, there was a resulting shift in Eanion in lamina I neurons (Coull et al., 2005). 

Using the function-blocking antibody against TrkB (anti-TrkB), the cognate receptor for BDNF, 

as well as a BDNF-sequestering fusion protein, TrkB-Fc, Coull and colleagues found that BDNF 

is necessary to sustain tactile allodynia and the depolarizing shift in Eanion that results from PNI 

in male rats (Coull et al., 2005). In summary, Coull and colleagues’ work established that when 

BDNF is secreted from microglia, TrkB receptors trigger the downregulation of the potassium 

chloride co-transporter KCC2. KCC2 is responsible for maintaining a low concentration of 

intracellular chloride, which supports normal GABAergic transmission. A high concentration of 

intracellular chloride also promotes the efflux of negatively charged bicarbonate through 

GABAA channels, which can lead to overall membrane-depolarizing events. Disinhibition results 

in a decrease in normal inhibitory GABAergic signalling and promotes excitatory efflux of 

bicarbonate (Coull et al., 2003, 2005).  
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Important recent developments in the understanding of disinhibition reveal that there is a 

gradient of ionic plasticity within the SDH (Ferrini et al., 2020). At baseline levels, KCC2 is 

expressed at lower levels in the SDH than in deeper laminae, with the lowest levels seen in 

lamina I (Ferrini et al., 2020). In addition, because peptidergic primary afferents synapse onto 

lamina I neurons, lamina I have a higher degree of TrkB activation than deeper areas of the SDH. 

This results in lower levels of KCC2 compared to lamina II, and thus a reduced ability to 

maintain chloride homeostasis. This results in lamina I neurons being more susceptible to 

activity-dependant metaplasticity that can result in disinhibition (Ferrini et al., 2020). 

Given the role of disinhibition in mediating spinal hyperexcitability, disinhibition is a 

possible therapeutic target for the treatment of neuropathic pain. One component for 

pharmacological intervention is blocking carbonic anhydrase using acetazolamide (Asiedu et al., 

2010; Lee and Prescott, 2015). KCC2 downregulation reduces chloride extrusion capacity in the 

SDH, which results in a depolarizing efflux of bicarbonate when GABAA receptors are activated 

(Coull et al., 2003).  Blocking carbonic anhydrase decreases bicarbonate efflux and thus restores 

inhibitory tone following chloride dysregulation (Asiedu et al., 2010; Lee and Prescott, 2015). 

Acetazolamide has been effective in reversing SNL-induced neuropathic pain in male rats and 

SNI-induced neuropathic pain in male mice (Asiedu et al., 2010, 2014). The discovery of KCC2-

mediated disinhibition was made using exclusively male animals. Lee-Kubli and Calcutt 

performed experiments demonstrating that disinhibition occurs in female rats as well (Lee-Kubli 

and Calcutt, 2013). They examined rate-dependent depression (RDD), which is a measure of the 

decline in the amplitude of the spinal Hoffman reflex following repeated stimulation (Ishikawa et 

al., 1966; Meinck, 1976; Lee-Kubli and Calcutt, 2013) and can be used as a measure of 

disinhibition (Lee-Kubli and Calcutt, 2013). Using female neuropathic rats and female rats that 
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received an intrathecal injection of BDNF, they found deficits in RDD, indicating disinhibition 

occurred in both neuropathic female rats and female rats that had received intrathecal BDNF 

(Lee-Kubli and Calcutt, 2013). Mapplebeck and colleagues recently used in vivo recordings of 

brush-evoked spiking in lamina I neurons and found that both male and female SNL rats display 

KCC2-mediated disinhibition and that acetazolamide reverses the effect of SNL on increases in 

brush-evoked spiking (Mapplebeck et al., 2019).  

In addition to targeting disinhibition through inhibition of carbonic anhydrase using 

acetazolamide, Gagnon and colleagues have developed chloride extrusion enhancers, CLP257 

and CLP290, that increased KCC2 plasma expression and reversed tactile allodynia in male SNI 

and CCI neuropathic rats (Gagnon et al., 2013; Lorenzo et al., 2020). Intrathecal administration 

of CLP290 successfully reversed SNI-induced neuropathic tactile allodynia in both male and 

female rats, suggesting that rescuing KCC2 function can alleviate neuropathic pain in both sexes 

(Mapplebeck et al., 2019).  

 

1.9 Linking Disinhibition and NMDAR Potentiation  

Although disinhibition and facilitated excitation were first described as separate 

processes (Coull et al., 2003; Liu et al., 2008), evidence is mounting that they may, indeed, be 

linked. For example, modelling disinhibition using intrathecal administration of bicuculline to 

block GABAA receptors in the spinal cord results in pain hypersensitivity, but this 

hypersensitivity can be reversed using NMDAR antagonist D-APV (Cao et al., 2011). In 

addition, bicuculline-induced disinhibition resulted in a PKA-dependent increase in synaptic 

GluN2B-NMDARs in male rodents (Cao et al., 2011). In a male SNL model, restoring KCC2 

using intrathecal KCC2 gene transfer not only reversed allodynia but also reversed NMDAR 
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potentiation in SDH neurons (Li et al., 2016). Conversely, increases in NMDAR activity 

resulting from neuropathic pain have been found to lead to degradation of KCC2 through calpain 

activity (Zhou et al., 2012). These findings suggest an intertwined relationship between KCC2 

downregulation and NMDAR potentiation, but the linker between these processes in the SDH in 

pathological pain remains unclear. 

Some key molecular players known to mediate pathological pain processes can hint at 

possible linkers between disinhibition and NMDAR potentiation. For example, the Src-family 

kinase Fyn, and not Src kinase, potentiates excitatory GluN2B-containing NMDARs within 

lamina I in a model of neuropathic pain (Hildebrand et al., 2016). Additionally, increasing Fyn 

activity in the SDH of male mice results in persistent tactile allodynia (Liu et al., 2014). Fyn’s 

direct action on GluN2B and not GluN2A is responsible for NMDAR potentiation within lamina 

I (Abe et al., 2005; Yang et al., 2011; Hildebrand et al., 2016; Li et al., 2017a). Fyn is activated 

by BDNF-TrkB signalling; indeed, behavioural sensitization induced by PNI can be reversed 

using BDNF-TrkB antagonists (Coull et al., 2005; Wang et al., 2009). Thus, a linker between 

disinhibition and NMDAR potentiation would likely be tied to BDNF-TrkB-Fyn NMDAR 

signalling, as well as BDNF-TrkB-KCC2 signalling. 

Fyn kinase and NMDAR activity can both be downregulated by the enzyme ‘striatal-

enriched protein tyrosine phosphatase-61’ (STEP61) (Pelkey et al., 2002; Paul et al., 2003, 2007; 

Valjent et al., 2005; Xu et al., 2015a). STEP61 is a membrane-associated phosphotyrosine 

phosphatase (PTP) that has been found to oppose levels of NMDAR tyrosine phosphorylation, 

promotes internalization of GluN2B-NMDARs, and has been found to deactivate Fyn by 

dephosphorylating at Y420 (Pelkey et al., 2002; Goebel-Goody et al., 2012; Won and Roche, 

2021). STEP61 activity thus decreases NMDAR currents Interestingly, BDNF downregulation 
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increases STEP61 levels in the cortical cultures, while the same study found that increasing 

BDNF-TrkB signalling triggered decreases in STEP61 activity (Xu et al., 2016). In addition to 

ties to mechanisms of facilitated excitation, STEP61 is also linked to disinhibition. In a study 

using intrathecal bicuculline to model disinhibition in the SDH, loss of GABAergic inhibition 

resulted in a loss of STEP61 function (Li et al., 2015). This opposing interaction of BDNF and 

STEP61 leaves these two players poised to play modulatory roles in neurologic and 

neuropsychiatric diseases.  

Research on STEP61 in the brain implicates STEP61 signalling in several NMDAR-linked 

pathologies. For example, STEP61 has been implicated in Alzheimer’s disease (Xu et al., 2014; 

Castonguay et al., 2018; Lee et al., 2021), Huntington’s disease (Gladding et al., 2014), and 

schizophrenia (Xu et al., 2016). In the spinal cord, STEP61 is highly expressed in the SDH in 

naïve male and female rodents  (Li et al., 2015; Azkona et al., 2016). STEP61 is downregulated in 

the SDH by CFA-induced inflammatory pain (Li et al., 2015; Xu et al., 2015b; Azkona et al., 

2016). STEP61 restoration has reversed tactile allodynia in CFA-induced inflammatory pain (Li et 

al., 2015), and CFA injection resulted in increased levels of phosphorylated, deactivated STEP61 

(Azkona et al., 2016).  This evidence suggests STEP61 signalling may link the processes of 

disinhibition and NMDAR potentiation.  

 

1.10 Sex differences in Chronic Pain  

It comes as no surprise that both males and females experience both acute and chronic 

pain. In part due to this shared experience of pain and in part due to bias across a large 

proportion of scientific research, the majority of studies on pain have been performed only using 

male rodents (Mogil, 2012; Shansky and Murphy, 2021). And thus, it was assumed that 
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nociceptive pathways are conserved between males and females. However, clinical evidence 

suggests divergent pain signalling pathways. Women show increased pain sensitivity compared 

to men in experimentally induced electrical, thermal, and chemically-induced pain (Bartley and 

Fillingim, 2013). Differences in mechanical pain threshold have been reported in rodents as well, 

with females showing lower mechanical pain thresholds than males (Li et al., 2009). In the 

clinic, women are more likely to report low back pain, neck pain and orofacial pain, and twice as 

many women report migraines or headaches (Pleis et al., 2010; Chen et al., 2017). These 

observations lay the foundation for investigating possible differences in nociceptive signalling.  

Until recently, the existence of physiological sex differences in pain was a contested issue 

(Mogil, 2012). Now there is a growing body of literature that shows sex differences in brain 

regions associated with descending pain modulation (Wang et al., 2014a), as well as differences 

in resting-state functional connectivity within the dynamic pain connectome that links the many 

brain areas that regulate pain, attention and cognition (Fauchon et al., 2021; Kim et al., 2021; 

Osborne et al., 2021). In the periphery, sex differences in immune modulation of high mobility 

group box 1 protein (HMGB1) have been observed in a mouse arthritis model, with macrophage 

TLR4 involvement in males, but not females (Rudjito et al., 2021). In mouse DRG, differences 

in nociceptor-enriched translatomes show sex differences in prostaglandin signalling (Tavares-

Ferreira et al., 2020), while transcriptomic differences in mouse DRG and trigeminal ganglia 

suggest male mice have differential expression of genes in sensory neurons that are protective 

against effects of neuropathic pain (Mecklenburg et al., 2020). 

In spinal cord nociception, sex differences in immune mediators of pain have been at the 

forefront. In males, microglia are activated and secrete BDNF, which in turn results in neuronal 

hyperexcitability. Unlike males, SDH hyperexcitability in females appears to be caused by a 
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downstream result of T-lymphocyte activation (Sorge et al., 2015; Chen et al., 2017; Mapplebeck 

et al., 2017). These studies show different immune triggers for the initiation of SDH 

hyperexcitability; however, it is unclear whether there is a sexually dimorphic response within 

SDH neurons themselves. Sexually dimorphic signal transduction pathways dependant on 

protein kinase A, Cε, and Cδ have been found to be regulated by sex hormones in several pain 

models (Dina et al., 2001, 2007; Joseph and Levine, 2003; Hucho et al., 2006). Thus, it is 

conceivable that these signal transduction pathways may regulate sexually dimorphic neuronal 

mechanisms of nociception within the SDH.  

 

1.11 Human Translational Studies 

In the pharmaceutical development of therapeutics for pain, there is a massive jump from 

studies in animal models of pain to testing potential therapeutic candidates in clinical trials. This 

jump has contributed to the failure of a large proportion of analgesic clinical trials (Staahl and 

Drewes, 2004; Gereau et al., 2014). The development of human preclinical models for pain 

research is necessary for the development of new analgesic treatments. In recent years, genetic 

tools have begun to be used to characterize human CNS tissue and compare it to rodent models. 

For example, mRNA analysis has been used to link the presence of neuropeptide FF, which is 

believed to play a role in pain modulation and opiate function, to humans, cows, rats, and mice 

(Vilim, 1999). RNA-sequencing has also been used to conduct similar comparisons where 

mouse, rat, and human tissues were compared to look for expression of itch-associated peptides 

(Goswami et al., 2014). More recently, Parisien and colleagues have examined single nucleotide 

polymorphisms (SNPs) associated with expression levels of a gene or exon (expression 

quantitative trail loci, eQTLs) in human DRGs. They found pain-related genetic associations 
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implicating the human leukocyte antigen locus, and were able to use manipulations in a mouse 

model of inflammatory pain to confirm these findings (Parisien et al., 2017). Such experimental 

designs highlight the powerful potential to identify genetic targets in human genetic studies and 

make manipulations in rodent models. The field of human pain genetics research is quickly 

evolving. To summarize the extensive list of genetic contributors to human pain, Meloto and 

colleagues created the Human Pain Genetics Database (Meloto et al., 2018). This database has 

allowed for associations of genetic variants with analgesia and nociception-related pathways, as 

well as enabled comparisons between multiple pain pathways (Meloto et al., 2018). 

Functional analysis of human pathophysiology has been undertaken in several fields 

other than pain research. For example, hippocampal tissue from epileptic patients who underwent 

partial unilateral resection of the hippocampus has been used for electrophysiological 

characterization of neurons and comparisons to rat models (Kann et al., 2005). Although an 

extremely useful approach for the study of epilepsy, similar approaches cannot be used in the 

study of human spinal cord physiology, as no clinical procedures involve excision of spinal cord 

tissue from patients. Some researchers call for an increase in the use of non-human primate 

(NHP) models of pain, but many research facilities are not equipped for NHPs, and these models 

still represent inter-species comparisons (Hama et al., 2013).  

One pain research area that has successfully compared functional properties of human 

and rodent nociceptive tissue is DRG research. Using DRG extracted from human organ donors, 

researchers have used acute cultured human DRG neurons to study electrophysiological 

responses to chemical and electrical stimuli (Davidson et al., 2014; Waxman and Zamponi, 2014; 

Zhang et al., 2015, 2017, 2019b; Enright et al., 2016). For example, Davidson and colleagues 

used whole-cell patch-clamp recordings to examine membrane properties of nociceptive neurons 
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and found that small-diameter DRG neurons display an inflection on the descending slope of the 

action potential. This inflection is a defining feature of rodent nociceptive neurons (Rose et al., 

1986) and indicates that this feature is conserved between species and that most small-diameter 

DRG neurons in humans can be classified as nociceptors. (Davidson et al., 2014). Studies 

characterizing nociceptor responses to compounds that produce pain or itch across species may 

also pave the way for this preparation to be used as preclinical target validation in human tissue 

(Davidson et al., 2014; Zhang et al., 2015, 2017, 2019b; Enright et al., 2016).  

These pivotal studies have laid the foundation for use of human organ donor tissue in 

pain research; however, human DRG preparations leave questions of human CNS nociceptive 

physiology unanswered. An important recent study used immunohistochemical approaches to 

examine protein staining distributions in the human spinal cord (Shiers et al., 2021). They found 

that central projection patterns of nociceptor populations differ in spinal laminar distribution 

from rodents (Shiers et al., 2021). Future studies will need to examine the synaptic connectivity 

of primary afferents and SDH neurons in humans. These findings are critical for understanding 

the organization of the human nociceptive network but do not allow for functional 

characterization of the human SDH, or the functional changes associated with chronic pain. One 

possibility for translational, pre-clinical models for the study of human pathological pain is a 

spinal cord ex vivo model, such as our previously validated rodent model where spinal slices are 

incubated in BDNF (Hildebrand et al., 2016). The use of such an ex vivo model would provide a 

pivotal tool for translational research in the field of chronic pain that would help bridge the gap 

between basic science and clinical research. 
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1.12 Purpose 

We aim to identify molecular players that drive spinal hyperexcitability in the superficial 

dorsal horn following inflammation in both rodent and human models of pathological pain. We 

will use a combination of electrophysiological, biochemical, and behavioural analyses in human 

and rat tissue to examine mechanisms of spinal cord pain amplification. In our 

electrophysiological approach, we will record spontaneous synaptic NMDAR responses as a 

readout of excitatory synaptic activity.  My research aims to: (1) identify the molecular 

mechanism underlying dorsal horn hyperexcitability in male rats, (2) determine if molecular 

mechanisms are conserved in the male human spinal cord, and (3) investigate sex differences in 

the pathological pain pathway in both rats and humans and examine underlying causes of any 

identified sex differences.  

 

1.12.1 Aim 1: 

To identify molecular mechanisms underlying SDH excitability in male rats, in Chapter 

2, we will use the CFA model of inflammatory pain to determine if mechanisms are conserved 

between rodent models of neuropathic and inflammatory pain. We will perform biochemical 

analysis to compare changes in specific protein levels between synaptosomes isolated from rats 

subjected to the CFA model of inflammatory pain and the ex vivo model of pathological pain. If 

inflammatory pain shows the same hallmark features as neuropathic and ex vivo models, we 

hypothesize that CFA will drive increased levels of GluN2B-NMDARs, active Fyn and 

decreased levels of KCC2 and STEP61. Further examining this pathway, we will perform 

electrophysiological recordings on lamina I neurons from rats post-CFA injection to determine 

whether synaptic NMDAR responses are potentiated in an inflammatory model of pain. We will 
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then use the ex vivo BDNF treatment model of pathological pain in combination with 

electrophysiological recordings to test STEP61’s involvement in spinal hyperexcitability. We will 

test whether blocking disinhibition in spinal slices treated with the CFA model of inflammatory 

pain reverses any effects produced by CFA alone. Finally, we will use von Frey behaviour 

testing to determine whether blocking disinhibition affects pain hypersensitivity in vivo. 

 

1.12.2 Aim 2: 

We will investigate whether mechanisms of spinal hyperexcitability are conserved 

between rat and human males. This aim will be addressed in Chapter 2. We will perform 

electrophysiological recordings on human lamina I neurons to characterize which NMDAR 

subtypes mediate synaptic NMDAR responses. We will then develop a human ex vivo model of 

pathological pain in human spinal tissue. We will use this model to determine whether the ex 

vivo BDNF treatment model results in immunohistochemical and biochemical markers of 

disinhibition and facilitated excitation in human spinal cord tissue.  

 

1.12.3 Aim 3: 

To investigate sex differences in spinal hyperexcitability, in Chapter 3, we will first perform 

western blots to compare changes in synaptosome protein levels between tissue from male and 

female rats subjected to the CFA model of inflammatory pain and the ex vivo BDNF model of 

pathological pain. If inflammatory pain shows the same hallmark features as in males, I 

hypothesize that CFA will increase levels of GluN2B-NMDARs, active Fyn and decreased levels 

of KCC2 and STEP61 at superficial dorsal horn synapses in comparison to control-treated female 

rats. We will next determine whether CFA-mediated inflammatory pain results in lamina I 
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NMDAR mEPSC potentiation in female rats. We will compare these CFA-animal recordings to 

recordings on female rat tissue that has been treated with the ex vivo BDNF model to determine 

if BDNF pre-treatment results in NMDAR potentiation of lamina I neurons. Next, we will 

compare the effects of ex vivo BDNF treatment in males and females using 

immunohistochemical and biochemical approaches on human spinal card tissue. Finally, we will 

use female rats that were ovariectomized before reaching sexual maturity, then left to age-match 

our other animals, to determine whether identified sex differences are hormonally mediated.  
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Chapter  2: Loss of STEP61 couples disinhibition to N-methyl-D-aspartate 

receptor potentiation in rodent and human spinal pain processing 

 

2.1 Abstract 

Dysregulated excitability within the spinal dorsal horn is a critical mediator of chronic pain. In 

the rodent nerve injury model of neuropathic pain, BDNF-mediated loss of inhibition 

(disinhibition) gates the potentiation of excitatory GluN2B N-methyl-D-aspartate receptor 

(NMDAR) responses at lamina I dorsal horn synapses. However, the centrality of this 

mechanism across pain states and species, as well as the molecular linker involved, remains 

unknown. Here, we show that KCC2-dependent disinhibition is coupled to increased GluN2B-

mediated synaptic NMDAR responses in a rodent model of inflammatory pain, with an 

associated downregulation of the tyrosine phosphatase STEP61. The decreased activity of STEP61 

is both necessary and sufficient to prime subsequent phosphorylation and potentiation of 

GluN2B NMDAR by BDNF at lamina I synapses. Blocking disinhibition reversed the 

downregulation of STEP61 as well as inflammation-mediated behavioural hypersensitivity. For 

the first time, we characterize GluN2B-mediated NMDAR responses at human lamina I synapses 

and show that a human ex vivo BDNF model of pathological pain processing downregulates 

KCC2 and STEP61 and upregulates phosphorylated GluN2B at dorsal horn synapses. Our results 

demonstrate that STEP61 is the molecular brake that is lost following KCC2-dependent 

disinhibition and that the decrease in STEP61 activity drives the potentiation of excitatory 

GluN2B NMDAR responses in rodent and human models of pathological pain. The ex vivo 

human BDNF model may thus form a translational bridge between rodents and humans for the 

identification and validation of novel molecular pain targets. 
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2.2 Introduction 

Chronic pain is a widespread, debilitating disease with few safe and effective treatments. To 

develop novel therapeutic approaches, we must identify the molecular determinants of 

pathological pain (Gereau et al., 2014; Yekkirala et al., 2017). However, the vast majority of 

basic science pain research ends at target identification and validation in rodent models of 

chronic pain. Typically, findings from rodent models form the scientific rationale for a large 

jump to direct testing of individual compounds in specific human pain syndromes. When 

candidate molecules fail in clinical testing, their targets are often abandoned even when the 

underlying reasons for failure remain unexplored (Morgan et al., 2012). Thus, proof-of-concept 

human tissue studies are urgently needed to test assumptions on cross-species similarity and to 

bridge the rodent-to-human translational divide (Gereau et al., 2014). 

 

Pathological pain arises when neurons in the nociceptive pathway become sensitized by repeated 

exposure to noxious stimuli. Within the spinal dorsal horn, sensitization disrupts the balance 

between excitation and inhibition, leading to a sustained increase in nociceptive transmission 

from lamina I output neurons to the brain (Latremoliere and Woolf, 2009; Todd, 2010; Bourinet 

et al., 2014; Kuner, 2015; Alles and Smith, 2018). We have recently found that two mechanisms 

of dorsal horn hyperexcitability—BDNF-mediated disinhibition (Coull et al., 2005) and GluN2B 

N-methyl-D-aspartate receptor (NMDAR) potentiation by the Src family kinase, Fyn (Abe et al., 

2005)—are directly linked following nerve injury (Hildebrand et al., 2016). However, the 

molecular linker that drives the coupling between disinhibition and facilitated excitation remains 

unidentified. Here, we investigate this critical problem in both rodent and human spinal models 

of pathological pain. 
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2.3 Materials and methods 

2.3.1 Animals 

All rodent experiments were performed on male adult Sprague-Dawley rats supplied by 

Charles River Laboratories, weighing 350–450 g. Animals were housed and cared for in 

accordance with the recommendations of the Canadian Council for Animal Care and from 

regulations and policies of Carleton University and the University of Ottawa Heart Institute. 

Animals were housed in pairs, had free access to food and water and were randomly assigned to 

their respective experimental groups. 

Freund’s adjuvant model of inflammatory pain and behaviour testing 

Complete Freund’s adjuvant (CFA, Sigma) was used to model inflammatory pain. Rats were 

given a 0.4 ml plantar injection of either phosphate-buffered saline (PBS: control) or CFA (a 

50% by volume mixture of CFA and PBS) under isoflurane anesthesia. 

Behaviour testing for pain hypersensitivity was performed using von Frey filaments to 

measure mechanical paw withdrawal threshold. Withdrawal threshold was measured using the 

simplified up-down method (SUDO), as described by Bonin et al. (2014). The SUDO method 

standardizes the number of stimuli per test to five, thus ensuring that each animal receives a 

constant number of trials while minimizing the number of stimuli to prevent sensitization during 

testing. Measurements were taken at baseline (pre-injection), and then every 24 h until the end-

point of the study. Animals used for biochemical analysis were sacrificed 120 h post-CFA 

injection. Animals used for electrophysiological recording were sacrificed 72–120 h post-CFA 

injection. For both biochemical analysis and electrophysiological recording, only the ipsilateral 

side of the lumbar spinal cord was used. 
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2.3.2 Intraperitoneal injection of acetazolamide 

Seventy-two hours following sub-plantar injection of CFA and following behaviour 

testing (see above), male Sprague-Dawley rats were given an intraperitoneal injection of 300 

mg/kg acetazolamide (Sigma) dissolved in Ringer’s solution (pH 8.28). Behaviour testing was 

then performed every 10 min, with the experimenter blinded to treatment conditions. A small 

pilot of 10 animals was used to identify the time point of maximal behaviour reversal, which was 

40 min post-intraperitoneal injection. All further cohorts were sacrificed after the behaviour 

testing at 40 min post-intraperitoneal injection. 

 

2.3.3 Rat spinal cord isolation 

Rats were anesthetized using an intraperitoneal injection of 3 g/kg urethane (Sigma). 

Once under deep anesthesia, spinal cords were rapidly dissected via ventral laminectomy and 

immediately placed in ice-cold oxygenated protective sucrose artificial CSF solution (referred to 

as ‘saline’: 50 mM sucrose, 92 mM NaCl, 15 mM D-glucose, 26 mM NaHCO3, 5 mM KCl, 1.25 

mM NaH2PO4, 0.5 mM CaCl2, 7 mM MgSO4, 1 mM kynurenic acid, bubbled with 5% CO2/95% 

O2). The L3–L6 lumbar region was isolated and dorsal and ventral roots were removed under a 

dissection microscope. 

The spinal cords were then sliced parasagittally to 300 µm for electrophysiological 

recording using a Leica VT1200S vibratome at an amplitude of 2.75 mm and a speed of 0.1 

mm/s through the dorsal horn. Kynurenic acid was washed out by incubating slices in 34°C, 

kynurenic acid-free saline for 40 min. Previous control experiments have shown no difference in 

NMDAR synaptic responses in lamina I neurons from slices that were sectioned in saline with or 

without kynurenic acid as long as slices were recovered in kynurenic acid-free saline (data not 
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shown). Following this recovery period, the incubation chamber was removed from the heated 

water bath and allowed to cool to room temperature. For biochemical analysis, a ∼400 µm 

horizontal section containing the dorsal horn was removed. The following 1200 µm of spinal 

tissue containing the deep dorsal horn and ventral horn was used for control comparisons. 

Following slicing, tissue for biochemical analysis was either flash-frozen using histo-freeze 

(Fisher Super Friendly Freeze’It) or was treated according to the ex vivo model of pathological 

pain processing (see below) and then flash frozen. 

 

2.3.4 Human spinal cord preparation 

Spinal tissue was collected from adult (18–69-years-old) male human organ donors 

identified by the Trillium Gift of Life Network. Donors were pre-screened to exclude patients 

with communicable diseases (hepatitis, HIV/AIDS or syphilis) or chronic conditions such as 

morbid obesity that could negatively affect health of the donor’s organs. Tissue from donors that 

had spinal cord damage or that were taking chronic pain medications were also excluded from 

the study. The most common cause of death was compromised blood flow to the brain 

(hemorrhage or ischemia). For the collection and experimentation with human spinal cord tissue, 

approval was obtained from the Ottawa Health Science Network Research Ethics Board. 

Hypothermia was induced using a cooling bed and the body was perfused with high magnesium 

protective solution (Celsior or Belzer UW) before organ collection. Spinal cords were isolated 

via ventral laminectomy within 114 ± 25 min (n = 14) of cross-clamping the heart after organs 

were removed for donation. Once the spinal cord was removed, the thoracic and lumbar regions 

were isolated and placed in ice-cold saline in preparation for biochemical, immunohistochemical 
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and/or electrophysiological experiments. A summary of which experimental procedures were 

performed on each human spinal cord sample can be found in Supplementary Table 1. 

 

In a subset of donors, human spinal tissue for electrophysiological recording was 

sectioned in the transverse plane into 400–500 µm sections using a Leica vibratome at an 

amplitude of 2.75 mm and a speed of 0.1 mm/s through the dorsal horn. As done for rodent 

slices, spinal sectioning was performed in oxygenated, ice-cold saline including 1 mM kynurenic 

acid, followed by recovery in saline without kynurenic acid at 34°C for 40 min. Human tissue for 

biochemical analysis was left unsectioned and was treated according to the ex vivo model of 

pathological pain processing (see below). Following treatment according to the ex vivo model, 

tissue was either flash-frozen, and the dorsal horn was removed using a scalpel blade or tissue 

was fixed with 4% paraformaldehyde. 

 

2.3.5 Ex vivo model of pathological pain processing 

Following removal of the spinal cord from the subject (rat or human) according to the 

above-stated procedures, tissue was placed in oxygenated, room temperature saline containing 

50–100 ng/ml recombinant BDNF (Alomone Labs) or saline alone for 70–80 min. This same 

approach was used for treatment of spinal tissue with BDNF and TAT-STEP, BDNF and 

acetazolamide, acetazolamide alone, or TC-2153. 

 

2.3.6 Electrophysiological recordings of lamina I neurons 

After slice preparation, cells were viewed using brightfield optics. Lamina I neurons were 

located dorsal to the substantia gelatinosa, within the 50 µm portion of tissue directly ventral of 
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the white matter. As described previously (Hildebrand et al., 2016), the extracellular recording 

solution used was an artificial CSF solution containing (in mM): 125 NaCl, 20 D-glucose, 26 

NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2 in addition to 500 nM TTX, 10 μM Cd2+, 

10 μM strychnine and 10 μM bicuculline to block voltage-gated Na+ channel, voltage-gated Ca2+ 

channel, glycinergic and GABAergic currents, respectively. We used borosilicate glass patch-

clamp pipettes with resistances of 6–12 MΩ. The internal patch pipette solution contained (in 

mM): 105 Cs-gluconate, 17.5 CsCl, 10 BAPTA or 10 EGTA, 10 HEPES, 2 MgATP, 0.5 

Na2GTP and had a pH of 7.25 and an osmolarity of 295 mOsm. 

 

Criteria for recorded neurons were as follows: an access resistance below 30 MΩ, and leakage 

currents less than −100 pA at a holding potential (Vh) of −70 mV. We also selected for the larger 

neurons in the area, to favour projection neurons. After establishing a whole-cell patch at −60 

mV, the holding potential was slowly increased to +60 mV to record NMDAR miniature 

excitatory postsynaptic currents (mEPSCs). Selection criteria for mEPSCs included: no events 

that completely decay within 100 ms, no outlier events with an amplitude >100 pA for rat cells 

and 200 pA for human cells, and events must decay to at least 50% of their overall amplitude by 

500 ms. For analysis, mEPSC traces were detected and averaged together for each given 

treatment in Clampfit 10.7 (Molecular Devices). Traces were then transferred to Origin Pro 

(Northampton) for graphing. 

 

2.3.7 Isolation of synaptosome fractions and biochemical analysis of human and rodent 

spinal cord tissue 
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The human spinal cord was treated according to the ex vivo model of pathological pain 

processing following tissue collection. The tissue was flash-frozen with liquid nitrogen following 

treatment and stored at −80°C. Approximately 4 mm of the superficial dorsal horn was separated 

from the rest of the cord using a scalpel blade on dry ice. For rats, the lumbar region of the rat 

spinal cord was sectioned using a vibratome to obtain a ∼400 μm superficial dorsal horn section 

and another section consisting of the remainder of the spinal cord. 

 

The isolation of synaptosomal fractions was performed as described previously (Xu et al., 

2009). Tissue was first homogenized using Wheaton dounce tissue grinders in 300 μl of ice-cold 

TEVP-320 mM sucrose buffer containing (in mM): 320 sucrose, 10 Tris-HCl (pH 7.4), 1 EDTA, 

1 EGTA, 5 NaF, and 1 Na3VO4 with complete protease inhibitor and phosphatase inhibitor 

cocktails (Roche) to obtain total homogenates. A fraction of the homogenates was used for 

analysis. The remaining total homogenate lysates were centrifuged at 4°C for 10 min at 1000g 

and a further 15 min at 12 000g to obtain the crude synaptosome pellet. The pellet was 

resuspended in TEVP 320 mM sucrose buffer by brief sonication. 

The protein content of the homogenates and the synaptosomal fractions was determined 

by the Pierce BCA protein assay kit (Thermo Scientific). Thirty micrograms of total protein from 

each sample were loaded on 8% SDS-PAGE and transferred to PVDF membranes (Bio-Rad). 

Membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline 

(TBS) + 0.1% TWEEN-20 (TBS-T) and incubated overnight in 5% BSA + TBS-T plus primary 

antibodies [anti-STEP (1:1000), anti-KCC2 (1:1000), anti-Fyn (1:1000) and anti-β-actin (1:10 

000) from Santa Cruz; anti-non-phospho-STEP (1:1000) and anti-pY416-Src (or pY420-Fyn) 

(1:1000) from Cell Signaling; anti-pY1472GluN2B (1:1000) and anti-pY1325GluN2A (1:1000) 
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from PhosphoSolutions; anti-GluN2B (1:2000) and anti-GluN2A (1:1000) from Millipore; for 

further details on antibodies used in western blots, see Supplementary Table 2]. Membranes were 

washed three times with TBS-T and incubated in horseradish peroxidase (HRP)-conjugated 

secondary antibodies (anti-mouse and anti-rabbit (1:5000) from Pierce for 2 h at room 

temperature. Membranes were developed using Chemiluminescent Substrate kit (Pierce) and 

visualized using G:BOX with the GeneSnap software (Syngene). All densitometric bands were 

quantified using ImageJ (NIH). 

 

2.3.8 Immunohistochemistry and antibodies 

Transverse fixed human spinal sections were cut at 25 µm on a sledge freezing 

microtome Leica SM2000R (Leica Microsystems). Sections were permeabilized in PBS (pH 7.4) 

with 0.2% Triton (PBS+T) for 10 min, washed twice in PBS and incubated for 12 h at 4°C in 

primary anti-KCC2 antibody and anti-CGRP antibody (see below) diluted in PBS+T containing 

10% normal goat serum. After washing in PBS, the tissue was incubated for 2 h at room 

temperature in a solution containing a mixture of the goat-Cy3 anti-rabbit purified secondary 

antibody (1:500, Jackson ImmunoResearch Laboratories, Cat. #111–165–144) goat anti-mouse 

Alexa Fluor® 647 cross-adsorbed secondary antibody (1:500, Thermo Fisher Scientific Cat. #A-

21235) and DAPI (1:500, Thermo Fisher Scientific; Cat. #D1306) diluted in PBS+T (pH 7.4) 

containing 10% normal goat serum. Sections were mounted on SuperFrost™ gelatin-subbed 

slides (Fisherbrand) and cover-slipped using fluorescence mounting medium (Dako, Cat. 

#S3023). 

 

2.3.9 Markers of the peptidergic small diameter afferent terminals 
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Calcitonin gene-related peptide (CGRP) immunoreactivity was used as a specific marker 

of nociceptive peptidergic afferent terminals (not present in any other types of axons in the 

dorsal horn) (Rosenfeld et al., 1983; Gibson et al., 1984; Hunt and Rossi, 1985; Ju et al., 1987) 

using a monoclonal anti-CGRP antibody (1:5000; Sigma #C7113) raised in mouse. This 

antiserum detects human α-CGRP and β-CGRP but does not cross-react with any other peptide 

(data supplied by Sigma). 

 

2.3.10 Anti-KCC2 antibody 

A polyclonal antibody raised in rabbit (1:1000, Millipore/Upstate, Cat. #07–432) was 

used in this study. This antibody was raised against a His-tag fusion protein corresponding to 

residues 932–1043 of the rat KCC2 intracellular C-terminal (Williams et al., 1999; Mercado et 

al., 2006). This antibody is highly specific for rat KCC2 (KCC2a and KCC2b isoforms) and does 

not share any homologous sequences with other KCCs or co-transporters. 

 

2.3.11 Confocal laser scanning microscopy 

All confocal images were acquired using a Zeiss LSM 880 Confocal Laser Scanning 

Microscope. Acquisitions were 12-bit images of size 2048 × 2048 pixels with a pixel dwell time 

of 10 µs. An oil-immersion ×63 plan-apochromatic objective was used for high magnification 

confocal laser scanning microscopy images, which were processed for quantification. Laser 

power was adequately chosen to avoid saturation and limit photobleaching. All the acquisitions 

were performed with the same laser settings [laser, power, photomultiplier tube (PMT) settings, 

image size, pixel size and scanning time]. During the acquisitions, the experimenter was blind to 

the slice conditions (i.e. saline versus BDNF treatment). 
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2.3.12 Ex vivo subcellular KCC2 distribution in human dorsal horn neurons 

We developed homemade MATLAB routines to quantify and monitor the changes in the 

KCC2 intensity distributions in subcellular compartments. This new method is based on a 

modified version of an already published algorithm used to detect receptor membrane 

internalization (Ferrini et al., 2017). A user has to delineate the membrane of neuronal cell 

bodies present in the acquired confocal image. For this analysis, we use CGRP as a marker of the 

superficial dorsal horn. Only neurons present in the regions of the dorsal horn expressing CGRP 

were considered. The imaging and analysis were both done blind to the experimental conditions. 

For each pixel in the region of interest, the distance to the closest membrane segment was 

calculated. Using this distance map, the mean pixel intensity and standard deviation of KCC2 

fluorescence signal were quantified as a function of the distance to the neuron membrane. A 

negative position value represents the region outside of the labelled neuron. A total of 118 

neurons for saline and 108 neurons for BDNF from nine adult males were analyzed. Two types 

of cells were observed during the analysis. The first type showed a strong membrane staining, 

while the other type exhibited a larger intracellular KCC2 labelling. Because of this, we divided 

all analyzed cells into two groups using the position of the maximum KCC2 intensity in each 

subcellular profile. Cells for which the KCC2 intensity maximum was at a distance <0.5 µm and 

>0.5 µm were pooled in two distinct groups. For saline, 108/116 neurons are in the first group 

(<0.5 µm); in contrast, 36 of 108 neurons analyzed for the BDNF conditions are in the second 

group (>0.5 µm). Averaged profiles were obtained for each subject and condition (saline and 

BDNF) and from those averages, the global KCC2 intensity profiles were obtained for each 

condition. The KCC2 membrane intensity (at position 0 µm) and the KCC2 intracellular 
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intensity (0.5 µm < position < 2.5 µm) were extracted from each subject’s averaged KCC2 

intensity profiles. We carried out 2-way parametric paired t-tests on the KCC2 intensity at the 

membrane and in the intracellular compartment and a χ2 test to test the statistical difference 

between the distributions of cells in the two conditions. 

 

2.3.13 Statistical analysis 

All data are presented as means ± standard error of the mean (SEM). Comparison of 

means were performed using Student’s paired and unpaired t-tests (Microsoft Excel Office 365), 

and one-way ANOVAs (IBM SPSS Statistics 25.0). Tukey’s significant difference test followed 

ANOVAs, as appropriate. A Pearson’s χ2 test was used in Supplementary Fig. 7D. In all tests, P 

< 0.05 were considered statistically significant. Supplementary Table 3 lists all tests performed, 

the comparison made, and the associated P-values. 

 

 

2.4 Results 

To test whether NMDAR responses at lamina I synapses are potentiated across 

pathological pain models, we measured mEPSCs in adult male rats that received a hind-paw 

injection of CFA. The CFA injection model of persistent inflammation induces prolonged pain 

hypersensitivity that is mediated by dorsal horn sensitization (Ren et al., 1992). We selected rats 

that had a sustained reduction in withdrawal threshold of the ipsilateral paw 3–5 days after CFA 

injection (Fig. 1A). As observed for the nerve injury model (Hildebrand et al., 2016), we found 

that the NMDAR component of mEPSCs in lamina I neurons was significantly increased in CFA 

injected rats (NMDAR charge transfer = 6.54 ± 0.32 pC, n = 8 neurons from six animals) 
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compared to naïve rats (NMDAR charge transfer = 3.01 ± 0.18 pC, n = 10 neurons from eight 

animals, P = 2.92 × 10−8) (Fig. 1B and Supplementary Table 3). Moreover, the component of 

NMDAR mEPSCs that was potentiated in CFA-injected rats compared to naïve rats had a decay 

constant of 210 ms, which is consistent with GluN2B-mediated NMDAR responses (Hildebrand 

et al., 2014). GluN2B-containing NMDARs are potentiated by Fyn-dependent phosphorylation at 

Tyr1472, while Fyn itself is activated by phosphorylation at Tyr420 (Trepanier et al., 2012). To 

test for CFA-induced changes in total and phosphorylated levels of GluN2B and Fyn, we 

performed western blot analysis on the crude synaptosomal fraction of the superficial dorsal 

horn. As found in the nerve injury model (Hildebrand et al., 2016), CFA injection led to a 

significant increase in activated (pY420, P = 0.032) but not total (P = 0.42) Fyn and an 

associated increase in total (P = 0.047) and phosphorylated (pY1472, P = 0.016) GluN2B in 

superficial dorsal horn synaptosomes (n = 4; Fig. 1C and Supplementary Table 3). 
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Chapter 2 Figure 1. GluN2B NMDARs are potentiated at lamina I synapses in a CFA model of chronic 

inflammatory pain, with an associated downregulation of synaptic STEP61. GluN2B NMDARs are potentiated 

at lamina I synapses in a CFA model of chronic inflammatory pain, with an associated downregulation of synaptic 

STEP61. A) Left: Illustration of the in vivo CFA injection model of inflammatory pain. The window over the rat’s 
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back depicts the area of spine removed for either electrophysiological or biochemical analysis. Right: Ipsilateral paw 

withdrawal threshold (g) at baseline before and 3 days after hindpaw injection with vehicle (grey, n = 4, spinal cords 

used for C) or CFA (red, n = 10 animals, spinal cords used for B and C) comparing vehicle to CFA 3 days post-

injection. B) Left: average NMDAR mEPSCs at +60 mV from lamina I neurons in ipsilateral spinal cord of 

untreated (black, n = 10 cells from eight animals) and CFA-injected (red, n = 8 cells from six animals) adult male 

rats. Top: Difference current for NMDAR mEPSCs from CFA rats subtracted from NMDAR mEPSCs from control 

rats to reveal the ‘potentiated’ NMDAR mEPSC component. Right: Plot of NMDAR charge transfer (from 40 ms to 

500 ms) for untreated (grey) versus CFA-injected (red) rats. All current traces in Figs 1, 2 and 4 represented as 

means (dark lines) ± SEM (lighter bars) of mEPSCs from all averaged cells. Scale bars = 100 ms (x-axes); 5 pA (y-

axes). C) Plots (left) and representative western blots (right) from synaptosome fractions of ipsilateral superficial 

dorsal horn from CFA-injected rats (red, n = 4) and vehicle-injected rats (white, n = 4). For quantification, all targets 

were normalized to beta-actin as a loading control. D) Plots (left) and representative western blots (right) from 

synaptosome fractions of superficial dorsal horn treated with either control saline (white, n = 8) or 50 ng/ml 

recombinant BDNF for 70 min (red, n = 8). *P < 0.05, **P < 0.01 ***P < 0.001; exact P-values can be found in 

Supplementary Table 3. 

 

 

The BDNF-dependent disinhibition of lamina I neurons is mediated by a downregulation 

of the KCC2 chloride transporter and subsequent loss of the chloride gradient required for 

GABAA-dependent synaptic inhibition (Coull et al., 2005). We found that KCC2 was 

significantly decreased in superficial dorsal horn synaptosomes following CFA injection (n = 4, 

P = 0.023; Fig. 1C). We also found that KCC2 (P = 0.0064) was downregulated and pY420 Fyn 

(P = 0.0011) as well as total (P = 0.026) and pY1472 GluN2B (P = 0.016) were upregulated in the 

ex vivo BDNF model of pathological pain processing (n = 8; Fig. 1D and Supplementary Table 

3), where spinal sections from naïve rats are treated with recombinant (50 ng/ml) BDNF (Coull 

et al., 2005; Hildebrand et al., 2016) (Fig. 2A). The KCC2-Fyn-GluN2B signalling pathway was 
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restricted to superficial dorsal horn synaptosomes, as no BDNF-mediated changes were observed 

in either the homogenate fraction of superficial dorsal horn (Supplementary Fig. 1) nor in the 

synaptosome fraction of the remainder of the spinal cord (Supplementary Fig. 2). Taken together, 

our results show that GluN2B-containing NMDARs are phosphorylated and potentiated by a 

KCC2- and Fyn-dependent pathway at lamina I synapses in CFA-injected rodents. We therefore 

propose that KCC2-dependent disinhibition is coupled to NMDAR potentiation in both 

neuropathic (Hildebrand et al., 2016) and inflammatory models of chronic pain. However, what 

is the molecular linker that couples these two distinct pathological mechanisms? 
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Chapter 2 Figure 2. STEP61 is necessary and sufficient to prime phosphorylation and potentiation of synaptic 

GluN2B-NMDARs by BDNF. A) Illustration of the ex vivo BDNF model of pathological pain. Sections of lumbar 

spinal cord (window over rat’s back illustrates the lumbar section used) from naïve rats are incubated in oxygenated 

saline with 50 ng/ml recombinant BDNF for 70 min, before electrophysiology on individual lamina I neurons (B–D) 
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or biochemistry on superficial dorsal horn tissue (E). B) Average NMDAR mEPSC traces (left) and associated 

charge transfer values (right) from lamina I neurons of naïve rat spinal slices pretreated with control saline (black, n 

= 8), BDNF and a TAT-control peptide (green, 200 nM, n = 7), or BDNF and a membrane permeable active STEP 

peptide (TAT-STEP; blue, 200 nM, n = 6). Scale bars = 100 ms (x-axes); 5 pA (y-axes). C) Treatment of naïve 

slices with 1 μM TC-2153 for 70 min (red, n = 7) had no significant effect on NMDAR mEPSCs compared to 

saline-treated slices (grey, n = 6). D) Administration of exogenous BDNF (100 ng/ml) during patch-clamp recording 

caused an increase in NMDAR mEPSC traces in TC-2153 pretreated slices (bottom right, n = 7), but not in saline 

pretreated slices (top right, n = 6). Plot on left calculated from NMDAR mEPSC charge transfer after BDNF 

normalized to baseline charge transfer, for each pretreatment condition. E) Plots and representative western blots 

from synaptosome fractions of superficial dorsal horn incubated in saline (grey), 50 ng/ml BDNF (red), 50 ng/ml 

BDNF and 200 nM TAT-STEP (blue), 1 μM TC-2153 (orange), or 10 μM TC-2153 (yellow) for 70 min (n = 8 

animals/group). For quantification, all targets were normalized to beta actin as a loading control. *P < 0.05, **P < 

0.01, ***P < 0.001 compared to saline, exact P-values for each comparison can be found in Supplementary Table 3. 

 

 

We have shown that the protein tyrosine phosphatase STEP61 promotes 

dephosphorylation and inactivation of Fyn (at pY420) and that BDNF signalling leads to the 

degradation of STEP61 at brain synapses (Xu et al., 2015; Saavedra et al., 2016). Interestingly, 

we found here that active (dephosphorylated at Ser221) STEP61 was significantly decreased in 

superficial dorsal horn synaptosomes in the in vivo CFA and ex vivo BDNF models of 

pathological pain processing (n = 4, P = 0.036, Fig. 1C; n = 8, P = 0.013; Fig. 1D). To test 

whether STEP61 downregulation is required for the potentiation of NMDAR responses at lamina 

I synapses, we co-treated spinal sections of naïve rats with both recombinant BDNF and a fusion 

peptide that contained a membrane-permeable TAT domain followed by the active STEP peptide 

(TAT-STEP) (Paul et al., 2007; Xu et al., 2009). Co-treatment of TAT-STEP (200 nM) with 

BDNF (n = 6) prevented the potentiation of NMDAR mEPSCs observed in neurons treated with 
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BDNF and a TAT-fusion control peptide (200 nM, n = 7, P = 6.3 × 10−4; Fig. 2B). The 

NMDAR charge transfer for neurons treated with BDNF and TAT-STEP was not significantly 

different from that of neurons in untreated spinal sections (n = 8, P = 0.28; Fig. 2B), 

demonstrating that restoring STEP activity completely abolishes the BDNF-mediated 

potentiation of NMDAR responses at lamina I synapses. We next used the small organic STEP 

inhibitor, TC-2153 (Xu et al., 2014), to test whether blocking STEP activity itself is sufficient to 

induce potentiation of synaptic NMDAR responses. Pretreating spinal sections from naïve rats 

with TC-2153 (1 µM, n = 9) did not significantly alter NMDAR mEPSCs compared to control 

saline-treated slices (n = 6, P = 0.33; Fig. 2C). However, following slice pretreatment with TC-

2153, administration of BDNF during recording significantly increased synaptic NMDAR 

responses (n = 7, P = 0.028; Fig. 2D). Perfusion of BDNF had no effect on NMDAR mEPSCs in 

saline pretreated slices (n = 6, P = 0.97). Similar to previous experiments using blockers and 

activators of KCC2-dependent inhibition (Hildebrand et al., 2016), our results suggest that loss 

of STEP61 is necessary and sufficient to prime subsequent potentiation of synaptic NMDARs by 

BDNF. 

 

Because disinhibition can trigger STEP61 downregulation and STEP61 regulates Fyn and 

GluN2B signalling in dorsal horn neurons (Li et al., 2015; Xu et al., 2015a; Azkona et al., 2016), 

we asked whether loss of STEP61 directly couples KCC2-dependent disinhibition to the 

potentiation of GluN2B NMDARs by Fyn in the ex vivo BDNF model of pathological pain. To 

investigate this, we explored the effects of STEP61 antagonists and agonists on superficial dorsal 

horn synaptosomes from saline- versus BDNF-treated rodent spinal cords. Co-treatment of active 

TAT-STEP with BDNF prevented the increases in pY420 Fyn (P = 9.9 × 10−4), total GluN2B (P = 



 54 

2.1 × 10−4), and pY1472 GluN2B (P = 1.1 × 10−4) that were induced by pretreating naïve spinal 

slices with BDNF alone (n = 8; Fig. 2E). In contrast, co-treatment of TAT-STEP with BDNF did 

not significantly affect the BDNF-mediated downregulation of KCC2 at superficial dorsal horn 

synaptosomes (n = 8; P = 0.99; Fig. 2E). Unlike that observed in cortical neurons (Xu et al., 

2014), pretreating spinal sections with the STEP antagonist, TC-2153 (1 µM or 10 µM), did not 

significantly increase pY420 Fyn (P = 0.66 for 10 µM), total GluN2B (P = 0.46), or pY1472 

GluN2B (P = 0.68) at superficial dorsal horn synaptosomes compared to saline-treated spinal 

sections (n = 8; Fig. 2E). The finding that blocking STEP61 phosphatase activity does not directly 

induce phosphorylation and potentiation of GluN2B NMDARs by Fyn aligns with our previous 

observation of minimal basal Src family kinase activity in adult lamina I neurons (Hildebrand et 

al., 2016). We propose that BDNF is required for a subsequent activation of Fyn kinase. These 

biochemical experiments (Fig. 2E) suggest that the loss of STEP61 links upstream KCC2 

downregulation to downstream Fyn-dependent phosphorylation and trafficking of GluN2B 

NMDARs to superficial dorsal horn synapses during pathological BDNF-dependent pain 

processing. 

 

To test our working model further, we investigated whether disinhibition is required for 

BDNF-mediated STEP61/Fyn/GluN2B signalling. We used the carbonic acid anhydrase inhibitor, 

acetazolamide, which blocks disinhibition produced by KCC2-dependent chloride dysregulation 

without directly altering GABA or glycine receptor-mediated inhibition (Ferrini and De 

Koninck, 2013; Lee and Prescott, 2015). Co-treatment of spinal sections from naïve rats with 

acetazolamide (10 µM) and BDNF abolished the BDNF-mediated increases in pY420 Fyn (P = 

0.0014), total GluN2B (P = 0.0071), and pY1472 GluN2B (P = 8.1 × 10−4) at superficial dorsal 
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horn synaptosomes, while treatment with acetazolamide alone had no significant effects on these 

targets compared to saline-treated slices (n = 8 per group; Fig. 3A and Supplementary Table 3). 

The effects of BDNF-mediated disinhibition on synaptic NMDARs were restricted to GluN2B, 

as neither total GluN2A nor tyrosine phosphorylated (pY1325) GluN2A were altered in any of the 

treatment groups (Fig. 3A). Importantly, co-treatment of acetazolamide with BDNF prevented 

the decrease in total STEP61 at superficial dorsal horn synaptosomes compared to sections treated 

with BDNF alone (n = 8, P = 0.0047; Fig. 3A). Thus, blocking KCC2-dependent disinhibition 

prevents the downregulation of STEP61 and subsequent increase in potentiated GluN2B 

NMDARs by Fyn at superficial dorsal horn synaptosomes in the ex vivo BDNF model of 

pathological pain processing. 
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Chapter 2 Figure 3. Blocking KCC2-dependent disinhibition attenuates STEP61 downregulation by BDNF at 

superficial dorsal horn synapses and reverses CFA-mediated tactile allodynia. A) Plots and representative 

western blots from synaptosome fractions of superficial dorsal horn treated with (from left to right) either saline 

(grey), BDNF (red), BDNF and acetazolamide (ACTZ) to block KCC2-dependent disinhibition (Lee and Prescott, 

2015) (purple), or acetazolamide alone (blue) for 70 min (n = 8 animals/group. For quantification, all targets were 

normalized to beta actin as a loading control. B) Left: Ipsilateral paw withdrawal threshold, in grams, of rats before 

(Day 0) and then 24, 48, and 72 (Day 3) h following a hindpaw injection of either vehicle or CFA. After the Day 3 

behaviour testing, either 300 mg/kg acetazolamide or control saline were injected intraperitoneally with behaviour 

testing 20, 30, and 40 min post-intraperitoneal injection [n = 8 for vehicle/saline (grey) and vehicle/acetazolamide 

(blue), n = 11 for CFA/saline (red), and n = 12 for CFA/acetazolamide (purple)]. Right: Per cent anti-allodynia 

(reversal of the CFA-dependent decrease in paw withdrawal threshold) 40 min post-intraperitoneal injection of 

either saline or acetazolamide in CFA-injected rats. *P < 0.05, **P < 0.01, ***P < 0.001 compared to saline; exact 

P-values can be found in Supplementary Table 3. 
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We reasoned that if disinhibition is required for a conserved feed-forward pathological 

pathway, then acetazolamide should also reverse behavioural hypersensitivity induced by 

persistent inflammation. In CFA-injected rats, administration of acetazolamide significantly 

reversed the decrease in ipsilateral paw withdrawal threshold (n = 9, P = 4.3×10−7), while no 

reversal effect was observed in saline-treated CFA rats (n = 9, P = 0.22; Fig. 3B). From the 

totality of our past (Xu et al., 2015a; Azkona et al., 2016; Hildebrand et al., 2016; Saavedra et al., 

2016) and present evidence, we conclude that loss of STEP61 links BDNF/KCC2-dependent 

disinhibition to the potentiation of GluN2B NMDARs at lamina I synapses in a pathological 

spinal mechanism that is conserved between chronic inflammatory and neuropathic pain states. 

 

With the exception of a study revealing increased glial activation in the spinal cord of a 

patient with neuropathic pain (Del Valle et al., 2009), very little is known regarding mechanisms 

of central sensitization in the human spinal cord. To compound this problem, typical human post-

mortem studies rely on delayed tissue collection from autopsy specimens, with associated 

molecular and cellular degradation. Here we collected lumbar spinal cord tissue from adult male 

neurological determination of death organ donors within 1 to 3 h (114 ± 25 min, n = 14) after 

aortic cross-clamping, thereby maximizing tissue viability (Fig. 4A). Tissue from donors that had 

spinal cord damage or medical conditions that could impact spinal pain processing or that were 

taking chronic pain medications were excluded from the study. 
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Chapter 2 Figure 4. The ex vivo BDNF treatment model of pathological pain processing drives a 

downregulation of KCC2 and STEP61 and an increase in pFyn and pGluN2B NMDARs at superficial dorsal 

horn synapses of viable adult human spinal cord. A) Illustration of the human ex vivo BDNF model, highlighting 

the lumbar section (window). B) Average NMDAR mEPSCs at + 60 mV (left) from lamina I neurons of human (18 

and 52 years old) lumbar or thoracic spinal cord (n = 3 neurons) or naïve adult rat lumbar spinal cord (n = 8 

neurons), with associated decay constant (middle) and charge transfer (right) values. Scale bars = 100 ms (x-axes); 5 

pA (y-axes). C) Plots and representative western blots from synaptosome fractions of human (30 to 70 years old) 

superficial dorsal horn treated with either control saline (white, n = 9) or 100 ng/ml recombinant BDNF for 70 min 

(red, n = 9). For quantification, all targets were normalized to beta actin as a loading control. (D and E) Left: 

Representative confocal image of the human superficial dorsal horn incubated in saline (D) or BDNF (E). KCC2 

(red), CGRP (green) and DAPI (blue). A zoomed region (top middle) shows a neuron expressing KCC2 together 

with the delineation of the membrane and the distance to the membrane of each pixel analyzed in a colour-coded 

distance map (top right) and KCC2 intensity versus distance to the membrane profile (bottom). (F) Average KCC2 
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intensity profiles from superficial dorsal horn neurons incubated in saline (blue) versus BDNF-treated (red) spinal 

segments of nine male human donors (18–64 years old). (G and H) Averaged membrane KCC2 intensity values (G) 

and averaged intracellular KCC2 intensity values (H) of superficial dorsal horn spinal cord neurons incubated in 

saline versus BDNF. *P < 0.05; exact P-values can be found in Supplementary Table 3. 

 

 

We recorded excitatory synaptic responses from lamina I neurons within transverse 

sections of human (18- and 52-year-old males; see Supplementary Table 1) spinal cord. NMDAR 

mEPSCs were significantly (P = 7.0 × 10−6) larger at adult human lamina I synapses (n = 3) 

compared to adult rodent synapses (n = 10), with amplitudes and total charge that were more 

than double that of rodents (Fig. 4B). The decay constant of 204 ± 25 ms (n = 3) for NMDAR 

responses at human lamina I synapses was not significantly different from rodent lamina I 

synapses (252 ± 26, n = 10, P = 0.36), and is consistent with GluN2B-mediated NMDAR 

responses (Hildebrand et al., 2014) (Fig. 4B). In one recording, we were able to sequentially 

apply antagonists of GluN2A (10 µM TCN-201; (Hansen et al., 2012)) and then GluN2B (1 µM 

Ro25–6981; (Fischer et al., 1997)), which revealed a selective sensitivity of human NMDAR 

mEPSCs to Ro25–6981 but not TCN-201, as well as a GluN2B-like Ro25–6981-sensitive 

current (decay rate = 203 ms; Supplementary Fig. 3). Thus, lamina I neurons in the collected 

human spinal tissue are viable and contain robust synaptic NMDAR responses that are partially 

mediated by GluN2B-containing receptors. 

 

To test whether the disinhibition-STEP61 downregulation-NMDAR potentiation feed-

forward pathway occurs at human lamina I synapses, we developed an ex vivo BDNF treatment 

model of human pathological pain processing. As carried out for rodents (Fig. 2A; (Coull et al., 
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2005; Hildebrand et al., 2016), we pretreated adjacent regions of male human (18 to 69 years 

old) lumbar spinal tissue with saline versus recombinant BDNF (100 ng/ml) for 70 min (Fig. 4A 

and Supplementary Table 1). Following this, we flash-froze the treated spinal segments and 

tested for BDNF-mediated changes in expression and phosphorylation of synaptosomal proteins 

in the superficial dorsal horn versus the remainder of the human spinal cord. Consistent with the 

rodent ex vivo BDNF model (Fig. 1D), we found that BDNF treatment resulted in a significant 

decrease in KCC2 (P = 0.044), total STEP61 (P = 0.019) and active STEP61 (P = 0.048) and a 

significant increase in active Fyn (P = 0.040) and pY1472 GluN2B (P = 0.031) at human 

superficial dorsal horn synaptosomes (n = 9; Fig. 4C, Supplementary Table 3 and Supplementary 

Fig. 4). This BDNF-mediated pathway was restricted to superficial dorsal horn synaptosomes, as 

it was not observed in the homogenate fraction of superficial dorsal horn tissue nor at 

synaptosomes from the remainder of the spinal cord (Supplementary Figs 5 and 6, respectively). 

Further, we investigated the effect of BDNF on neuronal KCC2 in human ex vivo spinal cords of 

nine male subjects aged from 18 to 64 years old (Fig. 4D–H, Supplementary Fig. 7 and 

Supplementary Table 1). Superficial dorsal horn neurons were specifically examined based on 

CGRP immunostaining (Fig. 4D and E). Treatment of human spinal sections with BDNF 

induced a significant decrease in KCC2 immunostaining at neuronal membranes compared to 

saline-treated controls (Fig. 4D–G). The BDNF-mediated decrease in membrane KCC2 was 

paired with a concomitant increase in intracellular KCC2 immunostaining (Fig. 4H). Finally, 

BDNF treatment increased the proportion of superficial dorsal horn neurons that had KCC2 

primarily localized to the intracellular compartment compared to saline-treated tissue (36/108 

versus 8/116 respectively, χ2 test = 61.71; Supplementary Fig. 7). 
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2.5 Discussion 

We have discovered that STEP61 is the molecular brake that is lost following BDNF-

mediated disinhibition at lamina I synapses and subsequently drives the increase in excitatory 

GluN2B NMDAR responses by BDNF in both rodent and human spinal cords. The coupling 

between KCC2-dependent disinhibition and NMDAR potentiation is conserved between nerve 

injury (Hildebrand et al., 2016) and inflammatory models of chronic pain. We therefore propose 

that this spinal pathway represents a core pathophysiological mechanism that may drive pain 

hypersensitivity across divergent pain syndromes. Indeed, pharmacological, genetic and 

biochemical studies have demonstrated that key elements of the pathway—BDNF, KCC2-

dependent disinhibition, and GluN2B NMDARs—are essential mediators of pain 

hypersensitivity in other models of chronic pain, including spinal cord injury (Boulenguez et al., 

2010; Hama and Sagen, 2012; Kim et al., 2012) and cancer-induced bone pain (Wang et al., 

2012; Bao et al., 2014; Hou et al., 2018). However, as a putative molecular hub for spinal pain 

pathology, heterogeneous signalling factors and mechanisms may differentially interact with the 

pathway’s components. These divergence points mean that no individual molecular player or 

target is likely to represent a therapeutic solution for all chronic pain syndromes, which may 

include underlying neuropathic and/or inflammatory mechanisms (Ratté and Prescott, 2016). For 

example, BDNF is proposed to be primarily released from primary nociceptive afferents 

following persistent inflammation (Mannion et al., 1999; Zhao et al., 2006; Sikandar et al., 2018) 

and from activated microglia following nerve injury (Coull et al., 2005; Ulmann et al., 2008), 

and microglia themselves only mediate lamina I hyperexcitability in the male spinal cord while 

other immune cells are proposed to drive hyperexcitability in the female spinal cord (Sorge et al., 
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2015). Discriminating between divergent and convergent pain signalling elements will be needed 

to develop generalized versus syndrome-specific therapeutic strategies. 

Given the plethora of molecular targets that continue to emerge as spinal mechanisms of 

pain are investigated, an essential missing step in the clinical development of novel therapeutics 

is to validate which candidates contribute to human spinal pain pathology. To address this, we 

have developed an ex vivo human BDNF treatment model of pathological pain processing that is 

based on an established approach for rodent spinal cord. In the rodent model, ex vivo BDNF 

treatment induces the same changes in protein composition and excitatory responses at lamina I 

synapses as that observed in the in vivo rodent models of chronic inflammatory and neuropathic 

pain (Coull et al., 2005; Hildebrand et al., 2016). Similar to this ex vivo rodent model, we are 

able to collect human spinal tissue that is neuro-protected right up until the point of collection. 

Using sectioned human dorsal horn tissue, we have characterized functional excitatory synaptic 

responses from individual lamina I neurons and have shown that phosphorylation-dependent 

intracellular signalling pathways can be activated by BDNF ex vivo, supporting the conclusion 

that the dorsal horn nociceptive network remains highly viable. Indeed, by combining the human 

ex vivo BDNF model with rodent ex vivo and in vivo pain models, we have shown that STEP61 is 

the molecular determinant that is lost to drive coupling between BDNF-mediated disinhibition 

and facilitation of GluN2B NMDARs at both rodent and human lamina I synapses. Future 

experiments will test what molecular players link KCC2-dependent disinhibition to decreased 

STEP61 activity, and whether the role of candidates such as PKA (Xu et al., 2015b; Poddar et al., 

2016) are conserved in pathological coupling mechanisms between rodent and human pain 

models. Using this approach, we can validate the role of identified molecular candidates in 
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human spinal tissue and then test how targeting these players in vivo impacts pain 

hypersensitivity in rodent models of specific pain syndromes. 
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2.7 Supplementary Figures and Tables 

 

Chapter 2 Supplementary Figure 1. ex vivo BDNF treatment model elicits no effect in SDH homogenate.   

Plots (left) and representative western blots (right) from rat SDH homogenate treated with either control saline 

(white, n=8) or 50 ng/mL recombinant BDNF for 70 minutes (red, n=8). 
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Chapter 2 Supplementary Figure 2. Ex vivo BDNF treatment model elicits no effect in non-SDH synaptosome 

fractions. Plots (left) and representative western blots (right) from rat non-SDH synaptosome fractions treated with 

either control saline (white, n=8) or 50 ng/mL recombinant BDNF for 70 minutes (red, n=8). Tissue was collected 

from the remainder of the spinal cord, after the SDH was removed. 

 

Chapter 2 Supplementary Figure 3. GluN2B dominates human lamina I mEPSCs. Left, NMDAR mEPSCs 

from a human lamina I neuron treated with a GluN2A antagonist (10 μM TCN-201; red trace) for 12 minutes 

followed by co-administration of a GluN2B antagonist (1 μM Ro25-6981; blue trace) for 22 minutes. Right, 
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difference currents for the component of NMDAR mEPSCs altered by TCN-201 (red) and Ro25-6981 (blue). n=1. 

 

 

Chapter 2 Supplementary Figure 4. Western blots used for quantification in Figure 4C. Each row contains all 

samples quantified for each patient. Vehicle is abbreviated as ‘V,’ on the left, while BDNF as ‘B’ on the right. 
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Chapter 2 Supplementary Figure 5. Ex vivo BDNF treatment model elicits no effect in human SDH 

homogenate. Plots (left) and representative western blots (right) from human SDH homogenates 

treated with either control saline (white, n=9) or 50 ng/mL recombinant BDNF for 70 minutes (red, n=9). 

 

Chapter 2 Supplementary Figure 6. Ex vivo BDNF treatment model elicits no effect in human non-SDH 

synaptosome fractions. Plots (left) and representative western blots (right) from human non-SDH synaptosome 
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fractions treated with either control saline (white, n=9) or 50 ng/mL recombinant BDNF for 70 minutes (red, n=9). 

Tissue was collected from the remainder of the spinal cord, after the SDH was removed. 

 

 

 

Chapter 2 Supplementary Figure 7. (A,B) SDH neurons were also separated into two groups: the neurons in 

which KCC2 expression peaked close to the membrane delineation (from 0 to 0.5 μm) or after (>0.5 μm) in saline or 

BDNF conditions. (C) Distributions of neurons analyzed for each human subject in this study. 108 (black) of 116 

neurons incubated in saline, compared to 72 neurons (orange) out of 108 neurons incubated in BDNF, were part of 

the < 0.5 μm group. For saline, 8/116 neurons (grey) displayed a peak after 0.5 μm and for BDNF 36/108 neurons 

(purple) displayed a peak after 0.5 μm– (Chi-2 test=61.71). D) KCC2 intensity values present at the neuron 

membrane (0 μm) and in the intracellular compartment (0.5 μm < position < 2.5 μm) for the 4 groups presented in 

(A-C) ****p<0.0001 
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Chapter 2 Supplementary Table 1. Use of tissue samples collected from human organ donors 

 Donor  Age  Experiments Performed  
P1  56  Western Blotting  
P2  42  Western Blotting  
P3  53  Western Blotting  
P4  69  Western Blotting  
P5  33  Western Blotting, KCC2 

imaging  
P6  60  Western Blotting  
P7  63  Western Blotting, KCC2 

imaging  
P8  22  KCC2 imaging  
P9  52  Western Blotting, 

Electrophysiology, KCC2 
imaging  

P10  64  Western Blotting, KCC2 
imaging  

P11  18  Electrophysiology, KCC2 
imaging  

P12  58  KCC2 imaging  
P13  53  KCC2 imaging  
P14  55  KCC2 imaging  
Average Age:  50  

 

 
Chapter 2 Supplementary Table 2. Antibodies used for western blots 

Antibody Format Immunogen Host Target 
Species 

Dilution Source Catalogue 
Number 

References 

Anti-
STEP 
(clone 
23E5) 

Monoclonal 
IgG2b 
kappa light 
chain 

18 amino acid 
sequence mapping 
at N-terminus of 
rat STEP46 

Mouse Mouse, rat 1:1000 Santa Cruz 
Biotechnology 

sc-23892 (Gladding et 
al., 2014; 
Jang et al., 
2016; Rué et 
al., 2016; 
Xu et al., 
2017) 

Anti-
STEP 
(D9H3) 

Monoclonal 
IgG 

A synthetic peptide 
corresponding to 
residues 
surrounding Ile440 
of human STEP61 
protein 

Rabbit Mouse, rat, 
human 

1:1000 Cell Signaling 9069S (Xu et al., 
2016) 

Anti-
KCC2 

Polyclonal A synthetic peptide 
mapping at the N-
terminus of KCC2 
of human origin 

Rabbit Mouse, rat, 
human 

1:1000 Santa Cruz 
Biotechnology 

sc-19419-
R 

(Zhou et al., 
2012; Chen 
et al., 2016) 

Anti-Fyn Polyclonal Epitope mapping at 
the N-terminus of 
Fyn of human 
origin 

Rabbit Mouse, rat, 
human, 
canine, 
bovine, 
porcine, avian 

1:1000 Santa Cruz 
Biotechnology 

sc-16 (Brignatz et 
al., 2009; 
Levi et al., 
2010; Yadav 
and 
Denning, 
2011) 

anti- 
pY416- 
Src 

Monoclonal 
IgG 

Produced using 
synthetic 
phosphopeptide 
corresponding to 
residues 

Rabbit Human, 
Mouse, Rat, 
Monkey 

1:1000 Cell Signaling 6943S (McKinley 
et al., 2013; 
Allison et 
al., 2015; 
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surrounding 
Tyr419 of human 
Src protein. 
Detects 
endogenous levels 
of Src only when 
phosphorylated at 
Tyr416. May 
cross-react with 
other Src family 
members (Lyn, 
Fyn, Lck, Yes and 
Hck) when 
phosphorylated at 
equivalent sites. 
May cross react 
with overexpressed 
phosphorylated 
RTKs. 

Bieerkehazhi 
et al., 2017) 

Anti-β-
actin 

Monoclonal 
IgG1 kappa 
light chain 

Chicken gizzard 
actin 

Mouse   mouse, rat, 
human, avian, 
bovine, 
canine, 
porcine, 
rabbit, 
Dictyostelium 
discoideum, 
Physarum 
polycephalum 

1:10000 Santa Cruz 
Biotechnology 

sc-47778 (Zuo et al., 
2009; Ti and 
Pollard, 
2011; Wu et 
al., 2014) 

anti-non-
phospho-
STEP 

Monoclonal 
IgG 

Produced using 
synthetic 
nonphosphopeptide 
corresponding to 
residues 
surrounding 
Ser221 of human 
STEP61 protein. 
Detects STEP61 
protein only when 
dephosphorylated 
at Ser221 and of 
STEP46 protein 
when 
dephosphorylated 
at Ser49 

Rabbit Human, 
Mouse, Rat 

1:1000 Cell Signaling 
Technology 

5659S (Castonguay 
et al., 2018) 

anti- 
pY1472 
GluN2B 

Polyclonal Affinity Purified 
from Pooled 
Serum. 
Phosphopeptide 
corresponding to 
amino acid 
residues 
surrounding the 
phospho-Tyr1472 
of NMDA NR2B. 

Rabbit Rat, Mouse, 
Human, 
Bovine, 
Chicken, 
Non-human 
primate, 
Zebra fish, 
Canine 

1:1000 PhosphoSolutions p1516- 
1472 

(Castillo et 
al., 2011; 
Jang et al., 
2016) 

anti-
pY1325 
GluN2A 

Polyclonal Affinity Purified 
from Pooled 
Serum. 
Phosphopeptide 
corresponding to 
amino acid 
residues 

Rabbit Rat, Mouse, 
Bovine, 
Canine, 
Hamster, 
Sheep 

1:1000 PhosphoSolutions p1514- 
1325 

(Staples et 
al., 2015; 
Takashima 
et al., 2018) 
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surrounding the 
phospho-Tyr1325 
of rat NMDA 
NR2A 

anti- 
GluN2B 

Monoclonal 
IgG 

6His-tagged fusion 
protein 
corresponding to 
amino acids 1265-
1464 of mouse 
NMDA receptor 
2A (NR2A) 

Rabbit Mouse, Rat 1:2000 Millipore 06-600 (Fenster et 
al., 2012; 
Wei et al., 
2014) 

anti-
GluN2A 

Monoclonal Immunogen from 
amino acids 1437-
1456 of mature 
mouse NR2B or 
1463-1482 of 
NR2B precursor. 
This sequence is 
identical to amino 
acids 1437-1456 of 
mature rat NR2B 
and amino acids 
1465-1484 of 
human NR3, 
containing an N-
terminal lysine. 

Rabbit  Mouse, rat,   1:1000 Millipore 04-901 (Li et al., 
2015; 
Cabrera-
Pastor et al., 
2016; Xing 
et al., 2018) 
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Chapter 2 Supplementary Table 3. Statistical analyses performed in all Figures 

Figure and Section  Statistical test  Comparison  p value  
1.A)  Student’s unpaired t test  Vehicle/CFA paw 

withdrawal threshold 3 
days post-injection  

4.97688E-09  

1.B)  Student’s unpaired t test  Naïve/CFA charge 
transfer  

2.92086E-08  

1.C)  Student’s unpaired t test  Vehicle/CFA - pFyn  0.032161  
1.C)  Student’s unpaired t test  Vehicle/CFA - Fyn  0.418719  
1.C)  Student’s unpaired t test  Vehicle/CFA – 

pGluN2B  
0.016426  

1.C)  Student’s unpaired t test  Vehicle/CFA – 
GluN2B  

0.046825  

1.C)  Student’s unpaired t test  Vehicle/CFA – tSTEP  0.503494  
1.C)  Student’s unpaired t test  Vehicle/CFA – aSTEP  0.035955  
1.C)  Student’s unpaired t test  Vehicle/CFA – KCC2  0.023393  
1.D)  Student’s paired t test  Saline/BDNF – pFyn  0.001133  
1.D)  Student’s paired t test  Saline/BDNF – Fyn  0.543715  
1.D)  Student’s paired t test  Saline/BDNF – 

pGluN2B  
0.01621  

1.D)  Student’s paired t test  Saline/BDNF – 
GluN2B  

0.026334  

1.D)  Student’s paired t test  Saline/BDNF - tSTEP  0.012608  
1.D)  Student’s paired t test  Saline/BDNF – aSTEP  0.013479  
1.D)  Student’s paired t test  Saline/BDNF – KCC2  0.006359  
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2.B)  Student’s unpaired t test  BDNF + TAT-
STEP/BDNF + Control 
charge transfer  

0.000632  

2.B)  Student’s unpaired t test  Saline/BDNF + TAT-
STEP charge transfer  

0.283378  

2.C)  Student’s unpaired t test  Saline pretreatment/TC-
2153 pretreatment charge 
transfer  

0.330171  

2.D)  Student’s unpaired t test  Saline pretreatment, 
Baseline/BDNF Perfusion  

0.974967  

2.D)  Student’s unpaired t test  TC-2153 pretreatment, 
Baseline/BDNF Perfusion  

0.027606  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for pFyn  0.0038  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + TAT-
STEP for pFyn  

0.9892  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/1 μm TC-2153 for 
pFyn  

0.2308  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/10 μm TC-2153 for 
pFyn  

0.6587  

2.E)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + TAT-
STEP for pFyn  

0.0009942  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for Fyn  1.0000  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + TAT-
STEP for Fyn  

0.9042  

2.E)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + TAT-
STEP for Fyn  

0.9195  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/1 μm TC-2153 for 
Fyn  

0.9968  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/10 μm TC-2153 for 
Fyn  

1.0000  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for 
pGluN2B  

0.0029  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + TAT-
STEP for pGluN2B  

0.7975  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/1 μm TC-2153 for 
pGluN2B  

0.2073  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/10 μm TC-2153 for 
pGluN2B  

0.6823  

2.E)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + TAT-
STEP for pGluN2B  

0.0001127  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for GluN2B  0.0023  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + TAT-
STEP for GluN2B  

0.9226  

2.E)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + TAT-
STEP for GluN2B  

0.0002147  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/1 μm TC-2153 for 
GluN2B  

0.3479  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/10 μm TC-2153 for 
GluN2B  

0.4636  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for KCC2  0.4326  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + TAT-
STEP for KCC2  

0.0140  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/1 μm TC-2153 for 
KCC2  

0.9998  

2.E)  One-way ANOVA, with 
Tukey’s  

Saline/10 μm TC-2153 for 
KCC2  

0.8423  
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2.E)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + TAT-
STEP for KCC2  

0.991  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for aSTEP  0.0252  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
aSTEP  

0.9580  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for aSTEP  0.9995  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for tSTEP  0.0100  

3.A)  One-way ANOVA, with 
Tukey’s  

ACTZ+BDNF/BDNF for 
tSTEP  

0.00471  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
tSTEP  

0.9904  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for tSTEP  0.9997  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for pFyn  0.0044  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
pFyn  

0.9732  

3.A)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + ACTZ for 
pFyn  

0.00144  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for pFyn  0.9426  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for Fyn  0.8976  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
Fyn  

0.8397  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for Fyn  0.4917  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for 
pGluN2B  

0.0020  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
pGluN2B  

0.9863  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for 
pGluN2B  

0.9918  

3.A)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + ACTZ for 
pGluN2B  

0.000809  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for GluN2B  0.0063  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
GluN2B  

1.0000  

3.A)  One-way ANOVA, with 
Tukey’s  

BDNF/BDNF + ACTZ for 
GluN2B  

0.00710  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for GluN2B  0.9962  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for 
pGluN2A  

0.5357  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
pGluN2A  

0.3823  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for 
pGluN2A  

0.5768  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF for GluN2A  0.7271  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/BDNF + ACTZ for 
GluN2A  

0.2481  

3.A)  One-way ANOVA, with 
Tukey’s  

Saline/ACTZ for GluN2A  0.9768  

3.B)  Student’s unpaired t test  CFA-Saline/CFA-
Acetazolamide 40 minutes 
post-IP  

7.97002E-10  
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3.B)  Student’s paired t test  CFA-Saline: Pre-IP vs 40 
minutes post-IP  

0.215839  

3.B)  Student’s paired t test  CFA-Acetazolamide: Pre-
IP vs 40 minutes post-IP  

4.2612E-07  

4.B)  Student’s unpaired t test  Human/Rat charge 
transfer  

6.97953E-06  

4.B)  Student’s unpaired t test  Human/Rat decay constant  0.358285  
4.C)  Student’s paired t test  Saline/BDNF – aSTEP  0.048406  
4.C)  Student’s paired t test  Saline/BDNF – tSTEP  0.019056  
4.C)  Student’s paired t test  Saline/BDNF – pGluN2B  0.030548  
4.C)  Student’s paired t test  Saline/BDNF – GluN2B  0.490335  
4.C)  Student’s paired t test  Saline/BDNF – pGluN2A  0.166487  
4.C)  Student’s paired t test  Saline/BDNF – GluN2A  0.266342  
4.C)  Student’s paired t test  Saline/BDNF – pFyn  0.03987  
4.C)  Student’s paired t test  Saline/BDNF – Fyn  0.094406  
4.C)  Student’s paired t test  Saline/BDNF – KCC2  0.043605  
4.G)  Student’s paired t test  Membrane: Saline/BDNF 

> 0.5 μm  
0.05  

4.H)  Student’s paired t test  Intracellular: 
Saline/BDNF  

0.0432  

SF1.  Student’s paired t test  Saline/BDNF – aSTEP  0.111864  
SF1.  Student’s paired t test  Saline/BDNF – tSTEP  0.112782  
SF1.  Student’s paired t test  Saline/BDNF – pGluN2B  0.895413  
SF1.  Student’s paired t test  Saline/BDNF – GluN2B  0.570437  
SF1.  Student’s paired t test  Saline/BDNF – pFyn  0.293997  
SF1.  Student’s paired t test  Saline/BDNF – Fyn  0.385260  
SF1.  Student’s paired t test  Saline/BDNF – KCC2  0.303066  
SF2.  Student’s paired t test  Saline/BDNF – aSTEP  0.825054  
SF2.  Student’s paired t test  Saline/BDNF – tSTEP  0.210702  
SF2.  Student’s paired t test  Saline/BDNF – pGluN2B  0.637850  
SF2.  Student’s paired t test  Saline/BDNF – GluN2B  0.662928  
SF2.  Student’s paired t test  Saline/BDNF – pFyn  0.176693  
SF2.  Student’s paired t test  Saline/BDNF – Fyn  0.876844  
SF2.  Student’s paired t test  Saline/BDNF – KCC2  0.733139  
SF5.  Student’s paired t test  Saline/BDNF – aSTEP  0.24845  
SF5.  Student’s paired t test  Saline/BDNF – tSTEP  0.181536  
SF5.  Student’s paired t test  Saline/BDNF – pGluN2B  0.109915  
SF5.  Student’s paired t test  Saline/BDNF – GluN2B  0.884676  
SF5.  Student’s paired t test  Saline/BDNF – pFyn  0.936631  
SF5.  Student’s paired t test  Saline/BDNF – Fyn  0.055142  
SF5.  Student’s paired t test  Saline/BDNF – KCC2  0.202092  
SF6.  Student’s paired t test  Saline/BDNF – aSTEP  0.27162  
SF6.  Student’s paired t test  Saline/BDNF – tSTEP  0.112001  
SF6.  Student’s paired t test  Saline/BDNF – pGluN2B  0.823088  
SF6.  Student’s paired t test  Saline/BDNF – GluN2B  0.114532  
SF6.  Student’s paired t test  Saline/BDNF – pFyn  0.836541  
SF6.  Student’s paired t test  Saline/BDNF – Fyn  0.207316  
SF6.  Student’s paired t test  Saline/BDNF – KCC2  0.275293  
SF7  Chi-square test  Saline/BDNF  <0.0001  
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Chapter 2 Supplementary Figure 8. Western blots from 1C. Gels from animals treated with either vehicle (V) or 

CFA (C). Individual gels were cut into sections to allow for probing several targets concurrently β actin, the 

loading control, can be seen under each set of targets (labelled on the left while weight of the 

target, in kD is on the right), n= 4.  
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Chapter 2 Supplementary Figure 9.  Western Blots from Figure 1D. Gels from animals treated with either saline 

(S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets concurrently β actin, the 

loading control, can be seen under each set of targets (labelled on the left while weight of the 

target, in kD is on the right), n= 8 gels were run in groups of 4 animals. 
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Chapter 2 Supplementary Figure 10. Western Blots from Figure 2E. Gels from animals 1-4 (out of 8 animals used 

in this figure) treated with either vehicle (Veh) BDNF (blank + BDNF), TAT-STEP + BDNF, 1 μM TC-2153 or 10 

μM TC-2153. Individual gels were cut into sections to allow for probing several targets concurrently. Β-actin, the 

loading control, can be seen under each set of targets (labelled on the left while weight of 

the target, in kD is on the right), n= 4. 
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Chapter 2 Supplementary Figure 11. Western Blots from Figure 2E. Gels from animals 5-8 (out of 8 animals 

used in this figure) treated with either vehicle (Veh) BDNF (blank + BDNF), TAT-STEP + BDNF, 1 μM TC-2153 

or 10 μM TC-2153. Individual gels were cut into sections to allow for probing several targets concurrently. Β-actin, 

the loading control, can be seen under each set of targets (labelled on the left while weight of 

the target, in kD is on the right), n= 4. 

 



 81 

 

Chapter 2 Supplementary Figure 12. Western Blots from Figure 3A. Gels from animals 1-4 (out of 8 animals 

used in this figure) treated with either vehicle (V), BDNF (B), BDNF + acetazolamide (B+A), or acetazolamide (A). 

Individual gels were cut into sections to allow for probing several targets concurrently. Β-actin, the 

loading control, can be seen under each set of targets (labelled on the left while weight of the 

target, in kD is on the right). Gels were run in groups of 2 n= 4. 
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Chapter 2 Supplementary Figure 13. Western Blots from Figure 3A. Gels from animals 5-8 (out of 8 animals 

used in this figure) treated with either vehicle (V), BDNF (B), BDNF + acetazolamide (B+A), or acetazolamide (A). 

Individual gels were cut into sections to allow for probing several targets concurrently. Β-actin, the 

loading control, can be seen under each set of targets (labelled on the left while weight of the 

target, in kD is on the right). Gels were run in groups of 2 n= 4. 
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Chapter 2 Supplementary Figure 14. Western Blots from Figure 4C. Gels from human patients treated with 

either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets 

concurrently. β-actin, the loading control, can be seen under each set of targets (labelled on the left while weight of 

the target, in kD is on the right). Gels were run in groups of 1-3; n= 9. 
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Chapter 2 Supplementary Figure 15. Western Blots from Supplementary Figure 1. Gels from animals treated 

with either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets 

concurrently. β-actin, the loading control, can be seen under each set of targets (labelled on the left 

while weight of the target, in kD is on the right). n= 8 gels were run in groups of 4 animals. 
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Chapter 2 Supplementary Figure 16. Western Blots from Supplementary Figure 2. Gels from animals treated 

with either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets 

concurrently. β-actin, the loading control, can be seen under each set of targets (labelled on the left 

while weight of the target, in kD is on the right). n= 8 gels were run in groups of 4 animals. 
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Chapter 2 Supplementary Figure 17. Western Blots from Supplementary Figure 5. Gels from human patients 

treated with either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several 

targets concurrently. β-actin, the loading control, can be seen under each set of targets (labelled on 

the left while weight of the target, in kD is on the right). Gels were run in groups of 1-3 n= 9. 
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Chapter 2 Supplementary Figure 18. Western Blots from Supplementary Figure 6. Gels from human patients 

treated with either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several 

targets concurrently. β-actin, the loading control, can be seen under each set of targets (labelled on 

the left while weight of the target, in kD is on the right). Gels were run in groups of 1-3 n= 9. 
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Chapter  3: A neuronal mechanism of spinal hyperexcitability is sexually 

dimorphic in rodent and human models of pathological pain. 

 

3.1 Abstract: 

Clinical and epidemiological evidence suggests a sex difference in the mechanisms 

underlying chronic pain, with female chronic pain patients outnumbering their male counterparts 

by 2:1. Despite this, the neurobiological underpinnings of sexually dimorphic pain signalling 

remain unclear in rodents and virtually unexplored in human preclinical models. Within the 

nociceptive system, the superficial dorsal horn SDH) is a critical site of pain modulation. We 

have recently characterized a pathological pain pathway in male rat and human SDH neurons 

where brain-derived neurotrophic factor (BDNF) mediates potentiation of excitatory GluN2B 

synaptic responses that depend on downregulation of inhibitory signalling factors (KCC2 and 

STEP61) and upregulation of excitatory factors (Fyn) (Dedek et al., 2019). Here, we investigate 

whether molecular mechanisms of spinal hyperexcitability are conserved between sexes in both 

rodents and humans. In the Freund’s Adjuvant in vivo model of inflammatory pain, both male 

and female rats display tactile allodynia, however, the NMDAR potentiation pathway is only 

activated in males. Further, ex vivo BDNF treatment results in synaptic NMDAR potentiation 

and changes in biochemical markers of the KCC2-STEP61-Fyn mechanism of NMDAR 

potentiation in males, but not in females. We find conserved results between species, with 

immunohistochemical evidence of disinhibition, marked by internalization of KCC2, as well as 

biochemical markers or facilitated excitation and disinhibition in the human male, but not female 

SDH. Electrophysiological and biochemical investigations in ovariectomized rats suggest 

hormonal mediation of this sex difference. We therefore conclude that neuronal mechanisms of 
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SDH hyperexcitability are sexually dimorphic in rats and humans. This sex difference in 

underpinning neurobiological mechanisms of chronic pain has profound implications for the 

development of novel pain therapeutics. 

 

Introduction: 

Chronic pain is a highly prevalent but difficult to treat disease. The development of safe and 

more effective treatment strategies is needed. Novel therapeutic development relies on 

fundamental research on nociception. For decades it was assumed that at a physiological level, 

nociceptive pathways are conserved between males and females, but epidemiological evidence 

suggests otherwise. Women are more likely to report low back pain, neck pain, orofacial pain, 

and neuropathic pain, and twice as many women report common migraines or headaches 

(Bouhassira et al., 2008; Pleis et al., 2010; Chen et al., 2017). In addition, studies of 

experimentally induced pain in humans indicate that across several modalities, including 

mechanical, electrical, thermal, and chemically-induced pain, women show more pain sensitivity 

than men (Bartley and Fillingim, 2013). This epidemiological difference is particularly 

problematic because to date, the foundational research in pain physiology has been conducted in 

male rodents only. To develop effective therapeutics for treating chronic pain, it is critical to 

understand the neurobiological underpinnings of chronic pain in females.  

Although studies of female pain physiology are needed, there are barriers to 

understanding chronic pain in females. Our understanding of pain physiology is derived from 

studies of basic synaptic physiology and excitability in the brain. It was assumed that basic 

mechanisms of synaptic transmission and excitability are conserved between sexes, and thus 

these foundational neurophysiological studies were conducted in male or unsexed animals (Crair 
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and Malenka, 1995; Bardoni et al., 1998; Hsia et al., 1998; Engelman et al., 1999; Hartmann et 

al., 2004; Tong and MacDermott, 2014). A second major barrier is a lack of understanding of sex 

differences across species. Without direct examination, it remains unknown if an identified sex 

difference is conserved across multiple species, especially humans. The combination of a lack of 

studies on basic synaptic physiology and excitability in females paired with uncertainty on how 

identified sex differences relate across species results in a large translational gap that requires 

preclinical study of human tissue from both sexes.  

Recently, the push for female-inclusive biomedical research has highlighted differences in 

mechanisms of pain physiology and pathology between males and females. In males, microglial 

activation results in secretion of BDNF, which triggers a cascade that results in neuronal 

hyperexcitability (Coull et al., 2005). In contrast, hyperexcitability in females appears to be 

caused by T-lymphocyte activation and yet-to-be-identified downstream mechanisms (Sorge et 

al., 2015; Chen et al., 2017; Mapplebeck et al., 2017, 2018). In addition, immune-cell 

involvement differs between inflammatory and neuropathic pain models, with astroglial 

involvement in both sexes for models of neuropathic pain, but not for inflammatory pain models 

(Chen et al., 2017). Although sex differences in immune modulation of pain have been 

identified, the prevailing hypothesis is that these differences converge onto conserved neuronal 

determinants in the spinal cord (Mapplebeck et al., 2019). However, these mechanisms have not 

yet been probed in inflammatory pain, and it remains to be explicitly tested if molecular 

mechanisms of spinal hyperexcitability are conserved between sexes in rodents and humans.  

Investigations in males have found that disrupting the balance of excitation and inhibition 

within the circuitry of the superficial spinal dorsal horn (SDH) leads to plastic changes that 

increase nociceptive outputs and result in pathological pain (Woolf and Salter, 2000; 
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Latremoliere and Woolf, 2009; Todd, 2010). The K+-Cl− co-transporter KCC2 plays a 

fundamental role in mediating inhibition in the SDH by maintaining Cl- gradients that allow γ-

aminobutyric acid A (GABAA) and glycine receptors (GlyRs) to maintain inhibition (Kaila et al., 

2014). In both inflammatory (Zhang et al., 2008; Hildebrand et al., 2016) and neuropathic(Coull 

et al., 2003, 2005; Zhang et al., 2008; Mapplebeck et al., 2019; Lorenzo et al., 2020) pain 

models, KCC2 downregulation, triggered by the release of brain-derived neurotrophic factor 

(BDNF) results in disinhibition of SDH neurons, leading to increased neuronal excitability. 

BDNF also drives facilitated excitation through the potentiation of GluN2B-containing 

NMDARs (Abe et al., 2005; Hildebrand et al., 2016; Dedek et al., 2019). We have recently 

identified that downregulation of a molecular brake, striatal-enriched protein tyrosine 

phosphatase-61 (STEP61), serves as a feed-forward link between disinhibition and NMDAR 

potentiation in both male rodents and humans (Dedek et al., 2019). Although great headway has 

been made to understand the neuronal mechanisms of disinhibition and facilitated excitation in 

chronic pain using these preclinical male models, a burning question for potential translation is 

whether these mechanisms are conserved in females. 

Although few investigations into female neuronal mechanisms of pathological pain exist, 

there is evidence of divergence in baseline neurophysiological features that could point towards 

sex differences in pathological pain states. Temi and colleagues show that NMDAR subunit 

distribution - basic molecular determinants of synaptic transmission, are not conserved between 

sexes, highlighting the urgent need to investigate neuronal mechanisms of pain processing in 

females (Temi et al., 2021). It remains unexplored if there are sex differences in human pain 

processing as well. Here, we pair ex vivo BDNF and in vivo inflammatory rodent models of pain 

with translational, ex vivo human tissue approaches. To probe the mechanisms of spinal 
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hyperexcitability in the rat and human superficial dorsal horn, we measured behavioural pain 

responses, changes in synaptic proteins linked to excitability, functional synaptic NMDAR 

responses, and protein distribution across SDH neurons in both sexes. Finally, we explore 

whether identified sex differences are hormonally mediated using ovariectomized female rats. 

 

3.2 Methods: 

3.2.1 Animals 

Rodent experiments were carried out on male or female adult (3–4-month-old) Sprague 

Dawley rats ordered from Charles River Laboratories. Animals were housed in same-sex pairs, 

on a 12-hour day/night cycle and had access to food and water ad libitum. Animals were 

randomly assigned to their respective treatment groups and were cared for in accordance with 

guidelines from the Canadian Council for Animal Care, Carleton University, and the University 

of Ottawa Heart Institute. Ovariectomized animals were ordered from Charles River 

Laboratories; surgery was performed at Charles River Laboratories on postnatal day 21. After 

animals recovered from surgery, they were shipped to the University of Ottawa Heart Institute 

and left to mature to age-match the intact animals.  

 

3.2.2 Freund’s adjuvant model of inflammatory pain and von Frey behaviour testing 

To model persistent inflammatory pain, complete Freund’s adjuvant (CFA, Sigma) was 

injected into the intraplantar surface of the rats’ hindpaw. Rats were anesthetized using 

isoflurane gas, and the 0.4mL injection of either phosphate-buffered saline vehicle (PBS) or 50% 

v/v PBS+CFA was injected once the rat was deeply anesthetized.   
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Von Frey filaments were used to measure mechanical paw withdrawal threshold (PWT). PWT 

was measured at approximately the same time each day for all animals throughout the study. 

Rats were placed in testing chambers and left to acclimate for 45 minutes. PWT was measured 

by the simplified up-down method (SUDO) (Bonin et al., 2014) to ensure that the number of 

stimulus applications were standardized across subjects. Baseline testing was performed directly 

before vehicle/CFA injection, and was followed by testing every 24 hours until the end of the 

study (up to five days post-injection). Animals used for biochemical experiments were sacrificed 

five days post-injection, while animals used for electrophysiological recording were sacrificed 

three-five days post-injection. Only the ipsilateral side of the lumbar spinal cord from CFA-

injected rats was used for all experiments.   

 

3.2.3 Rat spinal cord isolation and preparation 

Intraperitoneal injection of 3 g/kg urethane (Sigma) was used to deeply anesthetize rats. 

Spinal cords were then quickly dissected by ventral laminectomy and placed in ice-cold 

oxygenated protective sucrose solution (referred to as ‘saline’: 50 mM sucrose, 92 mM NaCl, 15 

mM D-glucose, 26 mM NaHCO3, 5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM 

MgSO4, 1 mM kynurenic acid, bubbled with 5% CO2/95% O2). Dorsal and ventral roots were 

removed and the lumbar region (L3–L6) was isolated under a dissection microscope. 

Spinal cords were sliced to 300 µm thickness in the parasagittal plane for electrophysiological 

recording using a Leica VT1200S vibratome at an amplitude of 2.75 mm and a speed of 0.1-0.2 

mm/s through the dorsal horn. Slices were incubated in 34°C kynurenic acid-free saline for 40 

min to wash out kynurenic acid. Previous control experiments have shown no difference in 

NMDAR synaptic responses in lamina I neurons from slices that were sectioned in saline with or 
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without kynurenic acid, provided that slices had recovered in kynurenic acid-free saline (data not 

shown). Following kynurenic acid washout, the incubation chamber was removed from the 

heated water bath and allowed to come to room temperature.  

For biochemical analysis, an approximately 400 µm horizontal section containing the 

dorsal horn was removed using a Leica VT1200S vibratome. The next 1200 µm of spinal tissue 

containing the deep dorsal horn and ventral horn was used for control comparisons. Following 

slicing, tissue for biochemical analysis was either immediately flash frozen (CFA-treated tissue) 

using histo-freeze (Fisher Super Friendly Freeze’It) or was treated with ex vivo BDNF or saline 

(see below) and was subsequently flash frozen. 

 

3.2.4 Human spinal cord isolation and preparation 

We collected tissue from male and female adult (20–75-year-old (rounded to the nearest 

five for privacy)) neurological determination of death (NDD) organ donors identified by the 

Trillium Gift of Life Network. Candidates for donation are screened for communicable diseases 

(HIV/AIDS, syphilis) and conditions that could negatively affect the health of organs, such as 

morbid obesity. Causes of death resulted from a disruption of blood flow to/in the brain 

(hemorrhage or ischemia). In Canada, female deceased organ donors make up only 40% of all 

deceased donors (Anon, n.d.). Further, only 13 of the 40 total samples we have collected to date 

have been from female donors, resulting in a smaller sample size of female donors shown here. 

This difficulty in obtaining female human spinal cord tissue was one of the driving factors in 

why our previous study characterizing spinal determinants of pain hypersensitivity in rodents and 

humans (Dedek et al., 2019) included males only. Approval was obtained from the Ottawa 

Health Science Network Research Ethics Board for the collection of and experimentation on 
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human spinal cord tissue. To prepare the patient for donation, hypothermia was induced using a 

cooling bed and the patient was perfused with a high magnesium protective solution (Celsior or 

Belzer UW). Following removal of organs for transplant, the spinal cord was extracted by ventral 

laminectomy, within 3 hours of aortic cross-clamp. Thoracic and lumbar regions were isolated 

and placed in ice-cold, oxygenated saline. After treatment with either BDNF or saline, tissue for 

western blot analysis was flash-frozen in liquid nitrogen and the dorsal horn was separated using 

a scalpel. Donors that had chronic pain, were taking prescription-only analgesics, or who had 

damaged or malformed spinal cords were excluded from western blot analysis. For 

immunohistochemical analysis, tissue was fixed in freshly made 4% paraformaldehyde. Donors 

who had damaged or malformed spinal cords were excluded from immunohistochemical 

analysis.  

 

3.2.5 Ex vivo BDNF treatment 

After tissue preparation, rat or human spinal tissue was placed in oxygenated, room 

temperature saline containing 50-100 ng/mL recombinant BDNF (Alomone Labs) or control 

saline for 70 minutes. A subset of female rat experiments was carried out using an incubation 

time of 2-4.5 hours. Treatment of spinal tissue with BDNF and PP2 (Calbiochem) was carried 

out using the same approach.  

 

3.2.6 Lamina I electrophysiological recordings 

Spinal cord slices were viewed under brightfield optics. Lamina I neurons were identified 

as being situated dorsal to the substantia gelatinosa and within 50 µm ventral to superficial white 

matter tracts. As previously described (Hildebrand et al., 2016; Dedek et al., 2019), the 
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extracellular recording solution, an artificial CSF solution, contained (in mM): 125 NaCl, 20 D-

glucose, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2 in addition to 500 nM TTX, 

10 μM Cd2+, 10 μM strychnine and 10 μM bicuculline to block voltage-gated Na+ channel, 

voltage-gated Ca2+ channel, glycinergic and GABAergic currents, respectively. We used 

borosilicate glass patch-clamp pipettes with resistances of 6–12 MΩ. The internal patch pipette 

solution contained (in mM): 105 Cs-gluconate, 17.5 CsCl, 10 BAPTA or 10 EGTA, 10 HEPES, 

2 MgATP, 0.5 Na2GTP and had a pH of 7.25 and an osmolarity of 295 mOsm. 

Neurons within lamina I were selected by size, favouring large neurons that had an increased 

probability of being projection neurons (Ikeda et al., 2003a). Whole-cell patch was established at 

-60 mV. Neurons were required to have an access resistance below 30 MΩ, and leakage currents 

less than −80 pA at a holding potential (Vh) of −60 mV. Holding potential was slowly increased 

to +60 mV to record miniature excitatory postsynaptic currents (mEPSCs) that contained a 

dominant NMDAR-mediated component (Hildebrand et al., 2014). mEPSC traces were detected 

and averaged together for each treatment in Clampfit 10.7 (Molecular Devices). Selection criteria 

for events required that events did not completely decay within 100 ms, had an amplitude < 100 

pA, and decayed to at least 50% of their overall amplitude by 500 ms. For analysis, charge 

transfer was measured as the area under the curve from 40-500 ms after the start of the event. 

Peak amplitude of NMDAR mEPSCs was measured as the average amplitude from 18-24 ms 

after event onset (near the NMDAR peak, but where the AMPAR component is negligible 

(Hildebrand et al., 2014). The decay constant, τ, was derived using exponential one-term 

standard fitting from just after the peak of the NMDAR component to 500 ms, or where the 

decaying current reached steady-state if earlier. For all measurements of mEPSCs, measurements 
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were taken for each cell and reported as an average of cells within a given treatment. After 

analysis, traces were transferred to Origin Pro (Northampton) for graphing. 

 

3.2.7 Western blot analysis on synaptosome fractions of rat and human spinal tissue 

Synaptosomal fractions were isolated as previously described (Xu et al., 2009). Briefly, 

tissue was homogenized using Wheaton dounce tissue grinders in 300 μL of ice-cold TEVP-320 

mM sucrose buffer containing (in mM): 320 sucrose, 10 Tris-HCl (pH 7.4), 1 EDTA, 1 EGTA, 5 

NaF, and 1 Na3VO4 with complete protease inhibitor and phosphatase inhibitor cocktails (Roche) 

to obtain total homogenates. The remaining total homogenate lysates were centrifuged at 4°C for 

10 min at 1000g, followed by 15 min at 12 000g to obtain the crude synaptosome pellet. The 

pellet was resuspended in TEVP 320 mM sucrose buffer by brief sonication. 

The Pierce BCA protein assay kit (Thermo Scientific) was used to determine the protein content 

of the synaptosomal fractions. Thirty micrograms of total protein from each sample were loaded 

on 8% SDS-PAGE and transferred to PVDF membranes (Bio-Rad). 

Membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline 

(TBS) + 0.1% TWEEN-20 (TBS-T) and incubated overnight in 5% BSA + TBS-T plus primary 

antibodies [anti-STEP (1:1000), anti-KCC2 (1:1000), anti-Fyn (1:1000) and anti-β-actin (1:10 

000) from Santa Cruz; anti-non-phospho-STEP (1:1000) and anti-pY416-Src (or pY420-Fyn) 

(1:1000) from Cell Signaling; and anti-pY1472GluN2B (1:1000) from PhosphoSolutions; anti-

GluN2B (1:2000) and anti-GluN2A (1:1000) from Millipore; for further details on antibodies 

used in western blots, see Supplementary Table 1. Membranes were washed three times with 

TBS-T and incubated in horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-

mouse and anti-rabbit (1:5000) from Pierce for 2 hours at room temperature. Membranes were 
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developed using Chemiluminescent Substrate kit (Pierce) and visualized using ChemiDoc XRS+ 

system (Bio-Rad, Hercules, CA, USA). All densitometric bands were quantified using ImageJ 

(NIH). 

 

3.2.8 Immunohistochemistry 

A sledge freezing Vibratome Leica VT1200S (Leica Microsystems) was used to cut 25 

µm transverse sections of paraformaldehyde-fixed human spinal tissue. Sections were 

permeabilized in PBS (pH 7.4) with 0.2% Triton (PBS+T) for 10 min, washed twice in PBS, 

then incubated for 12 h at 4°C in primary anti-KCC2 antibody, anti-CGRP antibody and anti-

NeuN antibody (see below) diluted in PBS+T containing 10% normal goat serum. Tissue was 

washed in PBS, and subsequently incubated for 2 h at room temperature in goat-Cy3 anti-rabbit 

purified secondary antibody (1:500, Jackson ImmunoResearch Laboratories, Cat. #111–165–

144) goat anti-chicken Alexa Fluor® 647 secondary antibody (1:500, Invitrogen Cat. 

#AB2535866) diluted in PBS+T (pH 7.4) containing 10% normal goat serum. Spinal sections 

were mounted on SuperFrost™ gelatin-subbed slides (Fisherbrand) and were cover-slipped using 

fluorescence mounting medium (Dako, Cat. #S3023). 

Nociceptive peptidergic afferent terminals, which are not present in any other types of axons in 

the dorsal horn (Rosenfeld et al., 1983; Gibson et al., 1984; Hunt and Rossi, 1985; Ju et al., 

1987), were labelled by calcitonin gene-related peptide (CGRP) immunoreactivity using a 

monoclonal anti-CGRP antibody (1:5000; Sigma #C7113) raised in mouse. This antiserum 

detects human α-CGRP and β-CGRP but does not cross-react with any other peptide (data 

supplied by Sigma). 
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We used a rabbit polyclonal antibody (1:1000, Millipore/Upstate, Cat. #07–432) to label 

KCC2. This antibody was raised against a His-tag fusion protein corresponding to residues 932–

1043 of the rat KCC2 intracellular C-terminal (Williams et al., 1999; Mercado et al., 2006). This 

antibody is highly specific for rat KCC2 (KCC2a and KCC2b isoforms) and does not share any 

homologous sequences with other KCCs or co-transporters. 

We used a chicken polyclonal anti-NeuN antibody (1:1000, MilliporeSigma Cat. 

#6B9155 to reveal neuron cell bodies and thus to better distinguish KCC2 positive neuronal 

membrane.  

A Zeiss LSM 880 Confocal Laser Scanning Microscope was used to acquire all confocal 

images. Acquisitions were 12-bit images, 2048 × 2048 pixels with a pixel dwell time of 10 µs. 

An oil-immersion ×63 plan-apochromatic objective was used for high magnification confocal 

laser scanning microscopy images, which were processed for quantification. Laser power was 

adequately chosen to avoid saturation and limit photobleaching. All acquisitions were performed 

using the same laser settings (laser, power, photomultiplier tube (PMT) settings, image size, 

pixel size and scanning time). The experimenter was blind to the slice treatment (saline versus 

BDNF treatment) during acquisition. 

We have previously developed MATLAB code to quantify and monitor the changes in 

the KCC2 intensity distributions in subcellular compartments (Dedek et al., 2019). A user must 

delineate the membrane of neuronal cell bodies present in the acquired confocal image. CGRP 

served as our marker of the SDH, and only neurons present in the regions of the SDH expressing 

CGRP were considered. For both imaging and analysis, the experimenter was blinded to the 

experimental conditions. For each pixel in the region of interest, the distance to the closest 

membrane segment was calculated. Using this distance map, the mean pixel intensity and 
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standard deviation of KCC2 fluorescence signal were quantified as a function of the distance to 

the neuron membrane. A negative position value represents the region outside of the labelled 

neuron. In male humans, 143 saline-treated neurons and 205 BDNF-treated neurons from 12 

adult donors were analyzed. In female humans, 221 saline-treated neurons and 297 BDNF-

treated neurons from 10 adult donors were analyzed. Averaged profiles were obtained for each 

subject and condition (saline and BDNF) and from those averages, the global KCC2 intensity 

profiles were obtained for each condition in each sex. The KCC2 membrane intensity (-0.5 µm < 

position < 0.5 µm) and the KCC2 intracellular intensity (0.6 µm < position < 2.5 µm) were 

extracted from each subject’s averaged KCC2 intensity profiles. 

 

3.2.9 Statistical Analysis 

For all statistical analyses, p <0.05 was used as the threshold for statistical significance, 

and in all experiments, the declared group size is the number of independent values, and 

statistical analysis was performed upon these values. Comparison of means for Figures 1, 2, 3E, 

4, and all supplementary data was carried out using IBM SPSS Statistics 27. Parametric tests (t 

tests and ANOVAs) were used when assumptions of normality (tested by Shapiro–Wilk) and 

homogeneity of variance (tested by Levene’s test) were met. One-way repeated measures 

ANOVAs were performed to test for differences in PWT. Before running each ANOVA, we 

examined Mauchly's test of sphericity. When the assumption of sphericity was violated, the 

Greenhouse-Geisser epsilon adjustment of degrees of freedom was used to determine the p-

value. Pairwise comparisons with Bonferroni adjustment followed repeated measures ANOVAs 

when ANOVA achieved statistical significance (p <0.05) and showed no significant variance in 

homogeneity. Paired t-tests were used when comparing samples from the same rat or human (e.g. 
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– saline versus BDNF). Prior to running paired t-tests, the normality of the data was tested 

(Shapiro-Wilk test), and if the data failed this test of normality (p <0.05), a Wilcoxon signed-

rank test was performed instead. T-tests comparing the means from different rats were performed 

as independent samples t-tests. If the data failed a test of normality (Shapiro-Wilk test), then a 

Mann-Whitney rank-sum test was performed instead. One-way ANOVAs were used when data 

passed assumptions of normality and homogeneity of variance and were followed by Tukey’s 

HSD when ANOVA achieved statistical significance (p <0.05). If the ANOVA assumption of 

normality was violated, the nonparametric Kruskal Wallis test was performed instead. If the 

assumption of equal variances was violated, Welch’s test was performed instead, followed by 

Games-Howell post hoc test is Welch’s achieved statistical significance.  

Comparison of means for Figure 3A-D was carried out using GraphPad Prism 9. To 

compare KCC2 membrane values, a region ranging from - 0.5 m to + 0.5m from the KCC2 

peak intensity was taken. Gaussian curves were determined as the best equations to characterize 

this region. Amplitudes, means and standard deviations were compared using the extra sum-of-

squares F-test method. For males KCC2 membrane intensities, two different Gaussian curves 

were required to fit the values (P =0.0002). For female KCC2 membrane intensities, two 

Gaussian curves were not required to fit the values (P=0.2551). 

KCC2 Membrane fits: Gaussian distribution 

𝑌 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 ∗ 𝑒−0.5∗(
𝑋−𝑀𝑒𝑎𝑛

𝑆𝐷
)2 

with Y = IKCC2; KCC2 intensity; and X is the intensity of KCC2 for each distance from 

the membrane. Mean = Mean KCC2 intensity (peak of the Gaussian) 
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To compare KCC2 intracellular values, a region ranging from 0.6 m to 2.5m from the 

KCC2 peak intensity was taken. One phase exponential decays were determined as the best 

equations to characterize this region. Amplitude, means and standard deviation were compared 

using the extra sum-of-squares F-test method. For males KCC2 intracellular intensities, two 

exponential decay curves were required to fit the values (P <0.0001). For female KCC2 

membrane intensities, two exponential decay curves were not required to fit the values 

(P=0.7235). 

KCC2 intracellular fit: exponential decay 

𝑌(𝑋) = 𝑌0𝑒
−𝜆𝑋 + 𝐶 

with Y = IKCC2 (KCC2 intensity), X = distance form the membrane, C = the baseline 

KCC2 intensity 

 For a complete list of statistical tests, comparisons made, and exact p values, see Supplementary 

Table 2).  

 

 

3.3 Results:  

3.3.1 The CFA inflammatory pain model induces tactile allodynia in male and female 

adult rats, but only triggers the STEP61/pFyn/pGluN2B spinal hyperexcitability pathway in 

males 

To investigate spinal mechanisms underlying pathological pain in males versus female 

rats, we tested behavioural pain responses in the CFA inflammatory pain model, which uses an 

intraplantar injection of CFA to establish sustained inflammatory pain (Ren et al., 1992). Both 

male and female rats that received an intraplantar injection of CFA displayed significant 
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reduction in PWT one through five days following CFA injection, while vehicle-injected rats 

showed no significant change in PWT (Figure 1A and C, Supplementary Table 2). We found that 

PWT in CFA-injected males and females remained decreased one-five days post-CFA injection 

(Supplementary Figure 1), demonstrating persistent mechanical allodynia throughout this time 

range. Examining ipsilateral SDH spinal cord tissue from male CFA- versus saline-injected 

animals revealed a trend toward a decrease in KCC2 (p = 0.053), a marker of disinhibition, and a 

decrease in active STEP61 (p = 0.0085), which links disinhibition to facilitated excitation. We 

also saw an increase in active Fyn (p = 0.013), the GluN2B-phosphorylating kinase, and an 

increase in overall and phosphorylated GluN2B (p = 0.023; p = 5.61E-4), the dominant NMDAR 

GluN2 subunit at adult lamina I excitatory synapses (Hildebrand et al., 2014), in SDH crude 

synaptosome fractions (n = 8 for all targets, Figure 1B, Supplementary Table 2). These results 

show that a disinhibition-STEP61 downregulation-NMDAR potentiation feed-forward pathway 

occurs in male CFA-treated animals, as we have previously reported (Dedek et al., 2019). 

In sharp contrast to males, when examining ipsilateral SDH tissue from female rats, no changes 

were seen in the above markers of disinhibition (KCC2: p = 0.78; aSTEP61: p = 0.96; tSTEP61: p 

= 0.29) and facilitated excitation (pY420Fyn: p = 0.13; Fyn: p = 0.85; pY1472GluN2B: p = 0.60; 

GluN2B: p = 0.43) between vehicle- and CFA-treated rats (n = 8 for all targets, Figure 1D, 

Supplementary Table 2). In addition, no significant CFA-mediated changes in any of the above 

targets were found in the crude synaptosome fractions of the remainder of the spinal cord for 

either sex (Supplementary Figures 2,5, Supplementary Table 2). The lack of changes in markers 

of this spinal mechanism of hyperexcitability in female CFA rats suggests that neuronal 

mechanisms of pathological pain may diverge between male and female rats. 
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Chapter 3 Figure 1. CFA elicits tactile allodynia in male and female adult rats, but only activates the 

STEP61/pFyn/pGluN2B spinal hyperexcitability pathway in males. A) Left: In vivo CFA inflammatory pain 

model. Right: CFA elicits tactile allodynia in adult male rats. Von Frey behaviour testing shows that rats given CFA 

(n=14) to their right hindpaw have decreased paw withdrawal threshold compared to vehicle-injected animals (n=8). 

Animals’ tissue was collected for use in either western blot analysis or electrophysiological recordings. B) CFA 

inflammatory pain model drives upregulation of pFyn, pGluN2B, GluN2B, and downregulation of aSTEP61 in male 

rat SDH synaptosomes. Plots (left) and representative western blots (right) from male rat SDH synaptosomes treated 
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with either vehicle (light green, n=8 for all targets) or CFA (dark green, n=8 for all targets) for 5 days. C) Left: In 

vivo CFA inflammatory pain model. Right: Von Frey behaviour testing shows that rats given CFA (n=14) to their 

right hindpaw have decreased paw withdrawal threshold compared to vehicle-injected animals (n=8). Animals’ 

tissue was collected for use in either western blot analysis or electrophysiological recordings. D) CFA inflammatory 

pain model elicits no effect in the STEP61/pFyn/pGluN2B spinal hyperexcitability pathway of female rat SDH 

synaptosomes. Plots (left) and representative western blots (right) from female rat SDH synaptosomes treated with 

either vehicle (lilac, n=8) or CFA (purple, n=8) for 5 days. *P < 0.05 

 

 

3.3.2 NMDARs in the female SDH are not potentiated or upregulated by ex vivo BDNF 

treatment or in the in vivo CFA model of pathological pain 

Given observed differences in spinal markers of hyperexcitability between sexes, we next 

investigated excitatory synaptic NMDAR responses in male and female rats. To investigate 

baseline properties of excitatory NMDAR responses at lamina I synapses in male versus female 

rats, we measured NMDAR mEPSCs to compare spontaneous synaptic activity in lamina I, the 

outermost layer of the SDH. We compared mEPSCs at a holding potential of +60 mV and found 

that mEPSCs from untreated lamina I neurons do not differ between sex in peak amplitude (male 

Ipeak= 14.66 ± 1.54 pA, female Ipeak = 17.03 ± 1.02 pA), as measured from the average amplitude 

between 18-22 ms after the start of the mEPSC (p = 0.22, n = 10 cells from eight animals for 

males, n = 10 cells from six animals for females, Figure 2A). Furthermore, we observed no 

difference in decay constant (male τ-decay = 251.64 ± 25.61 ms, female τ-decay = 219.99 ± 

19.32 ms), or NMDAR charge transfer, measured as AUC from 40-500 ms after the start of the 

mEPSC, after AMPARs have decayed (Hildebrand et al., 2016) (male = 3.06 ± 0.18 pC, female 

= 3.73 ± 0.29 pC), indicating that overall biophysical properties of slow-decaying NMDAR 

responses at lamina I synapses are conserved (p = 0.063; p = 0.32, n = 10 cells from eight 
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animals for males, n = 10 cells from six animals for females, Figure 2A) between male and 

female rats. These results suggest that baseline synaptic NMDAR physiology is conserved 

between sexes in rats.  

We next compared NMDAR mEPSCs in both the ex vivo BDNF pathological pain model 

and in the CFA inflammatory pain model in both sexes. In male rats, NMDAR charge transfer 

from lamina I neurons of CFA animals with validated pain hypersensitivity (PWT measured in 

Figure 1A) is robustly potentiated in comparison to NMDAR mEPSCs from untreated animals (p 

= 0.032, n = 10 cells from eight animals for control, 8 cells from six animals for CFA, Figure 2B, 

Supplementary Table 2). Furthermore, using our previously validated rodent ex vivo BDNF 

model, where slices from naïve rats are incubated in 50 ng/mL recombinant BDNF for a 

minimum of 70 minutes (Dedek et al., 2019), we found robust, significant potentiation of 

NMDAR responses at lamina I synapses (p = 2.90E-6, n = 10 control cells from eight animals, n 

= 6 BDNF cells from five animals, Figure 2B, Supplementary Table 2, control and CFA data 

originally published by Dedek et al (Dedek et al., 2019)).  

The NMDAR potentiation seen in male lamina I neurons differs greatly from the findings 

in females. Under the same conditions as males, charge transfer through NMDAR mEPSCs from 

spinal cord slices of CFA-treated females was not different from control NMDAR mEPSCs (p = 

0.25, n = 10 control cells from six animals, n = 8 CFA cells from five animals, Figure 2C, 

Supplementary Table 2). As was the case in males (Figure 1A), female CFA-treated animals 

showed significantly decreased PWT (Figure 1C), however, unlike males, females did not have 

potentiated NMDAR synaptic responses. Furthermore, in female rats, synaptic NMDAR 

responses from spinal cord slices treated with BDNF ex vivo were not significantly different 

from control-treated slices (p = 0.25, n = 10 control cells from six animals, n = 8 BDNF cells 
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from five animals, Figure 2C, Supplementary Table 2), demonstrating a lack of potentiation of 

synaptic NMDARs by ex vivo BDNF treatment in female rats. A previous study has found a 

slower onset of BDNF-mediated hypersensitivity in female mice compared to males following in 

vivo BDNF administration (Mapplebeck et al., 2019). To investigate whether more prolonged 

exposure to BDNF would induce NMDAR potentiation at female lamina I synapses, we 

performed a subset of experiments using slices incubated in 50 ng/mL BDNF for 2-4.5 hours. As 

was the case in slices incubated for a minimum of 70 minutes, NMDAR charge transfer from this 

experiment did not differ from control mEPSCs, and thus were grouped into the overall BDNF-

treated female cells (p = 0.89, n = 10 control cells from six animals, n = 6 long-BDNF cells from 

3 animals, Supplementary Figure 8, Supplementary Table 2). Furthermore, in another subset of 

neurons, slices were incubated in 100 ng/mL BDNF for 2+ hours and showed no difference in 

NMDAR charge transfer compared to control-treated recordings (data not shown). Taken 

together, our findings indicate that although male and female baseline NMDAR responses do not 

differ, NMDAR potentiation at lamina I synapses is observed in males but not females in both 

the BDNF ex vivo model and the in vivo CFA inflammatory pain model.  

As was seen in the CFA inflammatory pain model, the BDNF ex vivo pain model did not 

elicit significant changes in a marker of disinhibition, KCC2 (p = 0.88), in active or total STEP61 

(p = 0.74, p = 0.47, respectively) or markers of increased excitability (pFyn p = 0.64, Fyn p = 

0.60, pGluN2B p = 0.70, GluN2B p = 0.62) in female rat SDH crude synaptosomes (Figure 2D, 

Supplementary Table 2, n = 8 for all targets). This differs from previous findings in male rats, 

where we found that the BDNF ex vivo pathological pain model resulted in a significant 

downregulation of KCC2, and active and total STEP61, and an upregulation of pFyn. pGluN2B 

and GluN2B (Dedek et al., 2019). As we have seen in both CFA-treated male tissue (Figure 1B) 
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and previously in the male BDNF ex vivo pathological pain model (Dedek et al., 2019), we saw 

no BDNF-mediated changes in the synaptosome fractions of the remainder of the spinal cord 

(Supplementary Figure 9, Supplementary Table 2) of female rats. From these data, we gather 

that, unlike in males, ex vivo BDNF treatment does not induce the pathological KCC2-STEP61-

Fyn-GluN2B signalling pathway at SDH synapses of female rats. 
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Chapter 3 Figure 2. Female SDH NMDARs are not potentiated or upregulated by the ex vivo BDNF or in vivo 

CFA models of pathological pain. A) Baseline lamina I mEPSCs do not differ between male and female adult SD 
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rats. Left: saline-treated male vs. female lamina I neurons. Middle: NMDAR lamina I mEPSCs comparing male 

(green) and female (purple) synaptic responses. Right: charge transfer, decay constant and peak amplitude of 

NMDAR mEPSCs do not differ between male and female SD rats. n=10 for males and 9 for females. B) Male 

lamina I NMDARs are potentiated following CFA hindpaw injection and ex vivo BDNF treatment. Left: 

Experimental paradigm showing male in vivo CFA vs. ex vivo BDNF models. Middle: NMDAR mEPSCs from male 

rat lamina I neurons; control in black, CFA in green, BDNF in blue. Right, charge transfer of NMDAR mEPSCs is 

shown on left. n=10 for control, 8 for CFA, and 6 for BDNF. C) Female lamina I NMDARs are not potentiated 

following CFA hindpaw injection or ex vivo BDNF treatment. Left, Experimental paradigm showing male in vivo 

CFA vs. ex vivo BDNF models. Middle: NMDAR mEPSCs from female rat lamina I neurons; control in black, CFA 

in purple, BDNF in blue. Right, charge transfer of NMDAR mEPSCs is shown on left. n=10 for control, 8 for CFA, 

and 8 for BDNF. D) Ex vivo BDNF treatment model elicits no effect in female rat SDH synaptosomes. Plots (left) 

and representative western blots (right) from female rat SDH synaptosomes treated with either control saline (lilac, 

n=8) or 50 ng/mL recombinant BDNF for 70 minutes (purple, n=8). *P < 0.05 

 

 

3.3.3 Ex vivo BDNF treatment results in sexually dimorphic effects on markers of 

disinhibition and facilitated excitation at synapses in the human SDH 

A major barrier to understanding human spinal physiology is a lack of human preclinical 

pain models (Gereau et al., 2014). To address this, we have previously developed a human ex 

vivo BDNF model of pathological pain using tissue from human organ donors (Dedek et al., 

2019). In this model, tissue was collected from adult neurological determination of death organ 

donors. Tissue was incubated in oxygenated solution containing either 100 ng/mL recombinant 

BDNF or a saline control for 70 minutes (Dedek et al., 2019). Previously, using male tissue, we 

have found that our human ex vivo BDNF model recapitulates mechanisms seen in rodents 

(Dedek et al., 2019). Here, we first probed for a marker of BDNF-mediated disinhibition in 

human SDH neurons using KCC2 immunostaining (Dedek et al., 2019; Ferrini et al., 2020). 
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CGRP immunostaining was used to identify the SDH (Shiers et al., 2021). Within the CGRP-

positive SDH, we measured KCC2 immunostaining at neuronal membranes and within neurons 

and compared between BDNF- versus saline-treated spinal tissue from each organ donor. In a 

previous study using male tissue, we have shown that BDNF treatment results in a significant 

reduction in KCC2 at the neuronal membrane, as well as an increase in intracellular KCC2 in 

SDH neurons (Dedek et al., 2019). Here, with an expanded male tissue sample size, we found 

that BDNF treatment resulted in a significant decrease in membrane KCC2 intensity (p = 2.09E-

4, n = 12, Figure 3A, Supplementary Table 2) and a significant increase of intracellular KCC2 

intensity (p = 1.75E-4, n = 12, Figure 3A) in human SDH neurons. In female humans, however, 

we saw no change in KCC2 intensity at neuronal membranes or intracellularly following BDNF 

treatment (p = 0.26, p = 0.72, n = 10, Figure 3B, Supplementary Table 2), demonstrating that ex 

vivo BDNF treatment does not result in internalization of KCC2 from neuronal membranes. This 

suggests that, unlike in males, the ex vivo treatment with BDNF does not result in KCC2-

dependent disinhibition in SDH neurons of human females.  

Examination of human spinal cord tissue by western blot shows further differences 

between responses in human males and females to ex vivo BDNF treatment. In SDH 

synaptosomes of human males, we have previously shown that BDNF treatment triggers 

downregulation of KCC2 and total and active STEP61, indicating disinhibition, and upregulation 

of phosphorylated Fyn and phosphorylated GluN2B, markers of facilitated excitation (Dedek et 

al., 2019). In contrast, female human tissue subjected to BDNF treatment displayed no changes 

in markers of disinhibition (KCC2 p = 0.47, aSTEP61 p = 0.60, tSTEP61 p = 0.77) or facilitated 

excitation (pFyn p = 0.49, Fyn p = 0.63, pGluN2B p = 0.60, GluN2B p = 0.82) when compared 

to saline-treated controls in either the SDH crude synaptosome fraction (n = 6, Figure 3C, 
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Supplementary Table 2). Similar to male and female rats, no changes in these targets were seen 

in the crude synaptosome fraction from the remainder of the spinal cord as a result of BDNF 

treatment, except for a change in aSTEP61 (p = 0.025, n = 6, Supplementary Figure 12, 

Supplementary Table 2). We thus demonstrate our findings of sexual divergence in neuronal 

mechanisms underlying pathological pain are conserved between rats and humans.  
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Chapter 3 Figure 3. Unlike in males, human female lamina I neurons do not show evidence of disinhibition or 

facilitated excitation following ex vivo BDNF treatment. A) The ex vivo BDNF model elicits KCC2 

internalization in adult male human SDH neurons. Left: experimental paradigm showing treatment of human SDH 
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tissue in either saline or BDNF. Right: Average KCC2 intensity values from SDH neurons incubated in saline (light 

green) versus BDNF-treated (dark green) spinal segments of 12 male human donors, with comparisons of membrane 

and intracellular regions below. B) The ex vivo BDNF model has no effect on KCC2 internalization in adult female 

human SDH neurons. Left: experimental paradigm showing treatment of human SDH tissue in either saline or 

BDNF. Right: Average KCC2 intensity values from SDH neurons incubated in saline (light green) versus BDNF-

treated (dark green) spinal segments of 12 male human donors, with comparisons of membrane and intracellular 

regions below. C and D) Representative confocal images of male (C) and female (D) human superficial dorsal horn 

incubated in saline or BDNF. KCC2 (red), CGRP (green) and DAPI (blue). A zoomed region (top right) shows a 

neuron expressing KCC2 together with the delineation of the membrane and the distance to the membrane of each 

pixel analyzed in a colour-coded distance map. KCC2 intensity (i.u.) versus distance to the membrane profile 

(bottom). E) Ex vivo BDNF treatment model elicits no effect in human female SDH synaptosomes. Plots (left) and 

representative western blots (right) from human female SDH synaptosomes treated with either control saline (lilac, 

n=6) or 100 ng/mL recombinant BDNF for 70 minutes (purple, n=6). *p<0.05 

 

 

3.3.4 Ovariectomy initiates BDNF-sensitivity in female SDH neurons 

After establishing a sex difference in pathological spinal pain processing that is 

conserved from rodents to humans, we aimed to understand the underpinnings of this sex 

difference. Since sexually dimorphic NMDAR signalling has previously been found to be 

controlled by sex hormones in a model of swim stress-induced analgesia (Mogil et al., 1993), we 

next explored whether removal of the effects of sex hormones during development would alter 

sensitivity to BDNF at adult female SDH synapses. We used animals that were ovariectomized 

on postnatal day 21, before reaching sexual maturity, that were then left to age-match the adult 

animals used throughout the study. We first compared the effects of ovariectomy on baseline 

spontaneous lamina I synaptic NMDAR activity from adult rats. As was seen in when comparing 

baseline male and female lamina I NMDAR mEPSCs at +60 mV (Figure 2A), we found no 
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difference in NMDAR mEPSC peak amplitude between age-matched naïve (Ipeak = 17.03 ± 1.02 

pA) and ovariectomized (Ipeak = 18.44 ± 2.07 pA) females (p = 0.97, n = 10 naïve control cells 

from six animals, n = 8 ovariectomized control cells from five animals, Figure 4A). This 

indicates that the overall amplitude of synaptic NMDAR responses is not affected by the absence 

of sex hormones during development. Charge transfer (naïve = 3.73 ± 0.29 pC, ovariectomized = 

3.55 ± 0.27 pC), and decay constant (naïve τ-decay  = 219.99 ± 19.32 ms, ovariectomized τ-

decay  =  212.37 ± 30.56 ms), were also not different between naïve and age-matched 

ovariectomized females, (p = 0.66; p = 0.85, n = 10 naïve control cells from six animals, n = 8 

ovariectomized control cells from five animals, Figure 4A, Supplementary Table 2), suggesting 

that female sex hormones during early development do not significantly change the overall 

NMDAR subunit-driven (Hildebrand et al., 2014) biophysical properties of NMDAR responses 

at adult lamina I synapses at baseline.  

Next, we tested the effects of ex vivo BDNF treatment on adult spinal tissue from 

ovariectomized rats. Surprisingly, we found that charge transfer from lamina I NMDAR 

mEPSCs recorded at a holding potential of +60 mV from slices incubated in BDNF was 

significantly increased in comparison to ovariectomized control NMDAR charge transfer (p = 

5.01E-4, n = 8 control cells from five ovariectomized animals, n = 9 ovariectomized BDNF cells 

from seven animals, Figure 4B, Supplementary Table 2). Previously, we have shown that PP2, a 

Src family kinase inhibitor (Hanke et al., 1996), blocks BDNF-mediated potentiation of 

GluN2B-containing NMDARs at male rodent lamina I synapses (Hildebrand et al., 2016). Here, 

we tested whether PP2 could block BDNF-mediated NMDAR potentiation in tissue from 

ovariectomized animals. NMDAR charge transfer from BDNF + 1 μM PP2-treated lamina I 

neurons did not differ from ovariectomized controls (p = 0.65, n = 8 ovariectomized control cells 
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from five animals, n = 9 BDNF+PP2 cells from five animals, Figure 4B, Supplementary Table 

2), but did differ significantly with BDNF-treatment  (p = 0.0034, n = 9 for both groups, Figure 

4B, Supplementary Table 2), indicating that PP2 treatment blocked BDNF-mediated potentiation 

of NMDAR responses at lamina I synapses of ovariectomized rats.  

When using western blot to compare levels of SDH synaptic proteins linked to the 

disinhibition/facilitated excitation pathway from ovariectomized rat tissue with and without ex 

vivo BDNF treatment, we saw a marked difference compared to the results in naïve females 

reported in Figure 2D. BDNF treatment in ovariectomized rats resulted in downregulation of 

KCC2 (p = 0.040) and total STEP61 (p = 6.16E-4), and upregulation of pY420Fyn (p = 0.046) in 

the crude synaptosome fraction (no changes in: aSTEP61: p = 0.41, Fyn: p = 0.87, 

pY1472GluN2B: p = 0.24, and GluN2B: p = 0.33; n = 8 for all targets, Figure 4C, Supplementary 

Table 2). In the crude synaptosome fractions from the remainder of the spinal cord, we observed 

significant changes in Fyn (p = 0.011) and total STEP61 (p = 0.0014; Supplementary Figures 15, 

Supplementary Table 2). In previous studies, results in males have only shown significant 

differences in the SDH crude synaptosome fractions (Hildebrand et al., 2016; Dedek et al., 

2019). Ovariectomy changes the response to BDNF not only at SDH synapses, but throughout 

synaptosome fractions in the entire spinal cord. Together, these findings suggest that female rats 

ovariectomized before reaching sexual maturity respond in a male-like manner to BDNF 

treatment, switching from the non-BDNF-sensitive naïve female phenotype to the male 

disinhibition-linked-to-NMDAR-potentiation phenotype in SDH neurons. 
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Chapter 3 Figure 4. Ovariectomy triggers BDNF-sensitivity in SDH neurons. A) Ovariectomy has no effect on 

baseline lamina I mEPSCs of female SD rats. Left: saline-treated naïve female vs. ovariectomized female lamina I 

neurons. Middle: NMDAR lamina I mEPSCs comparing naïve (purple) and ovariectomized (lilac) synaptic 

responses. Right: charge transfer, decay constant and peak amplitude of NMDAR mEPSCs do not differ between 

naïve and ovariectomized female SD rats. n=10 for naïve and n=8 for ovariectomized females. B) Ovariectomized 

female lamina I NMDARs are potentiated following ex vivo BDNF treatment. This potentiation is blocked using the 

SFK inhibitor PP2. Left: saline-treated naïve female vs. ovariectomized female lamina I neurons. Middle: NMDAR 

mEPSCs from ovariectomized female rat lamina I neurons; control in black, BDNF in purple, BDNF+PP2 in blue. 

Right: charge transfer of NMDAR mEPSCs shown on left. n=8 for control, 9 for BDNF and BDNF + PP2. C) Ex 

vivo BDNF treatment model in ovariectomized rat SDH synaptosomes results in upregulation of pY420Fyn and 

downregulation of KCC2 and STEP61. Plots (left) and representative western blots (right) from ovariectomized 
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female rat SDH synaptosomes treated with either control saline (lilac, n=8) or 50 ng/mL recombinant BDNF for 70 

minutes (purple, n=8). *P < 0.05 

 

 

3.4 Discussion: 

We investigated mechanisms of spinal hyperexcitability in the rat and human superficial 

dorsal horn. Both male and female rats subjected to the in vivo CFA inflammatory pain model 

displayed tactile allodynia, and yet, we found that the STEP61-pFyn-pGluN2B spinal 

hyperexcitability pathway was only activated in males, and not in females. Unlike males, CFA-

injected female rats did not show potentiated lamina I synaptic NMDAR responses. In addition, 

BDNF-treated rat slices showed potentiated synaptic lamina I NMDAR responses in male, but 

not female rats. Building on our previous work establishing the ex vivo BDNF model of 

pathological pain in male humans (Dedek et al., 2019), we tested the effects of ex vivo BDNF 

treatment on female human SDH tissue. We found that, like female rats, female human SDH 

tissue showed no changes in synaptic protein expression linked to hyperexcitability. 

Furthermore, we showed that, unlike in males, ex vivo BDNF treatment does not result in 

internalization of KCC2 from neuronal membranes, indicating that BDNF treatment does not 

result in disinhibition in human SDH neurons. Taken together, our female rat and human 

experiments show that BDNF does not drive a pathological KCC2/STEP61/Fyn-mediated 

potentiation of synaptic NMDARs within the female SDH, as it does in males. We conclude that 

this sex difference in response to BDNF is hormonally mediated, with rats ovariectomized before 

reaching sexual maturity displaying a male-like response to BDNF treatment characterized by 

SFK-dependent NMDAR potentiation and synaptic markers of disinhibition and facilitated 

excitation.  
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Although differences in immune mediation of pain have been discovered, the current 

hypothesis is that neuronal mechanisms are conserved, with sexually dimorphic immune 

mediators driving the divergence in pain phenotypes. In males, microglia-neuron interactions are 

required for mechanical pain hypersensitivity, while females instead rely on T-lymphocytes 

(Sorge et al., 2015; Mapplebeck et al., 2018). A neuronal mechanism long known to promote 

spinal hyperexcitability is the potentiation of NMDARs (Costigan and Woolf, 2000; Petrenko et 

al., 2003). We find that although baseline synaptic NMDAR responses are conserved between 

sex, we see a divergence in synaptic NMDAR responses to BDNF treatment and CFA-mediated 

inflammatory pain, with NMDAR potentiation by the STEP61/Fyn-dependent pathway seen in 

males, but not females. This contrasts with decades of research using male or unsexed animals 

that implicate NMDAR-mediated spinal hyperexcitability in inflammatory pain models 

(Chapman et al., 1995; Zhao et al., 2006; Liu et al., 2008; Dedek et al., 2019). A series of 

experiments from Sorge, Mapplebeck and colleagues showed that the development of SNI-

induced mechanical allodynia was impaired in BDNF-null males, but not females, suggesting 

that in female mice BDNF is not required for the development of tactile allodynia (Sorge et al., 

2015). It remains unknown if NMDARs are potentiated in the SDH in female neuropathic pain 

models, and future studies are needed to address this question.  

Whilst we find no synaptic NMDAR potentiation at female lamina I synapses following 

either BDNF treatment or in the CFA inflammatory pain models, evidence supports that spinal 

hyperexcitability occurs in females. In female SNI rats (Luo et al., 1994) and human 

fibromyalgia patients (Tanwar et al., 2019), there is a decrease in nociceptive flexion reflex 

threshold, which has been used as a measure of central sensitization (Skljarevski and Ramadan, 

2002). Windup, measured by electromyography (Redondo-Castro et al., 2013) and in vivo 
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electrophysiology (Zhang et al., 2005), has also been observed in female animals with spinal 

cord injury. Additionally, LTP can be established in chronic opioid-treated rats (Haugan et al., 

2008). Despite this evidence, the molecular mechanisms underlying SDH hyperexcitability in 

females remain unclear. One possible candidate is CGRP, which has been shown to alter 

excitatory postsynaptic responses within higher-order pain processing circuits of the amygdala 

(Han et al., 2010) as well as in SDH neurons (Bird et al., 2006). The roles of CGRP in mediating 

pain pathology may also be sexually dimorphic. In low doses, dural CGRP induces pain 

hypersensitivity only in females in rodent preclinical models of migraine (Avona et al., 2019). 

Recent developments show that this female-specific effect of CGRP may be dependant on 

prolactin (Avona et al., 2021). Further studies are needed to understand the role of CGRP in male 

and female pain signalling in the SDH.  

Despite the differences in immune function, it has been difficult to uncover sexually 

dimorphic neuronal nociceptive mechanisms. This is because pharmacologically blocking 

neuronal targets in both sexes has been found to alleviate behavioural hypersensitivity, and thus, 

it has been assumed that different immune mechanisms converge at the neuronal level. For 

example, the NMDAR antagonist APV blocks SNI-induced allodynia in both sexes (Sorge et al., 

2015), however, this indicates only that NMDAR inhibition is sufficient to cause anti-allodynia, 

not that NMDARs themselves underlie allodynia in females. This highlights the importance of 

performing mechanistic studies in both sexes (Seydel, 2021; Shansky and Murphy, 2021).  

A small number of studies have previously performed in vivo intrathecal administration of 

BDNF to female rodents and found BDNF administration resulted in behavioural 

hypersensitivity in mice and rats (Lee-Kubli and Calcutt, 2013; Mapplebeck et al., 2019) and an 

associated downregulation of KCC2 (Lee-Kubli and Calcutt, 2013). In particular, Mapplebeck et 
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al. show that intrathecal BDNF administration results in tactile allodynia in both sexes, but with 

a longer time required for the sensitizing effect in females (Mapplebeck et al., 2019). For this 

reason, we treated a subset of female rat spinal slices with BDNF for 2-4.5 hours (Supplementary 

Figure 1) and found no difference in NMDAR mEPSC charge transfer between the long-BDNF 

incubation or control-treated mEPSCs. Given that intrathecal BDNF administration has been 

found to cause tactile allodynia (Lee-Kubli and Calcutt, 2013; Mapplebeck et al., 2019), but we 

see no effect of BDNF on our targets in ex vivo spinal cord slices, we propose that BDNF 

induces other signalling pathways through trophic mechanisms (Lu et al., 2012; Boakye et al., 

2019) in vivo that rely on factors outside our mechanism under study in the SDH. An important 

finding in previous studies is that intrathecal BDNF injection (Lee-Kubli and Calcutt, 2013), as 

well as neuropathic pain (Mapplebeck et al., 2019), can trigger disinhibition in both sexes. In an 

SNI neuropathic pain model, KCC2 was found to be downregulated in male and female mice, 

and enhancing chloride extrusion using CLP-290 in SNI mice partially reversed SNI-induced 

allodynia (Mapplebeck et al., 2019). Given that some neurochemical factors mediating allodynia 

differ between neuropathic and inflammatory pain (Honore et al., 2000; Zhao et al., 2006; Xu 

and Yaksh, 2011) it is unclear if the KCC2-STEP61-pFyn-pGluN2B spinal hyperexcitability 

pathway is activated in neuropathic pain states in female rats. 

Foundational basic science studies are the basis for novel drug development. To bridge 

the gap between these basic science studies in rodent models and clinical drug trials in humans, 

we examined the effects of ex vivo BDNF treatment on the male and female SDH. Like in female 

rodents and unlike male rats and humans, ex vivo BDNF treatment did not activate the KCC2-

STEP61-pFyn-pGluN2B spinal hyperexcitability pathway in female humans. With this, we 

conclude that sexually dimorphic pain signalling is conserved across species. Further studies that 
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capture the overall nociceptive output from the human SDH pain processing network, such as 

voltage-sensitive dye imaging or multielectrode array recordings, are also needed to capture the 

dynamic and degenerate signalling pathways involved in human pain signalling (Gereau et al., 

2014; Ratté and Prescott, 2016). These approaches will enable investigation into how changes in 

individual targets impact the output of spinal nociceptive circuits (Greenspon et al., 2019). An 

understanding of how differential regulation of excitability across subpopulations of SDH 

neurons shapes the output of the spinal nociceptive network, in combination with emerging 

single-cell sequencing efforts (Sathyamurthy et al., 2018), will give insight into differences in 

neuronal subpopulation processing of pain across sex. 

Finally, in this study, we explored the mechanisms that underlie the observed sex 

difference in response to BDNF in the SDH. Sex differences can result from either genetic, 

epigenetic or hormonally mediated processes. Because NMDAR-dependant sex differences have 

previously been identified to be hormonally mediated (Mogil et al., 1993), we investigated the 

effects of ex vivo BDNF treatment on ovariectomized rats. We found that sex hormones do not 

affect baseline NMDAR synaptic properties. However, unlike naïve females, ovariectomized 

females’ SDH showed increased markers of facilitated excitation and disinhibition at SDH 

synapses, as well as robust NMDAR potentiation in response to BDNF treatment. With this, we 

conclude that ovariectomy results in a switch from the female BDNF-insensitive phenotype of 

SDH neurons, to the KCC2-STEP61-pFyn-pGluN2B spinal hyperexcitability pathway seen in 

male rats and humans (Dedek et al., 2019). These findings suggest the female sex hormones have 

an organizational effect on spinal mechanisms of female pain signalling, with persistent effects 

lasting into adulthood. Further study is needed to identify which female sex hormones regulate 

this dimorphism by isolating the effects that estrogen (Craft, 2007; Tang et al., 2008; 
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Amandusson and Blomqvist, 2013) and progesterone (Ren et al., 2000) have on the development 

of the nociceptive pathway. Our results highlight the critical importance of foundational studies 

using both sexes, as well as the importance of using human preclinical models to improve 

translation between basic science and clinical medicine in the field of pain research and beyond.  
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3.6 Supplementary Figures and Tables 

 

Chapter 3 Supplementary Figure 1. Paw withdrawal threshold is decreased in male and female rats receiving 

CFA. Male rats, left, and female rats, right, that receive CFA injection display significantly decreased paw 

withdrawal threshold 1 – 5 days post-injection. Tissue from animals in this figure was used in Figures 1B and 1D. N 

= 8 animals per sex per group *p < 0.05. 
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Chapter 3 Supplementary Figure 2. The CFA model of inflammatory pain elicits no change in our targets in 

crude synaptosome fractions of the portion of the spinal cord just ventral of the SDH in male rats. Vehicle in 

light green, CFA in dark green; n = 8 animals per group.  
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Chapter 3 Supplementary Figure 3. Male CFA SDH synaptosome gels from animals treated with either 

vehicle (V) or CFA (C). Individual gels were cut into sections to allow for probing several targets concurrently β-

actin, the loading control, can be seen under each set of targets (labelled on the left while the weight of the 

target, in kD is on the right. n= 8 
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Chapter 3 Supplementary Figure 4. Male CFA VH synaptosome gels from animals treated with either vehicle 

(V) or CFA (C). Individual gels were cut into sections to allow for probing several targets concurrently β-actin, the 

loading control, can be seen under each set of targets (labelled on the left while the weight of the target, in kD is on 

the right. n= 8 
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Chapter 3 Supplementary Figure 5. The CFA model of inflammatory pain elicits no change in our targets in 

crude synaptosome fractions of the portion of the spinal cord just ventral of the SDH in female rats. Vehicle 

in lilac, CFA in dark purple; n = 8 animals per group. 
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Chapter 3 Supplementary Figure 6. Female CFA SDH synaptosome gels from animals treated with either 

vehicle (V) or CFA (C). Individual gels were cut into sections to allow for probing several targets concurrently β-

actin, the loading control, can be seen under each set of targets (labelled on the left while the weight of the 

target, in kD is on the right. n= 8 
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Chapter 3 Supplementary Figure 7. Female CFA VH synaptosome gels from animals treated with either 

vehicle (V) or CFA (C). Individual gels were cut into sections to allow for probing several targets concurrently β-

actin, the loading control, can be seen under each set of targets (labelled on the left while the weight of the target, in 

kD is on the right. n= 8 
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Chapter 3 Supplementary Figure 8. BDNF incubation for 2-4 hours does not result in potentiation of female 

rat lamina I mEPSCs. Lamina I mEPSCs from female rat tissue incubated for 2-4 hours in 50ng/mL BDNF (lilac) 

show no change in charge transfer when compared to control-treated slices (dark purple). N =10 cells from 5 

animals for control, 6 cells from 3 animals for long-BDNF. 

 

 

Chapter 3 Supplementary Figure 9. Incubating female rat tissue in 50 ng/mL BDNF elicits no change in our 

targets in crude synaptosome fractions of the portion of the spinal cord just ventral of the SDH. Saline in lilac, 

BDNF in dark purple; n = 8 animals per group. 
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Chapter 3 Supplementary Figure 10. Female BDNF SDH synaptosome gels from animals treated with either 

saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets concurrently β-

actin, the loading control, can be seen under each set of targets (labelled on the left while the weight of the 

target, in kD is on the right. n= 8 
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Chapter 3 Supplementary Figure 11. Female BDNF VH synaptosome gels from animals treated with either 

saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets concurrently β-

actin, the loading control, can be seen under each set of targets (labelled on the left while the weight of the 

target, in kD is on the right. n= 8 

 



 134 

 

Chapter 3 Supplementary Figure 12. Incubating female human tissue in 100 ng/mL BDNF elicits no change 

in KCC2, tSTEP, pFyn, Fyn, pGluN2B, or GluN2B in crude synaptosome fractions of the portion of the 

spinal cord just ventral to the SDH. aSTEP is significantly decreased. Saline in lilac, BDNF in dark purple; n = 

6. *p <0.05 
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Chapter 3 Supplementary Figure 13. Female BDNF human SDH synaptosome gels from human spinal 

samples treated with either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing 

several targets concurrently β-actin, the loading control, can be seen under each set of targets (labelled on the left 

while the weight of the target, in kD is on the right. n= 6 
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Chapter 3 Supplementary Figure 14. Female BDNF human VH synaptosome gels from human spinal samples 

treated with either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several 

targets concurrently β-actin, the loading control, can be seen under each set of targets (labelled on the left while the 

weight of the target, in kD is on the right. n= 6 
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Chapter 3 Supplementary Figure 15. Incubating female OVX rat tissue in 50 ng/mL BDNF elicits decreases 

in tSTEP and Fyn, and no change in KCC2, aSTEP, pFyn, pGluN2B, and GluN2B in crude synaptosome 

fractions of the portion of the spinal cord just ventral of the SDH. Saline in lilac, BDNF in dark purple; n = 8 

animals per group. 
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Chapter 3 Supplementary Figure 16. Female OVX rat SDH synaptosome gels from animals treated with 

either saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets 

concurrently β-actin, the loading control, can be seen under each set of targets (labelled on the left while the weight 

of the target, in kD is on the right. n= 8 
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Chapter 3 Supplementary Figure 17. Female OVX rat VH synaptosome gels from animals treated with either 

saline (S) or BDNF (B). Individual gels were cut into sections to allow for probing several targets concurrently β-

actin, the loading control, can be seen under each set of targets (labelled on the left while the weight of the 

target, in kD is on the right. n= 8 
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Chapter 3 Supplementary Table 1. Antibodies used for Western Blots. 

Antibody Format Immunogen Host Target 
Species 

Dilution Source Cat # References 

Anti-
STEP 
(clone 
23E5) 

Monoclonal 
IgG2b kappa light 
chain 

18 amino acid 
sequence mapping at 
N-terminus of rat 
STEP46 

Mouse Mouse, 
rat 

1:1000 Santa Cruz 
Biotechnology 

sc-
23892 

(Gladding et 
al., 2014; 
Jang et al., 
2016; Rué et 
al., 2016; Xu 
et al., 2017) 

Anti-
STEP 
(D9H3) 

Monoclonal IgG A synthetic peptide 
corresponding to 
residues surrounding 
Ile440 of human 
STEP61 protein 

Rabbit Mouse, 
rat, 
human 

1:1000 Cell Signaling 9069S (Xu et al., 
2016) 

Anti-
KCC2 

Polyclonal A synthetic peptide 
mapping at the N-
terminus of KCC2 
of human origin 

Rabbit Mouse, 
rat, 
human 

1:1000 Santa Cruz 
Biotechnology 

sc-
19419-
R 

(Zhou et al., 
2012; Chen et 
al., 2016) 

Anti-Fyn Polyclonal Epitope mapping at 
the N-terminus of 
Fyn of human origin 

Rabbit Mouse, 
rat, 
human, 
canine, 
bovine, 
porcine, 
avian 

1:1000 Santa Cruz 
Biotechnology 

sc-16 (Brignatz et 
al., 2009; 
Levi et al., 
2010; Yadav 
and Denning, 
2011) 

anti- 
pY416- 
Src 

Monoclonal IgG Produced using 
synthetic 
phosphopeptide 
corresponding to 
residues surrounding 
Tyr419 of human 
Src protein. Detects 
endogenous levels 
of Src only when 
phosphorylated at 
Tyr416. May cross-
react with other Src 
family members 
(Lyn, Fyn, Lck, Yes 
and Hck) when 
phosphorylated at 
equivalent sites. 
May cross-react 
with overexpressed 
phosphorylated 
RTKs. 

Rabbit Human, 
Mouse, 
Rat, 
Monkey 

1:1000 Cell Signaling 6943S (McKinley et 
al., 2013; 
Allison et al., 
2015; 
Bieerkehazhi 
et al., 2017) 

Anti-β-
actin 

Monoclonal IgG1 
kappa light chain 

Chicken gizzard 
actin 

Mouse   mouse, 
rat, 
human, 
avian, 
bovine, 
canine, 
porcine, 
rabbit, 
Dictyoste
lium 
discoideu
m, 
Physarum 
polyceph
alum 

1:10000 Santa Cruz 
Biotechnology 

sc-
47778 

(Zuo et al., 
2009; Ti and 
Pollard, 
2011; Wu et 
al., 2014) 

anti-non-
phospho-
STEP 

Monoclonal IgG Produced using 
synthetic 
nonphosphopeptide 
corresponding to 
residues surrounding 
Ser221 of human 
STEP61 protein. 

Rabbit Human, 
Mouse, 
Rat 

1:1000 Cell Signaling 
Technology 

5659S (Castonguay 
et al., 2018) 
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Detects STEP61 
protein only when 
dephosphorylated at 
Ser221 and of 
STEP46 protein 
when 
dephosphorylated at 
Ser49 

anti- 
pY1472 
GluN2B 

Polyclonal Affinity Purified 
from Pooled Serum. 
Phosphopeptide 
corresponding to 
amino acid residues 
surrounding the 
phospho-Tyr1472 of 
NMDA NR2B. 

Rabbit Rat, 
Mouse, 
Human, 
Bovine, 
Chicken, 
Non-
human 
primate, 
Zebrafish
, Canine 

1:1000 PhosphoSolutions p1516- 
1472 

(Castillo et 
al., 2011; 
Jang et al., 
2016) 

anti- 
GluN2B 

Monoclonal IgG 6His-tagged fusion 
protein 
corresponding to 
amino acids 1265-
1464 of mouse 
NMDA receptor 2A 
(NR2A) 

Rabbit Mouse, 
Rat 

1:2000 Millipore 06-600 (Fenster et 
al., 2012; 
Wei et al., 
2014) 

 

References for Supplementary Table 2: 

Allison P, Espiritu D, Barnett J V., Camenisch TD. Type III TGFβ receptor and Src direct hyaluronan-mediated 

invasive cell motility. Cell. Signal. 2015; 27: 453–459. 

Bieerkehazhi S, Chen Z, Zhao Y, Yu Y, Zhang H, Vasudevan SA, et al. Novel Src/Abl tyrosine kinase inhibitor 

bosutinib suppresses neuroblastoma growth via inhibiting Src/Abl signalling. Oncotarget 2017; 8: 1469–1480. 

Brignatz C, Paronetto MP, Opi S, Cappellari M, Audebert S, Feuillet V, et al. Alternative splicing modulates 

autoinhibition and SH3 accessibility in the Src kinase Fyn. Mol. Cell. Biol. 2009; 29: 6438–48. 

Castillo C, Norcini M, Baquero-Buitrago J, Levacic D, Medina R, Montoya-Gacharna JV, et al. The N-methyl-D-

aspartate-evoked cytoplasmic calcium increase in adult rat dorsal root ganglion neuronal somata was potentiated by 

substance P pretreatment in a protein kinase C-dependent manner. Neuroscience 2011; 177: 308–320. 

Castonguay D, Dufort-Gervais J, Ménard C, Chatterjee M, Quirion R, Bontempi B, et al. The Tyrosine Phosphatase 

STEP Is Involved in Age-Related Memory Decline. Curr. Biol. 2018; 28: 1079–1089.e4. 

Chen M, Wang J, Jiang J, Zheng X, Justice NJ, Wang K, et al. APP modulates KCC2 expression and function in 

hippocampal GABAergic inhibition [Internet]. 2016[cited 2019 Jan 30] Available from: 

https://cdn.elifesciences.org/articles/20142/elife-20142-v2.pdf 



 142 

Fenster C, Vullhorst D, Buonanno A. Acute neuregulin-1 signaling influences AMPA receptor mediated responses 

in cultured cerebellar granule neurons. Brain Res. Bull. 2012; 87: 21–29. 

Gladding CM, Fan J, Zhang LYJ, Wang L, Xu J, Li EHY, et al. Alterations in STriatal-Enriched protein tyrosine 

Phosphatase expression, activation, and downstream signaling in early and late stages of the YAC128 Huntington’s 

disease mouse model. J. Neurochem. 2014; 130: 145–159. 

Jang S-S, Royston SE, Lee G, Wang S, Chung HJ. Seizure-Induced Regulations of Amyloid- β , STEP 61 , and STEP 

61 Substrates Involved in Hippocampal Synaptic Plasticity. Neural Plast. 2016; 2016: 1–13. 

Levi M, Maro B, Shalgi R. The involvement of Fyn kinase in resumption of the first meiotic division in mouse 

oocytes. Cell Cycle 2010; 9: 1577–1589. 

McKinley ET, Liu H, McDonald WH, Luo W, Zhao P, Coffey RJ, et al. Global Phosphotyrosine Proteomics 

Identifies PKCδ as a Marker of Responsiveness to Src Inhibition in Colorectal Cancer. PLoS One 2013; 8: e80207. 

Rué L, Bañez-Coronel M, Creus-Muncunill J, Giralt A, Alcalá-Vida R, Mentxaka G, et al. Targeting CAG repeat 

RNAs reduces Huntington’s disease phenotype independently of huntingtin levels. J. Clin. Invest. 2016; 126: 4319–

4330. 

Ti S-C, Pollard TD. Purification of actin from fission yeast Schizosaccharomyces pombe and characterization of 

functional differences from muscle actin. J. Biol. Chem. 2011; 286: 5784–92. 

Wei J, Yuen EY, Liu W, Li X, Zhong P, Karatsoreos IN, et al. Estrogen protects against the detrimental effects of 

repeated stress on glutamatergic transmission and cognition. Mol. Psychiatry 2014; 19: 588–598. 

Wu Z, Zhu Y, Cao X, Sun S, Zhao B. Mitochondrial Toxic Effects of Aβ Through Mitofusins in the Early 

Pathogenesis of Alzheimer’s Disease. Mol. Neurobiol. 2014; 50: 986–996. 

Xu J, Kurup P, Baguley TD, Foscue E, Ellman JA, Nairn AC, et al. Inhibition of the tyrosine phosphatase STEP61 

restores BDNF expression and reverses motor and cognitive deficits in phencyclidine-treated mice. Cell. Mol. Life 

Sci. 2016; 73: 1503–14. 



 143 

Xu J, Kurup P, Nairn AC, Lombroso PJ. Synaptic NMDA Receptor Activation Induces Ubiquitination and 

Degradation of STEP61 [Internet]. Mol. Neurobiol. 2017[cited 2018 Feb 28] Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28466270 

Yadav V, Denning MF. Fyn is induced by Ras/PI3K/Akt signaling and is required for enhanced invasion/migration. 

Mol. Carcinog. 2011; 50: 346–352. 

Zhou H-Y, Chen S-R, Byun H-S, Chen H, Li L, Han H-D, et al. N-methyl-D-aspartate receptor- and calpain-

mediated proteolytic cleavage of K+-Cl- cotransporter-2 impairs spinal chloride homeostasis in neuropathic pain. J. 

Biol. Chem. 2012; 287: 33853–64. 

Zuo H, Liu Z, Liu X, Yang J, Liu T, Wen S, et al. CD151 gene delivery after myocardial infarction promotes 

functional neovascularization and activates FAK signaling. Mol. Med. 2009; 15: 307–15. 

 

Chapter 3 Supplementary Table 2. Statistics Summary Table 

Figure Comparison Test P value Significant? 
1A PWT – Vehicle One-way repeated 

measures ANOVA 
Sphericity established: 

0.8508 
No 

1A PWT - CFA One-way repeated 
measures ANOVA 

Sphericity violated, 
Greenhouse-Geisser: 

3.17E-8 

Yes 

1A PWT - CFA: Baseline 
vs. Day 1 

Pairwise Comp, 
Bonferroni adj. 

1.4895E-6 Yes 

1A PWT - CFA: Baseline 
vs. Day 2 

Pairwise Comp, 
Bonferroni adj. 

5.1905E-7 Yes 

1A PWT - CFA: Baseline 
vs. Day 3 

Pairwise Comp, 
Bonferroni adj. 

3.5969E-7 Yes 

1B WB: KCC2 Vehicle 
vs. CFA 

Independent samples t 
test 

0.05262 No 

1B WB: aSTEP61 Vehicle 
vs. CFA 

Independent samples t 
test 

0.008495 Yes 

1B WB: tSTEP61 Vehicle 
vs. CFA 

Independent samples t 
test 

0.5854 No 

1B WB: pY420Fyn 
Vehicle vs. CFA 

Independent samples t 
test 

0.01325 Yes 

1B WB: Fyn Vehicle vs. 
CFA 

Independent samples t 
test 

0.314269 No 

1B WB: pY1472GluN2B 
Vehicle vs. CFA 

Independent samples t 
test 

5.6060E-4 Yes 

1B WB: GluN2B Vehicle 
vs. CFA 

Independent samples t 
test 

0.02319 Yes 

1C PWT – Vehicle One-way repeated 
measures ANOVA 

Sphericity established: 
0.1328 

No 

1C PWT - CFA One-way repeated 
measures ANOVA 

Sphericity violated, 
Greenhouse-Geisser: 

6.2441E-11 

Yes 



 144 

1C PWT - CFA: Baseline 
vs. Day 1 

Pairwise Comp, 
Bonferroni adj. 

6.1413E-8 Yes 

1C PWT - CFA: Baseline 
vs. Day 2 

Pairwise Comp, 
Bonferroni adj. 

5.7102E-9 Yes 

1C PWT - CFA: Baseline 
vs. Day 3 

Pairwise Comp, 
Bonferroni adj. 

1.2285E-8 Yes 

1D WB: KCC2 Vehicle 
vs. CFA 

Independent samples t 
test 

0.7838 No 

1D WB: aSTEP61 Vehicle 
vs. CFA 

Independent samples t 
test 

0.9580 No 

1D WB: tSTEP61 Vehicle 
vs. CFA 

Independent samples t 
test, equal variances 

not assumed 

0.2862 No 

1D WB: pY420Fyn 
Vehicle vs. CFA 

Independent samples t 
test 

0.1279 No 

1D WB: Fyn Vehicle vs. 
CFA 

Independent samples t 
test 

0.8471 No 

1D WB: pY1472GluN2B 
Vehicle vs. CFA 

Independent samples t 
test 

0.5962 No 

1D WB: GluN2B Vehicle 
vs. CFA 

Independent samples t 
test 

0.4250 No 

2A Male vs. Female 
Charge Transfer 

Independent samples t 
test 

0.06258 No 

2A Male vs. Female 
Decay Constant 

Independent samples t 
test 

0.3221 No 

2A Male vs. Female Peak 
Amplitude 

Independent samples t 
test 

0.2183 No 

2B Male Charge Transfer 
Control vs. CFA vs. 

BDNF  

Welch’s 1.4040E-5 Yes 

2B Male Charge Transfer 
Control vs. CFA 

Welch’s, Games-
Howell 

0.03188 Yes 

2B Male Charge Transfer 
Control vs. BDNF 

Welch’s, Games-
Howell 

2.9022E-6 Yes 

2C Female Charge 
Transfer Control vs. 

CFA vs. BDNF 

Kruskal Wallis  0.2540 No 

2D WB: KCC2 Saline vs. 
BDNF 

Paired samples t test 0.8796 No 

2D WB: aSTEP61 Saline 
vs. BDNF 

Paired samples t test 0.7451 No 

2D WB: tSTEP61 Saline 
vs. BDNF 

Paired samples t test 0.4751 No 

2D WB: pY420Fyn Saline 
vs. BDNF 

Paired samples t test 0.6427 No 

2D WB: Fyn Saline vs. 
BDNF 

Paired samples t test 0.6001 No 

2D WB: pY1472GluN2B 
Saline vs. BDNF 

Paired samples t test 0.6979 No 

2D WB: GluN2B Saline 
vs. BDNF 

Paired samples t test 0.6175 No 

3A Male Membrane 
KCC2 Average 

Intensity Vehicle vs. 
BDNF 

Extra sum-of-squares 
F-test method 

2.0919E-4 Yes 

3A Male Intracellular 
KCC2 Average 

Intensity Vehicle vs. 
BDNF 

Extra sum-of-squares 
F-test method 

1.7548E-6 Yes 

3B Female Membrane 
KCC2 Average 

Extra sum-of-squares 
F-test method 

0.2511 No 
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Intensity Vehicle vs. 
BDNF 

3B Female Intracellular 
KCC2 Average 

Intensity Vehicle vs. 
BDNF 

Extra sum-of-squares 
F-test method 

0.7235 No 

3E Human WB: KCC2 
Saline vs. BDNF 

Paired samples t test 0.4691 No 

3E Human WB: aSTEP61 
Saline vs. BDNF 

Wilcoxon signed-rank 
test 

0.6002 No 

3E Human WB: tSTEP61 
Saline vs. BDNF 

Paired samples t test 0.7730 No 

3E Human WB: pY420Fyn 
Saline vs. BDNF 

Paired samples t test 0.4945 No 

3E Human WB: Fyn 
Saline vs. BDNF 

Paired samples t test 0.6278 No 

3E Human WB: 
pY1472GluN2B Saline 

vs. BDNF 

Paired samples t test 0.6002 No 

3E Human WB: GluN2B 
Saline vs. BDNF 

Paired samples t test 0.8166 No 

4A Female: Naive vs. 
OVX Charge Transfer 

Independent samples t 
test 

0.6602 No 

4A Female: Naive vs. 
OVX Decay Constant 

Independent samples t 
test 

0.8513 No 

4A Female: Naive vs. 
OVX Peak Amplitude 

Mann-Whitney test 0.9654 No 

4B Female OVX Charge 
Transfer ANOVA 

One-way ANOVA 3.5011E-4 Yes 

4B Female OVX Charge 
Transfer Control vs. 

BDNF 

One-way ANOVA, 
Tukey HSD 

5.0100E-4 
 

Yes 

4B Female OVX Charge 
Transfer Control vs. 

BDNF+PP2 

One-way ANOVA, 
Tukey HSD 

.6517 No 

4B Female OVX Charge 
Transfer BDNF vs. 

BDNF+PP2 

One-way ANOVA, 
Tukey HSD 

0.003389 Yes 

4C WB: KCC2 Saline vs. 
BDNF 

Paired samples t test 0.03953 yes 

4C WB: aSTEP61 Saline 
vs. BDNF 

Paired samples t test 0.4111 No 

4C WB: tSTEP61 Saline 
vs. BDNF 

Paired samples t test 6.1642E-4 Yes 

4C WB: pY420Fyn Saline 
vs. BDNF 

Paired samples t test 0.04553 Yes 

4C WB: Fyn Saline vs. 
BDNF 

Paired samples t test 0.8685 No 

4C WB: pY1472GluN2B 
Saline vs. BDNF 

Paired samples t test 0.2441 No 

4C WB: GluN2B Saline 
vs. BDNF 

Paired samples t test 0.3252 No 

Supplementary Figure 
1 

Male PWT – Vehicle One-way repeated 
measures ANOVA 

Sphericity violated, 
Greenhouse-Geisser: 

0.7816 

No 

Supplementary Figure 
1 

Male PWT - CFA One-way repeated 
measures ANOVA 

Sphericity violated, 
Greenhouse-Geisser: 

5.5165E-5 

Yes 

Supplementary Figure 
1 

Male PWT - CFA: 
Baseline vs. Day 1 

Pairwise Comp, 
Bonferroni adj. 

2.3591E-3 Yes 
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Supplementary Figure 
1 

Male PWT - CFA: 
Baseline vs. Day 2 

Pairwise Comp, 
Bonferroni adj. 

1.7286E-3 Yes 

Supplementary Figure 
1 

Male PWT - CFA: 
Baseline vs. Day 3 

Pairwise Comp, 
Bonferroni adj. 

1.7338E-3 Yes 

Supplementary Figure 
1 

Male PWT - CFA: 
Baseline vs. Day 4 

Pairwise Comp, 
Bonferroni adj. 

1.4770E-3 Yes 

Supplementary Figure 
1 

Male PWT - CFA: 
Baseline vs. Day 5 

Pairwise Comp, 
Bonferroni adj. 

1.2091E-3 Yes 

Supplementary Figure 
1 

Female PWT – 
Vehicle 

One-way repeated 
measures ANOVA 

Sphericity established: 
0.3515 

No 

Supplementary Figure 
1 

Female PWT - CFA One-way repeated 
measures ANOVA 

Sphericity violated, 
Greenhouse-Geisser: 

1.2645E-7 

Yes 

Supplementary Figure 
1 

Female PWT - CFA: 
Baseline vs. Day 1 

Pairwise Comp, 
Bonferroni adj. 

9.3423E-5 Yes 

Supplementary Figure 
1 

Female PWT - CFA: 
Baseline vs. Day 2 

Pairwise Comp, 
Bonferroni adj. 

2.8260E-5 Yes 

Supplementary Figure 
1 

Female PWT - CFA: 
Baseline vs. Day 3 

Pairwise Comp, 
Bonferroni adj. 

9.3423E-5 Yes 

Supplementary Figure 
1 

Female PWT - CFA: 
Baseline vs. Day 4 

Pairwise Comp, 
Bonferroni adj. 

1.1176E-4 Yes 

Supplementary Figure 
1 

Female PWT - CFA: 
Baseline vs. Day 5 

Pairwise Comp, 
Bonferroni adj. 

9.33423E-5 Yes 

Supplementary Figure 
2 

Male CFA VH: 
aSTEP61 Vehicle vs. 

CFA 

Independent samples t 
test 

0.9804 No 

Supplementary Figure 
2 

Male CFA VH: 
tSTEP61 Vehicle vs. 

CFA 

Mann-Whitney test 0.3823 No 

Supplementary Figure 
2 

Male CFA VH: 
pY420Fyn Vehicle vs. 

CFA 

Independent samples t 
test 

0.7686 No 

Supplementary Figure 
2 

Male CFA VH: Fyn 
Vehicle vs. CFA 

Independent samples t 
test 

0.9794 No 

Supplementary Figure 
2 

Male CFA VH: 
pY1472GluN2B 

Vehicle vs. CFA 

Independent samples t 
test 

0.2592 No 

Supplementary Figure 
2 

Male CFA VH: 
GluN2B Vehicle vs. 

CFA 

Independent samples t 
test 

0.9633 No 

Supplementary Figure 
5 

Female CFA VH: 
KCC2 Vehicle vs. 

CFA 

Independent samples t 
test 

0.7619 No 

Supplementary Figure 
5 

Female CFA VH: 
aSTEP61 Vehicle vs. 

CFA 

Mann-Whitney test 1.0000 No 

Supplementary Figure 
5 

Female CFA VH: 
tSTEP61 Vehicle vs. 

CFA 

Mann-Whitney test 1.0000 No 

Supplementary Figure 
5 

Female CFA VH: 
pY420Fyn Vehicle vs. 

CFA 

Independent samples t 
test 

0.0519 No 

Supplementary Figure 
5 

Female CFA VH: Fyn 
Vehicle vs. CFA 

Independent samples t 
test 

0.1921 No 

Supplementary Figure 
5 

Female CFA VH: 
pY1472GluN2B 

Vehicle vs. CFA 

Mann-Whitney test 0.5054 No 

Supplementary Figure 
5 

Female CFA VH: 
GluN2B Vehicle vs. 

CFA 

Mann-Whitney test 0.5737 No 
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Supplementary Figure 
8 

Charge transfer: 
Female Saline Vs. 

Long BDNF  

Independent samples t 
test 

0.8880 No 

Supplementary Figure 
9 

Female VH: KCC2 
Saline vs. BDNF 

Paired samples t test 0.8904 No 

Supplementary Figure 
9 

Female VH: aSTEP61 
Saline vs. BDNF 

Paired samples t test 0.9093 No 

Supplementary Figure 
9 

Female VH: tSTEP61 
Saline vs. BDNF 

Paired samples t test 0.7180 No 

Supplementary Figure 
9 

Female VH: pY420Fyn 
Saline vs. BDNF 

Paired samples t test 0.7425 No 

Supplementary Figure 
9 

Female VH: Fyn 
Saline vs. BDNF 

Paired samples t test 0.3572 No 

Supplementary Figure 
9 

Female VH: 
pY1472GluN2B Saline 

vs. BDNF 

Paired samples t test 0.8717 No 

Supplementary Figure 
9 

Female VH: GluN2B 
Saline vs. BDNF 

Paired samples t test 0.6093 No 

Supplementary Figure 
12 

Female VH: KCC2 
Saline vs. BDNF 

Paired samples t test 0.5397 No 

Supplementary Figure 
12 

Female VH: aSTEP61 
Saline vs. BDNF 

Paired samples t test 0.02462 Yes 

Supplementary Figure 
12 

Female VH: tSTEP61 
Saline vs. BDNF 

Paired samples t test 0.4950 No 

Supplementary Figure 
12 

Female VH: pY420Fyn 
Saline vs. BDNF 

Paired samples t test 0.1819 No 

Supplementary Figure 
12 

Female VH: Fyn 
Saline vs. BDNF 

Paired samples t test 0.6616 No 

Supplementary Figure 
12 

Female VH: 
pY1472GluN2B Saline 

vs. BDNF 

Wilcoxon signed 
ranks test 

0.2489 No 

Supplementary Figure 
12 

Female VH: GluN2B 
Saline vs. BDNF 

Paired samples t test 0.4107 No 

Supplementary Figure 
15 

OVX Female VH: 
KCC2 Saline vs. 

BDNF 

Paired samples t test 0.1779 No 

Supplementary Figure 
15 

OVX Female VH: 
aSTEP61 Saline vs. 

BDNF 

Wilcoxon signed 
ranks test 

0.06870 No 

Supplementary Figure 
15 

OVX Female VH: 
tSTEP61 Saline vs. 

BDNF 

Paired samples t test 0.001430 Yes 

Supplementary Figure 
15 

OVX Female VH: 
pY420Fyn Saline vs. 

BDNF 

Wilcoxon signed 
ranks test 

0.8886 No 

Supplementary Figure 
15 

OVX Female VH: Fyn 
Saline vs. BDNF 

Paired samples t test 0.01102 Yes 

Supplementary Figure 
15 

OVX Female VH: 
pY1472GluN2B Saline 

vs. BDNF 

Paired samples t test 0.7237 No 

Supplementary Figure 
15 

OVX Female VH: 
GluN2B Saline vs. 

BDNF 

Paired samples t test 0.08205 No 
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Chapter  4: Integrated Discussion 

4.1 Introduction: 

 Our understanding of the mechanisms that underlie spinal hyperexcitability in 

pathological pain is incomplete: these mechanisms have been predominantly studied in male 

rodents. To expand our understanding of spinal hyperexcitability in both sexes and across 

species, we used in vivo rat models and ex vivo rat and human spinal cord models to investigate 

the molecular mechanisms underlying pathological changes in chronic pain.  

We first investigated whether STEP61 is a molecular linker between disinhibition and 

potentiation of NMDARs in males. We found that STEP61 downregulation is both necessary and 

sufficient to prime the potentiation of NMDARs by BDNF at SDH synapses in rodent ex vivo 

(spinal BDNF incubation) and in vivo (CFA-induced inflammation) chronic pain models. To 

bridge the gap between rodent models and clinical applications in humans, we next developed a 

spinal cord ex vivo human model of pathological pain using BDNF incubation. Using our human 

ex vivo BDNF pathological pain model, we found that the STEP61-linked pathway of 

disinhibition and NMDAR potentiation is conserved between rats and humans. Further, we 

performed the first-ever patch-clamp electrophysiology recordings of human lamina I neurons 

and found that, like rats (Hildebrand et al., 2014), human lamina I NMDAR mEPSCs are 

dominated by GluN2B-containing NMDARs.  

Next, we turned our attention to mechanisms of spinal hyperexcitability in females. We 

found that, unlike males, NMDARs were not potentiated in either the in vivo CFA rodent 

inflammatory pain model or following ex vivo BDNF treatment in spinal cord tissue from female 

rats of human organ donors. Furthermore, we did not observe biochemical changes associated 

with disinhibition or facilitated excitation in in vivo CFA-treated rats or ex vivo BDNF treated 
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female rats or humans. Collectively, these findings demonstrate that neuronal mechanisms 

underlying spinal hyperexcitability differ between sexes and that this sexual dimorphism is 

conserved between species. Finally, we demonstrated that female rats that had undergone 

ovariectomy before reaching sexual maturity displayed both NMDAR potentiation and 

biochemical changes in synaptic proteins indicative of disinhibition and facilitated excitation. 

Thus, we conclude that the sex difference in lamina I neuronal mechanisms of spinal 

hyperexcitability is hormonally mediated. In the sections that follow, we will further discuss 

these findings, put them in the broader context of neuroscience research, and will highlight 

opportunities to expand the research contributions discussed in this thesis. 

 

4.2 The role of STEP61 as a molecular linker of disinhibition and NMDAR potentiation: 

The first key finding of this thesis is the role of STEP61 as the molecular linker between 

disinhibition and facilitated excitation in male rats and humans. Our previous work (see 

Appendix A), described a mechanism where neither direct BDNF-TrkB signalling nor 

disinhibition alone were sufficient to potentiate lamina I NMDAR mEPSCs (Hildebrand et al., 

2016). However, we found that disinhibition was required for lamina I NMDAR mEPSC 

potentiation by BDNF (Hildebrand et al., 2016). Findings from other groups demonstrate that 

NMDAR activity and an increase in intracellular calcium are required for the downregulation of 

KCC2 in the brain and spinal cord (Lee et al., 2011; Zhou et al., 2012; Chamma et al., 2013). 

Together, this leads to the proposition that there may be a molecular linker between NMDAR 

potentiation and disinhibition. Indeed, we investigated this hypothesis in Chapter 2 (Dedek et al., 

2019) and find that STEP61 downregulation is both necessary and sufficient to prime the 

potentiation of synaptic lamina I NMDAR mEPSCs by BDNF in rodent ex vivo and in vivo CFA-
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induced inflammatory pain models. In addition, we found that STEP61 was downregulated by 

BDNF at human SDH synapses, indicating that this mechanism is conserved between species.  

A missing piece of the STEP61 puzzle is an understanding of the role that STEP61 plays across 

various types of chronic pain. In Appendix A (Hildebrand et al., 2016), we used a PNI model of 

neuropathic pain as well as the ex vivo BDNF pathological pain model to demonstrate the 

conservation of disinhibition (BDNF signalling resulting in KCC2 downregulation) and 

facilitated excitation (BDNF acting through activated Fyn to result in NMDAR potentiation) 

across both pain models. In Chapter 2 (Dedek et al., 2019), we paired the ex vivo BDNF 

pathological pain model with in vivo CFA-induced inflammatory pain and found conserved roles 

for disinhibition and NMDAR potentiation in mediating spinal hyperexcitability. This led to the 

general conclusion that both disinhibition and NMDAR potentiation resulting from KCC2 

downregulation play roles in mediating both neuropathic pain as well as inflammatory pain. 

Since BDNF is involved in both neuropathic (Coull et al., 2005; Trang et al., 2009; Chen et al., 

2014b) and inflammatory pain (Mannion et al., 1999; Zhao et al., 2006), it is reasonable to 

hypothesize that the role of STEP61 is conserved across BDNF-dependant pain pathologies.  

However, it remains untested whether STEP61
 is the linker between disinhibition and 

NMDAR potentiation in neuropathic pain. A first step to definitively investigate the role of 

STEP61  in neuropathic pain includes using western blot analysis to determine whether PNI-

induced neuropathic pain drives down STEP61
 at SDH synapses, as is the case in inflammatory 

pain (Azkona et al., 2016a; Dedek et al., 2019). Further, restoring STEP61 levels using cell-

membrane permeable TAT-STEP61 administered through intrathecal injection to PNI rats would 

determine whether restoring STEP61 in vivo can reverse tactile allodynia resulting from 



 151 

neuropathic pain. Finally, using tissue from animals that received intrathecal STEP61 to probe the 

effects of synaptic markers of disinhibition and facilitated excitation could elucidate the role of 

STEP61 in neuropathic pain. 

 The discovery of the role of STEP61 in male rat and human models of pathological pain is 

an exciting development towards understanding the molecular forces driving chronic pain; 

however, systemically targeting STEP61 for pharmacological development in the clinic is a 

dubious prospect. Although we found BDNF’s effect on STEP61 to be limited to the SDH, with 

no BDNF-mediated effects observed in spinal sections ventral to the SDH (Chapter 2 and 3: 

Dedek et al., 2019, Dedek et al., in preparation) research on STEP61 in the brain implicates 

STEP61 signalling in other pathologies. For example, STEP61 has been implicated in age-related 

memory decline (Castonguay et al., 2018), Alzheimer’s disease (Xu et al., 2014; Lee et al., 

2021), and schizophrenia (Xu et al., 2016). The crux is that high STEP61 levels are associated 

with pathology in the brain, while low STEP61 levels are associated with pathological pain within 

the SDH. For that reason, globally manipulating STEP61 levels within the CNS may lead to 

undesired pathological effects. 

An option to bypass the effects of systemic administration of a STEP61-targeting drug is 

intrathecal administration via an intrathecal pump system. This technique is currently used to 

administer ziconotide to treat severe chronic pain, however, it is associated with severe CNS 

side-effects (Schmidtko et al., 2010). This is because some drugs will diffuse out of the spinal 

CSF and to the brain. Additionally, this is a highly invasive treatment that is reserved for only a 

limited number of patients with debilitating pain (Schmidtko et al., 2010). Although it is a 

possible delivery mechanism for a STEP61-restoring drug, this strategy has practical limitations.  
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One possibility to side-step the problems of global-CNS pharmacological targeting is to 

develop chemogenetic treatment to specifically target SDH neurons. Chemogenetic approaches 

allow for regulation of neuronal function in a specific neuronal population (Iyer et al., 2016) 

while relying on a less invasive strategy than optogenetics, which requires implantation of a light 

to the targeted area (Copits et al., 2016). Advances in chemogenetics have already allowed 

researchers to reduce microglial-induced neuroinflammation and allodynia in mouse models of 

neuropathic pain (Saika et al., 2020; Yi et al., 2020). Other studies have used chemogenetic 

approaches to reduce mechanical allodynia in early-stage osteoarthritis in rodents (Miller et al., 

2017), as well as to silence sensory neurons to reverse thermal and mechanical hypersensitivity 

in a  neuropathic pain model (Weir et al., 2017). Chemogenetic approaches could be used to 

selectively increase inhibition in SDH neurons to reduce spinal hyperexcitability. This would 

require the development of a mammalian ligand-gated chloride channel. Several groups have 

used a modified version of an invertebrate glutamate-gated chloride channel (GluCl); however, 

since this channel is of invertebrate origin, it would likely elicit an immune response in the 

subject/patient (Matthew Soleiman, 2017). A promoter for chemogenetic modulation could 

preferentially target excitatory subpopulations of SDH neurons to drive down excitability and 

output of the SDH nociceptive network. Using a chemogenetic approach to increase inhibitory 

tone within the SDH could, in the future, break the cycle of feed-forward hyperexcitability.  

 

4.3 Future directions for studying NMDAR function in spinal nociceptive networks: 

A limitation in the electrophysiological methods used in this thesis to study the molecular 

pathways that lead to SDH hyperexcitability is the use of only NMDAR mEPSCs to study 
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NMDAR responses. Although we observed consistent potentiation of NMDAR mEPSCs in our 

pain models in males across the very heterogeneous lamina I neuronal population (Todd, 2010), 

questions remain about the involvement of extrasynaptic NMDARs, the contribution of 

presynaptic NMDARs to SDH hyperexcitability, and the effects of ex vivo BDNF and CFA-

inflammatory pain on afferent evoked NMDAR responses.  

A starting point for examining the involvement of extrasynaptic NMDARs is to compare 

glutamate-evoked total NMDAR responses and synaptic NMDAR responses in lamina I neurons. 

Glutamate-evoked responses will include both synaptic and extrasynaptic NMDARs. 

Additionally, pre-treatment with MK-801 (a non-reversible use-dependant NMDAR antagonist) 

could be used to block synaptic NMDARs that are activated by spontaneous vesicle release 

primarily at synapses. MK-801 could then be washed out before recording, leaving extrasynaptic 

NMDARs largely unaffected (McQuate and Barria, 2020). With this experimental design, the 

amplitudes of evoked currents from extrasynaptic NDMARs can be compared between pain 

models to determine if there are differences in the contributions of extrasynaptic NMDARs 

between inflammatory and neuropathic pain models. In addition, NMDAR-subunit blockers can 

be used to identify the contributions of different GluN2-NMDAR subunit types to these 

extrasynaptic responses. These experiments would expand on our work examining synaptic 

NMDAR responses to include the contributions of extrasynaptic NMDARs. 

To examine the effects of presynaptic NMDARs in the BDNF-NMDAR pathway, paired-

pulse ratio can be used to examine neurons from BDNF or CFA-treated rats. Paired-pulse ratio 

examines the probability of neurotransmitter release from presynaptic vesicles using a ratio of 

the amplitudes of two evoked currents (Poncer and Malinow, 2001). A decrease in paired-pulse 
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ratio indicates that there is an increase in the probability of vesicle release. There is already 

evidence that potentiation of presynaptic GluN2B-NMDARs at primary afferent terminals 

contributes to facilitated excitation in neuropathic pain (Yan et al., 2013; Chen et al., 2014b). 

Furthermore, like postsynaptic NMDARs described in Chapter 2 and Appendix A, the 

potentiation of presynaptic NMDARs depends on the activity of SFKs (Chen et al., 2010). The 

evidence from other groups on the contributions of presynaptic NMDARs in pain models 

necessitates further investigation into the mechanisms of their potentiation.  

Finally, optogenetic approaches can be used to address the effects of nociceptive afferent-

evoked NMDAR responses on BDNF or CFA-mediated hyperexcitability. Because SDH neurons 

receive input from many types of afferents carrying distinct sensory information, it is important 

to understand the contributions of the different subtypes of afferents (Peirs and Seal, 2016). It is 

unclear whether afferent-evoked NMDAR responses differ from mEPSCs; some evidence in 

adult male rats suggests that lamina I mEPSCs and minimally-evoked unitary EPSCs show 

similar GluN2B-dominant contributions of GluN2-NMDARs (Hildebrand et al., 2014); however, 

another study that used juvenile rats of both sex found that C-fiber evoked NMDAR responses 

were primarily composed of GluN2A responses, with moderate contributions from GluN2B-

NMDARs (Tong and MacDermott, 2014). Using optogenetic approaches allows researchers to 

target specific types of primary afferents in an ex vivo transgenic mouse preparation. Examining 

NMDAR responses from optogenetically-evoked afferents can characterize the contributions of 

individual primary afferent populations on SDH hyperexcitability across models of pathological 

pain (Tashima et al., 2018; Warwick et al., 2020).  
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4.4 GluN3-NMDARs: a role in spinal hyperexcitability? 

Historically, it was thought that two main types of subunits can compose an NMDAR: 

two obligatory GluN1 subunits (which have eight different functional splice variants) and two 

GluN2 subunits (which have four isoforms) (Schüler et al., 2008; Yao et al., 2013). In recent 

decades, a third subtype was discovered: GluN3 (with two subtypes: GluN3A and GluN3B) 

(Dunah et al., 1999; Cavara and Hollmann, 2008; Grand et al., 2018). Because the contribution 

of GluN3-containing NMDARs to synaptic physiology has been poorly understood, the focus in 

this thesis, and largely within the field, has remained on GluN2-containing NMDARs. This is 

despite evidence that GluN3-NMDARs are expressed in both human (Aguet et al., 2019) and 

rodent (Chamessian et al., 2018; Russ et al., 2020) spinal cord. 

GluN3-containing receptors’ dominant-negative modulation of NMDAR signalling has 

been implicated in several neuropathologies. This includes Huntington’s disease (Wesseling and 

Pérez-Otaño, 2015), excitotoxic cell death (as in the case of ischemic stroke) (Wang et al., 2013; 

Belov Kirdajova et al., 2020), and cocaine addiction (Huang et al., 2013; Yuan et al., 2013). 

Importantly, GluN3A knockout mice have shorter latency to thermal pain response, as well as 

increased duration of pain response in phase II of formalin-induced inflammatory pain 

(Mohamad et al., 2013). Further research is needed to elucidate the role played by GluN3-

containing NMDARs in pathological pain. Such future studies include the use of GluN3-specific 

antagonists such as EU1180-438 (Zhu et al., 2020), GluN3 enhancer CGP-78608 (Grand et al., 

2018), and genetic knockdown models (Mohamad et al., 2013) in pain models. Because GluN3-

NMDARs have been implicated in several known NMDAR-related pathologies, they are 
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expressed in both the human and rodent spinal cord, and because they have a regulatory role in 

neuroplasticity, it is essential that their role in spinal nociceptive physiology be further explored.  

 

4.5 Lack of NMDAR potentiation in female CFA and BDNF treatment: 

 Arguably the most important finding in this thesis is the lack of NMDAR mEPSC 

potentiation and upregulation in female rat CFA inflammatory pain, and ex vivo BDNF treatment 

pain models in rats and humans. The next step is to determine how far-reaching this novel, non-

NMDAR-dependant mechanism of spinal hyperexcitability is by using female rodent models of 

neuropathic pain. Because a previous study has found that microglial-BDNF-knockout female, 

but not male, mice develop tactile allodynia in response to SNI (Sorge et al., 2015), and 

microglia secrete BDNF in nerve injury models (Coull et al., 2005), we hypothesize that 

development of spinal hyperexcitability in females may be NMDAR-independent in neuropathic 

pain. We hypothesize that this difference is conserved between inflammatory and neuropathic 

pain states. This is because nociceptors are postulated to be the source of BDNF in inflammatory 

pain (Zhao et al., 2006), thus suggesting that the source of BDNF is irrelevant for triggering 

spinal hyperexcitability. In considering the response of female SDH neurons to BDNF, detailed 

experiments are required to understand BDNF’s role in excitability in females. Chronic BDNF 

administration in cultured neurons from unsexed animals has been found to elicit distinct effects 

across different populations of SDH neurons (Lu et al., 2007; Alles et al., 2021), but it is unclear 

whether there are sex differences in this response.  
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 Further studies in females are required to understand the molecular cascade that results in 

spinal hyperexcitability in females. Experiments that can shed light on this topic include the use 

of single-cell RNA-seq on rodent spinal tissue to identify changes in the expression of specific 

proteins across diverse pain models. Because sex differences in immune factors mediating 

chronic pain have been at the forefront of spinal pain research, a starting point would be to look 

at proteins that interact with T cells, which have been linked to the development of allodynia in 

females (Mapplebeck et al., 2017; Laumet et al., 2019). Other potential targets include the 

neuropeptides CGRP, PACAP and NGF, which have all been linked to spinal hyperexcitability 

(Dickinson et al., 1999; Schou et al., 2017; Sun et al., 2020) and are discussed further in Section 

4.7 below.  

 The discovery of sex differences in neuronal nociceptive signalling may come as a 

surprise, but current scientific standards of practice result in experimental designs that facilitate 

overlooking female-specific physiological mechanisms. Both the NIH and CIHR mandate that 

basic science studies include both sexes, but many researchers, under pressure to save time and 

resources, perform mechanistic investigations in male tissue and then test behavioural outcomes 

in both sexes (Seydel, 2021; Shansky and Murphy, 2021). This seemingly harmless shortcut 

lends itself to missing divergent neuronal mechanisms that can be reversed by a common 

pharmacological target. It is this very phenomenon that led to the assumption that NMDAR 

dysregulation is involved in pain in females: APV was found to reverse tactile allodynia in 

female mice, leading to the conclusion that NMDARs were involved in female neuropathic pain 

(Sorge et al., 2015). This, however, only demonstrates that blocking NMDARs is sufficient to 

reverse tactile allodynia in female PNI mice, not that NMDARs themselves are directly involved 

in the pathological molecular cascades that initiate the allodynia. This realization indicates that 
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we need to fundamentally rethink how we perform basic research in both sexes (Seydel, 2021; 

Shansky and Murphy, 2021). Indeed, the fundamental building blocks of pain research are 

derived from male-only or unsexed animal studies on synaptic plasticity. Studies are showing at 

sexually divergent molecular mechanisms of synaptic plasticity (Dina et al., 2001; Joseph and 

Levine, 2003; Hucho et al., 2006; Jain et al., 2019), indicating we as pain researchers must start 

from square one to examine basic physiological pathways in females.  

 

4.6 First-ever patch-clamp electrophysiological recordings on human SDH tissue: 

In an effort to understand the functional contribution of NMDARs to synaptic responses 

in human lamina I neurons, we have performed the first-ever patch-clamp electrophysiological 

recordings on human SDH tissue. This important advance is the first functional evidence of 

NMDAR activity in the human SDH. We used a combination of fitting decay constant, τ, to 

control-treated human lamina I synaptic NMDARs, as well as using pharmacological blockers 

TCN-201 (Hansen et al., 2012), a blocker of GluN2A, and Ro-6981 (Fischer et al., 1997), a 

blocker of GluN2B NMDARs. In this sample, we conclude that, like male rats, GluN2B-

containing NMDARs dominate synaptic NMDAR responses in male human lamina I neurons 

(Dedek et al., 2019). This investigation is ongoing, with efforts to characterize these synaptic 

responses in a larger sample of human lamina I neurons.  

A major difference between NMDAR mEPSCs in male rats and humans is the amplitude 

of NMDAR responses. We observed that the amplitude of human male NMDAR mEPSCs was 

almost double that of male rats (Dedek et al., 2019). This suggests that human lamina I neurons 

have a higher density of synaptic NMDARs than rats (Jonas et al., 1993; Prybylowski et al., 
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2002; Patrizio and Specht, 2016). A secondary method that could be used to test the postsynaptic 

NMDAR density is using immune labelled NMDAR subunits paired with immunogold labelling 

(Nusser et al., 1995, 1997). When imaged using an electron microscope, these experiments 

would have sufficient resolution to examine the receptor density of NMDAR subunits at human 

lamina I synapses.   

Of the three GluN2-containing NMDARs expressed in the spinal cord, we did not 

directly test the involvement of GluN2D, despite the finding in male rodents that GluN2B and 

GluN2D dominate synaptic responses in lamina I (Hildebrand et al., 2014). This is because our 

previous work (Hildebrand et al., 2016) and others’ (Tong and MacDermott, 2014; Wu et al., 

2014; Xie et al., 2016) implicate GluN2B-NMDARs in mediating SDH hyperexcitability, and 

thus we first aimed to tease apart the contributions of GluN2A and GluN2B-containing 

NMDARs. The analysis of decay constants of control-treated human lamina I mEPSCs was 

biased against GluN2D-NMDARs by rejecting individual events that did not decay to at least 

50% of their maximum amplitude by 1000ms. This rejection criterium was based on earlier 

studies in rat models (Hildebrand et al., 2014), and was made in an effort to compare rat and 

human lamina I mEPSCs side-by-side. Our study concludes that contributions of GluN2B-

NMDARs make up a large portion of male human lamina I NMDAR responses, but further 

studies are required to understand the contributions of GluN2D NMDARs fully. 

However, future work is needed to characterize human and rat lamina I responses in an 

unbiased manner. To address this issue, we are following up with an expanded analysis of patch-

clamp recordings of male and female rat and human synaptic mEPSCs. All NMDAR events, 

regardless of decay time, would need to be included. Events could then be individually fit to 
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determine the decay constants, and the distributions of these decay constants could be used to 

interpret whether the NMDAR subunit composition is conserved between sex and species. 

Expanding on this idea, a subset of recordings in each species and sex could test the effects of 

sequential GluN2-subunit antagonists, including DQP-1105 (Acker et al., 2011) to test for the 

contribution of GluN2subunit-containing NMDARs.  

Although we have been able to target synaptic responses from individual neurons, it 

remains unclear how these contribute to spinal-circuit level nociceptive processing. Examining 

spinal circuitry becomes a pressing issue when considering degeneracy of multiple separate 

pathways that result in spinal hyperexcitability; examining a single player in this degenerate 

circuit will repeatedly lead to the same outcome: spinal hyperexcitability (Ratté and Prescott, 

2016).  

New tools such as multielectrode arrays (MEAs) and voltage-sensitive dye imaging are 

valuable tools that can be used to examine the electrophysiological properties of spinal circuits. 

This technology allows high throughput analysis with a higher success rate than patch-clamp 

electrophysiology. In addition, MEAs and voltage-sensitive dye imaging provide more 

information about general excitability; this information is easier to extrapolate to a population of 

SDH neurons than patch-clamp recordings, where activity is recorded from a very small subset 

of neurons. This new technology has already been applied in several rodent spinal cord 

preparations. For example, MEAs have been used to characterize the spontaneous firing patterns 

of the mouse SDH (Lucas-Romero et al., 2018). Another study used in vivo rat MEA recordings 

paired with histology to map cervical spine interneuron populations in circuits regulating phrenic 

motor output (Streeter et al., 2017). Recently, in vivo MEA recordings were used to categorize 
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the processing of both innocuous and noxious stimuli across dorsal horn laminae in rats 

(Greenspon et al., 2019). Voltage-sensitive dye imaging can also be used in similar applications. 

For example, voltage-sensitive dye imaging was used to discover mediolateral asymmetry in 

synaptic connectivity in the rat SDH (Mizuno et al., 2019). To expand on the work done here, a 

logical next step is to use MEAs to examine the time-course of the onset of BDNF-mediated 

hyperexcitability. This type of analysis would also identify if regions of the SDH form region-

specific microcircuits of excitability in response to BDNF or other neuropeptides. Paired with 

antagonists of specific NMDAR subunits, MEAs and voltage-sensitive dye imaging can be used 

to identify how individual NMDAR subunits contribute to overall SDH excitability. In the 

future, MEA and voltage-sensitive dye imaging can be used in acute and organotypic slice 

preparations (which are described in Section 4.7 below) to better understand how differential 

regulation of excitability across subpopulations of dorsal horn neurons shapes the output of the 

spinal nociceptive network in the male and female human spinal cord.  

 

4.7 Ex vivo human spinal cord pathological pain models: 

In Chapter 2, we pioneered a novel human tissue model of chronic pain using ex vivo 

BDNF incubation. Using this model, we discovered that BDNF drives a loss of KCC2-dependent 

inhibition, which is followed by potentiation of GluN2B-containing NMDARs at human SDH 

synapses: a phenomenon that is conserved across male rats and humans (Dedek et al., 2019). 

Using a similar approach in spinal cord tissue from female organ donors, we find that ex vivo 

BDNF treatment does not constitute a pathological pain model in females (Chapter 3). The use of 

human ex vivo pain models is an exciting development that can establish clinical relevance for 
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potential therapeutic targets; using BDNF to model pain is just the beginning of such 

developments.  

Important next steps include the investigation of other neuropeptides’ effects on spinal 

plasticity. Neuropeptides and growth factors such as calcitonin gene-related peptide (CGRP), 

nerve growth factor (NGF) and pituitary adenylate cyclase-activating peptide (PACAP) have 

been well documented to have pain-amplifying effects (Dickinson et al., 1999; Schou et al., 

2017; Sun et al., 2020). However, the specific roles that these signalling molecules may play in 

altering SDH excitability remain poorly understood in rats and completely unexplored in 

humans. All three of these pain amplifying factors have been either directly or indirectly linked 

to mechanisms of central sensitization within the dorsal horn. The neuropeptide CGRP is 

expressed in Aδ- and C-fiber nociceptive afferents (Ju et al., 1987; Hill and Elde, 1988) and 

levels of CGRP are associated with visceral, somatic, neuropathic and inflammatory pain 

conditions in the clinic (Schou et al., 2017). CGRP has been shown to alter excitatory 

postsynaptic responses within higher-order pain processing circuits of the amygdala (Han et al., 

2010) as well as in SDH neurons (Bird et al., 2006), but the molecular determinants of this 

potentiation pathway have not been fully identified. The roles of CGRP in mediating pain 

pathology may also be sexually dimorphic, as low dose dural CGRP induces pain 

hypersensitivity only in females in both rat and mouse preclinical models of migraine (Avona et 

al., 2019). It is therefore critically important to investigate whether CGRP directly alters synaptic 

responses and excitability within subpopulations of SDH neurons in male and female rodents and 

humans.  
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In contrast to CGRP, very little is known on how NGF may or may not alter SDH 

excitability. NGF is a critical modulator of the excitability of peripheral nociceptive neurons and 

has been implicated in peripheral sensitization and pathological pain processing (Barker et al., 

2020). Given that intrathecal administration of NGF triggers BDNF release in the SDH (Lever et 

al., 2001), it is also possible that NGF release from nociceptive afferents either directly or 

indirectly alters excitability to mediate central sensitization. However, this hypothesis remains to 

be tested. Similarly, intrathecal injection of PACAP induces long-lasting nociceptive behaviours 

(Ohnou et al., 2016; Yokai et al., 2016), while PACAP antagonists inhibit noxious responses and 

SDH excitability (Dickinson et al., 1999). Given that PACAP immunoreactivity is concentrated 

in laminae I and II and not other spinal cord laminae (Dun et al., 1996), it will be important to 

investigate the molecular mechanisms by which PACAP preferentially alters the excitability of 

SDH neurons, which may include NMDAR potentiation (Liu and Madsen, 1997).  

Using a similar approach to the BDNF ex vivo model, it is possible to adapt this spinal 

incubation model to test the effects of CGRP, NGF and PACAP on human spinal tissue. These 

investigations have the potential to lead to the development of new ex vivo human pathological 

pain models. In addition to the biochemical and immunohistochemical tools used in Chapters 2 

and 3, future studies in ex vivo pain models can use organotypic slice culture to expand the 

possible manipulations and investigations possible from using acute slices alone. For example, 

organotypic slice culture would allow for increased time for patch-clamp experiments from a 

single organ donor, allowing for an increased number of treatments to be performed on the same 

donor tissue, thus serving as a within-subject control. Another use of organotypic slice culture is 

combining the technique with adeno-associated viral vectors and optogenetics (Elfarrash et al., 

2019; Griffin et al., 2019). This would allow for the first-ever manipulations of human spinal 
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nociceptive circuits and would allow for the elucidation of the factors that lead to spinal 

hyperexcitability. Organotypic slice cultures can be used for either patch-clamp investigations, as 

was done in Chapters 2 and 3, or can be used for MEA recording, as was described in Section 

4.6. Importantly, the sample of organ donors includes both sexes, meaning that these targets can 

be examined in males and females. 

 

4.8 Hormones in spinal hyperexcitability:  

In Chapter 3 of this thesis, we explored the factors driving the observed sex difference in 

neuronal nociceptive signalling. By using SDH tissue from female rats that were ovariectomized 

before reaching sexual maturity, we discovered that the sex difference in response to BDNF is 

hormonally mediated. We found that ex vivo BDNF treatment in these ovariectomized animals 

resulted in the potentiation of synaptic mEPSC NMDAR responses. The next step in this 

research question is to determine which gonadal hormone is responsible for this switch to the 

male-like BDNF-NMDAR sensitive phenotype. This could be achieved by performing 

ovariectomy at P21, like was done in Chapter 3, but then supplementing either progesterone or 

estrogen and observing the effects of BDNF on NMDARs. If NMDARs are potentiated when a 

hormone is supplemented in ovariectomized animals, that will demonstrate that the 

supplemented hormone is responsible for mediating the sex difference. An interesting question 

that remains unexplored is whether ovariectomized females subjected to the CFA inflammatory 

pain model would also display potentiation of synaptic NMDAR mEPSC responses since naïve 

CFA-females did not.  

Hormonally mediated effects can be broadly categorized as activational or organizational. 

Activational sex differences are transient effects that require the presence or absence of a 
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hormone for the resulting physiological change or behaviour (Kawata, 1995). In contrast, 

organizational effects occur when hormonal signalling confers changes to structures or circuits 

that persist from that point throughout the subject’s development (Kawata, 1995). In Chapter 3, 

we see that the effect of removing female sex hormones before reaching sexual maturity had a 

long-lasting effect into adulthood, in altering the neuronal response to BDNF treatment in adult 

rats. Further evidence of an organizational effect can be found in our human female data. The 

age range of female donors was from mid-twenty-years-old to early-seventy-years-old. Of our 

female donors, 25% were under the age of 51, the median age of onset of menopause (McKinlay 

et al., 1985). Despite the drop in circulating female sex hormones that we predict based on the 

age of the majority of female donors (Dalal and Agarwal, 2015), we did not observe a switch to 

male-like BDNF sensitivity in the SDH, as we saw with ovariectomized animals. Therefore, we 

propose that the organizational effect of female sex hormones is life-long. 

Because we only examined females, it remains unclear how reaching sexual maturity 

affects male BDNF-inducible pathological changes. Juvenile prepubescent animals may not have 

the same response to BDNF, or other pain-mediating factors, as their adult counterparts. Indeed, 

we have found that BDNF treatment did not result in potentiation of synaptic NMDAR responses 

in male juvenile rats (unpublished observations). This gap in understanding affects not only our 

understanding of neurodevelopment and plasticity on a basic scientific level but also has 

implications for children living with chronic pain. Although chronic pain is often thought of as a 

disease targeting primarily adults, it has a substantial prevalence in children (Perquin et al., 2000; 

Huguet and Miró, 2008; King et al., 2011). Interestingly, one study found a sharp increase in 

reports of chronic pain in girls aged 12-14 years (Perquin et al., 2000), perhaps indicating 

pubertal effects on pain in the clinical population. Because of ethical implications and risks in 
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including children in clinical trials, it is particularly important to use animal and human 

preclinical models to investigate how hormonal changes affect the development of spinal 

nociceptive circuitry. Indeed, of 61 new drug approvals by the FDA in 2018, only 4 were for the 

pediatric age group (Dinh et al., 2021). Thus, the effectiveness of pharmacological targets must 

be examined at the basic science level in juvenile models. 

Thus far, we have discussed the topic of sex as a binary matter; however, sex exists on a 

spectrum (Ainsworth, 2015). Although we typically base genetic sex on the presence or absence 

of a Y chromosome, new research suggests even this basic view of sex is complex. For example, 

male microchimerisms have been discovered in the brains of adult female humans (Chan et al., 

2012). Cells from male offspring are transferred to their mother during pregnancy, resulting in a 

persistent XY genetic profile of cells in some brain areas (Chan et al., 2012). The current steps 

taken to be female-inclusive in basic science research do not begin to consider the physiology of 

transgender and intersex people. It is likely that the sex differences described here exist on a 

spectrum, but this research question has yet to be probed in humans or rodent models. In rodents, 

it is possible to supplement gonadal hormones from the opposite sex in adult animals and 

examine their effects on nociception to model hormone therapy in transgender people. To further 

explore the complex and important research questions regarding sex differences, human tissue-

based approaches offer a solution to tackle these questions in ways rodent-based research simply 

cannot address.  

Much like the spectrum of sex, there is natural variation in circulating levels of sex 

hormones between individuals (Bartley et al., 2015). In women, naturally varying testosterone 

levels are associated with changes in sensitivity to experimentally induced pain, with women 

with higher testosterone displaying increased pain thresholds (Bartley et al., 2015). Another 
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interesting hormonally-mediated finding is that of widely reported baseline difference in PWT in 

naïve rodents: females have lower PWT than males (Li et al., 2009; Sorge et al., 2015; Dedek et 

al., 2019; Mapplebeck et al., 2019). Interestingly, this difference in baseline PWT is abolished in 

estrogen receptor α or β knockouts (Li et al., 2009). To add to the complexity of hormonal 

regulation of pain, the pro-or-anti-nociceptive effects of estrogen on pain sensitivity have been 

hotly debated (Mogil, 2012). Several studies, using a variety of techniques in both sexes, find 

estrogen to be pronociceptive (LaCroix-Fralish et al., 2005; Hucho et al., 2006; Li et al., 2009), 

while others find antinociceptive effects (Kuba and Quinones-Jenab, 2005; Mannino et al., 2007; 

Martin, 2009; Bieerkehazhi et al., 2017). Craft has postulated that the reasons for these 

differences are due to methodological differences between studies, widespread but variable 

levels of estrogen receptors across the CNS, and possible biphasic dose-response relationships 

(Craft, 2007). Of the gonadal hormones, the role of progesterone, especially during pregnancy, is 

most clear. Progesterone is antinociceptive, increasing pain thresholds to electric foot shock 

during pregnancy (Gintzler, 1980; Liu and Gintzler, 2000) and relieving mechanical allodynia in 

temporomandibular joint inflammation (Hornung et al., 2020). Notably, progesterone has been 

found to reduce inflammatory pain in females in an NMDAR-linked mechanism (Ren et al., 

2000). Regardless of the specific effect of each gonadal hormone, the pain readout from an 

individual will be a summation of the transient and organizational effects of all hormones on 

nociceptive circuitry. Further research on the contribution of each gonadal hormone on 

nociception is needed to understand how these effects will vary between individuals.  

.  
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4.9 Conclusions: 

In this collective work, we examined mechanisms of SDH hyperexcitability across sex 

and species. We find that neurons in the male rat and human SDH display a mechanism of spinal 

hyperexcitability where BDNF drives KCC2-dependent disinhibition, which is linked to 

NMDAR potentiation by downregulation of the phosphatase, STEP61. Surprisingly, we find that 

spinal hyperexcitability in females is not driven by this BDNF-driven mechanism in the SDH. 

We observed that the sex difference in neuronal mechanisms of spinal hyperexcitability is 

hormonally mediated. We also developed the first ex vivo human model of pathological pain. 

Using our ex vivo human model of pathological pain, we found that the sexually divergent 

neuronal mechanisms of SDH neuronal hyperexcitability are conserved across species. Further, 

we show preliminary evidence suggesting that overall kinetic properties, but not amplitude, of 

lamina I synaptic NMDAR responses are conserved between male rodents and humans. 

This research has several exciting future directions. The first includes the development of 

novel ex vivo human pain models using additional neuropeptides. Further, MEA and voltage-

sensitive dye imaging techniques will bring our findings from a detailed single-cell approach to a 

holistic global picture of network mechanisms of spinal hyperexcitability. Such novel ex vivo 

human tissue approaches, in combination with MEA recordings or voltage-sensitive dye 

imaging, can serve as preclinical screening tools for the discovery of novel pain therapeutics. 

 

4.10 Disciplinary implications:  

 This work generates important implications for the broader field of neuroscience 

research. It is critically important that basic science research be sex inclusive, including in basic 

mechanistic studies. Furthermore, basic scientists should be mindful that sex differences 
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observed in genetically similar rodents may exist as a spectrum in the diverse human population. 

Our work also highlights the use of preclinical pain models using human tissue. The use of such 

preclinical models in basic science research can be used to bridge the gap between basic science 

rodent models and future treatment approaches for humans.  
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Appendices: 

Appendix A  - Potentiation of Synaptic GluN2B NMDAR Currents by Fyn Kinase Is Gated 

through BDNF-Mediated Disinhibition in Spinal Pain Processing  

Summary 

In chronic pain states, the neurotrophin brain-derived neurotrophic factor (BDNF) transforms the 

output of lamina I spinal neurons by decreasing synaptic inhibition. Pain hypersensitivity also 

depends on N-methyl-D-aspartate receptors (NMDARs) and Src-family kinases, but the locus of 

NMDAR dysregulation remains unknown. Here, we show that NMDAR-mediated currents at 

lamina I synapses are potentiated in a peripheral nerve injury model of neuropathic pain. We find 

that BDNF mediates NMDAR potentiation through activation of TrkB and phosphorylation of 

the GluN2B subunit by the Src-family kinase Fyn. Surprisingly, we find that Cl−-dependent 

disinhibition is necessary and sufficient to prime potentiation of synaptic NMDARs by BDNF. 

Thus, we propose that spinal pain amplification is mediated by a feedforward mechanism 

whereby loss of inhibition gates the increase in synaptic excitation within individual lamina I 

neurons. Given that neither disinhibition alone nor BDNF-TrkB signalling is sufficient to 

potentiate NMDARs, we have discovered a form of molecular coincidence detection in lamina I 

neurons. 
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Introduction 

Pain hypersensitivity depends on maladaptive changes in neuronal activity within the 

peripheral, spinal, and brain nociceptive networks. The spinal nociceptive network in the dorsal 

horn is an interconnected matrix of inputs from primary afferents as well as from inhibitory and 

excitatory local circuit neurons and descending efferent fibres. Neurons in dorsal horn lamina I 

are an essential component of the spinal nociceptive network and are critical for acute as well as 

chronic pain signalling (Braz et al., 2014; Prescott et al., 2014).  

The output of lamina I neurons is controlled by a delicate balance between synaptic 

excitation and inhibition and shifting the balance toward excitation leads to chronic pain (Woolf 

and Salter, 2000). This balance may be disrupted by reducing synaptic inhibition (disinhibition). 

A growing body of evidence has demonstrated that brain-derived neurotrophic factor (BDNF) is 

a major driver of disinhibition at lamina I synapses (Beggs and Salter, 2013; Ferrini and De 



 172 

Koninck, 2013). In the context of peripheral nerve injury (PNI), BDNF is released from activated 

microglia and binds to TrkB receptors on lamina I neurons (Coull et al., 2005; Beggs et al., 

2012). Activated TrkB receptors downregulate the potassium-chloride co-transporter, KCC2, 

resulting in increased intracellular Cl−, attenuated GABAergic inhibition, and increased action 

potential firing in lamina I neurons (Coull et al., 2003, 2005; Keller et al., 2007).  

Pain-producing changes in the balance between excitation and inhibition may also be 

mediated by enhancing excitation within the spinal nociceptive network. Excitation is driven by 

glutamatergic synaptic transmission, and the N-methyl-D-aspartate receptor (NMDAR) class of 

glutamate receptors is prominently implicated in spinal mechanisms of chronic pain (Bourinet et 

al., 2014). Blocking NMDAR activity of receptors containing the GluN2B subunit using 

pharmacological or genetic approaches blocks pain hypersensitivity in animal models of chronic 

pain. Moreover, behavioural and biochemical studies show that enhancement of NMDAR 

function by Src family kinases is critical for pain hypersensitivity (Abe et al., 2005; Liu et al., 

2008). 

A major open question is where is the critical locus of change in glutamate receptor function 

within the highly interconnected matrix that is the spinal nociceptive network. Here, we tested 

the hypothesis that in pain hypersensitivity, there is enhanced glutamatergic synaptic 

transmission onto neurons in lamina I. In order to properly characterize the postsynaptic 

responses at lamina I glutamatergic synapses, it was necessary to avoid activating the nociceptive 

network, which includes prolonged polysynaptic excitatory responses that contaminate direct 

excitatory synaptic responses (Todd, 2010). Thus, we studied miniature excitatory postsynaptic 

currents (mEPSCs) in lamina I neurons, as these mEPSCs are direct synaptic responses 

(Hildebrand et al., 2014). We found that NMDAR-mediated mEPSCs were enhanced in a PNI 



 173 

model of chronic pain. Because the enhancement was mediated by BDNF-TrkB signalling, we 

tested whether there is functional crosstalk between potentiation of NMDAR-mediated excitation 

and loss of GABAergic inhibition. We found that BDNF-mediated disinhibition led to 

enhancement of GluN2B NMDAR responses via Fyn activation in naive animals and, 

conversely, blocking disinhibition reversed the enhancement after PNI. Thus, our findings show 

that enhanced excitation of lamina I neurons is gated by disinhibition. 

Experimental Procedures 

 Animals 

All experiments involving rats and their care were performed in accordance with the 

recommendations of the Canadian Council on Animal Care and were according to the animal 

care regulations and policies of the Hospital for Sick Children, Toronto. We performed all 

experiments on male adult (350–450 g) Sprague Dawley (SD) rats, except for the experiments 

in Figure 3A, which utilized juvenile (P20–P22) SD rats. 

 Peripheral Nerve Injury and Behavioral Testing 

As previously described (Mosconi and Kruger, 1996; Pitcher et al., 1999), we used a PNI 

model of neuropathic pain to study pathological pain signalling. Under isoflurane anesthesia, we 

implanted a 2-mm long polyethylene cuff around the sciatic nerve of adult SD rats. Ten to 

17 days after surgery, animals were tested for behavioural hypersensitivity compared to baseline 

by measuring mechanical paw withdrawal threshold with von Frey filaments. Animals used for 

spinal slice electrophysiology typically had a reduction in paw withdrawal threshold from 15 g to 

4 g, which was restricted to the ipsilateral paw. 

 Spinal Cord Isolation 

https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig3
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We anesthetized male SD rats through intraperitoneal (i.p.) injection of 3 g/kg urethane 

(Sigma). As previously described (Hildebrand et al., 2014), we rapidly dissected out the lumbar 

spinal cord and immediately placed the cord in an ice-cold, oxygenated protective modified 

artificial cerebrospinal fluid (pACSF) solution. Parasagittal spinal slices (300 μm) were cut from 

an L3–L6 section of lumbar spinal cord. 

 Electrophysiological Recordings on Lamina I Spinal Cord Neurons 

We visualized cells using infrared differential interference contrast (IR-DIC) optics and 

neurons from lamina I were selected based upon their location dorsal to the substantia gelatinosa 

layer, within 50 μm of the white matter (Hildebrand et al., 2014). Although this selection criteria 

enriches for a population of mainly lamina I neurons, we cannot formally exclude the possibility 

that a smaller fraction of recorded neurons were in lamina II. 

The extracellular recording solution consisted of an artificial cerebrospinal fluid (ACSF) 

solution containing (in mM): 125 NaCl, 20 D-glucose, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 

CaCl2, and 1 MgCl2 as well as 500 nM TTX, 10 μM Cd2+, 10 μM strychnine and 10 μM 

bicuculline to block voltage-gated Na+ channel, voltage-gated Ca2+ channel, glycinergic and 

GABAergic currents, respectively. We pulled patch-clamp pipettes with resistances of 4–8 MΩ. 

The internal patch pipette solution contained (in mM): 105 Cs-gluconate, 17.5 CsCl, 10 BAPTA, 

10 HEPES, 5 QX-314, 2 MgATP, 0.5 Na2GTP (pH = 7.25, 295 mOsm), except in a subset of 

experiments where 10 BAPTA was replaced with 0.1 EGTA (Supplementary Figure 7). 

Neurons typically had access resistances below 20 MΩ and leakage currents >−100 pA at 

a holding potential (Vh) of −70 mV. As previously described (Hildebrand et al., 2014), we 

generated averaged mEPSCs for time intervals ranging between 5 and 10 min, typically with 30 

to 50 events per averaged trace. For recordings of NMDAR-mEPSCs at +60 mV, we broke 

https://www.cell.com/cms/10.1016/j.celrep.2016.11.024/attachment/c47d0e39-61f5-4bf7-83e8-77fa7e65ab15/mmc1
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through to the whole-cell configuration at −60 mV and gradually adjusted the holding potential 

to +60 mV. Thus, analysis of “initial” NMDAR-mEPSC currents was based on averages from 

∼5–15 min after whole-cell configuration. We selected for mEPSCs containing an NMDAR 

component at +60 mV by excluding mEPSCs that exhibited complete decay within 100 ms. For 

experiments with conditions that promoted a rise in intracellular Ca2+ (Supplementary Figures 6 

and 7), recordings were done at a holding potential of −40 mV, on neurons with an mEPSC 

frequency >1 Hz. 

 Compounds and Perfusion 

For electrophysiology experiments, D-AP5, bicuculline methochloride, K252a, Ro25-

6981, TCN-201. and VU 0240551 were from Tocris Bioscience. TTX was from Alomone Labs. 

Recombinant BDNF protein was from Abcam, while TrkB-Fc and TrkB-IgG were from R&D 

Systems. Ionomycin, PP2 and SU6656 were from Calbiochem. The Src40-58 and Fyn39-57 

inhibitor peptides as well as their TAT-linked versions (Liu et al., 2008; Yang et al., 2012) were 

synthesized by GenScript. Unless otherwise indicated, all other compounds were ordered from 

Sigma-Aldrich. We applied 50 ng/mL BDNF in slice pre-treatment experiments, where 

prolonged treatment would allow for permeation of BDNF throughout the slice. A higher 

concentration of BDNF (100 ng/mL) was used for acute perfusion to ensure that sufficient levels 

of BDNF reached the neuron under study during the shorter time course of the recordings. 

 Isolation of Synaptic Fractions and Biochemical Analyses 

For biochemical studies, the lumbar spinal cord was sectioned horizontally with a 

vibratome into an approximately 300 μm thick horizontal SDH section and a second section 

containing the remainder of the spinal cord. Isolation of synaptic fractions was performed as 
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previously described (Xu et al., 2009). Briefly, tissues were lysed in Dounce tissue grinders 

(Wheaton) in 1 mL ice-cold TEVP buffer supplemented with complete protease 

inhibitor cocktail (Roche). Aliquots of lysates were saved for further analyses as 

total homogenates. The rest of lysates went through two spins (10 min at 1,000 × g and 15 min at 

12,000 × g) to obtain synaptic fractions. Samples (30 μg) were loaded on 8% SDS-PAGE and 

transferred to nitrocellulose membrane (Bio-Rad). Membranes were blocked in 5% BSA in 

TBS + 1% Tween-20 (TBS-T) and incubated with primary antibodies overnight (anti-pY416 Src 

family [1:1,000] and anti-pY527 Src family [1:1,000] from Upstate; anti-Fyn [1:2,000], anti-Src 

[1:2,000], anti-KCC2 [1:2,000] and anti-actin [1:5,000] from Santa Cruz; anti-pY1472 GluN2B 

[1:1,000] and anti-pY1325 GluN2A [1:1,000] from PhosphoSolutions; anti-GluN2B [1:2,000] and 

anti-GluN2A [1:2,000] from Millipore; anti-fodrin [1:5,000] from Enzo Life Sciences) in 5% 

BSA+TBS-T. Membranes were washed three times with TBS-T and then incubated with 

horseradish peroxidase (HRP)-coupled secondary antibodies (anti-mouse or anti-rabbit, Pierce, 

1:5,000) for 2 hr at room temperature. Membranes were developed using Chemiluminescent 

Substrate kit (Pierce) and visualized by a G:BOX with the GeneSnap software (Syngene). All 

densitometric bands were quantified using ImageJ (NIH). 

 Data Analysis 

We used Microcal Origin 8.5 (Northampton) and Clampfit10 (Molecular Devices) for data 

analysis. All data are given as means ± SEM. We performed statistical comparisons of data using 

both Student’s paired and unpaired t tests as well as one-way ANOVAs followed by a Tukey’s 

test for means comparisons. We considered p < 0.05 to be statistically significant. 
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Results 

The NMDAR but Not the AMPAR Component of mEPSCs in Lamina I Neurons Is 

Increased following Peripheral Nerve Injury 

To investigate synaptic glutamatergic responses in lamina I neurons, we made whole-cell patch-

clamp recordings on visualized neurons in lamina I in acute spinal slices from adult rats. When 

we recorded at a holding potential of −60 mV, we observed spontaneously occurring, rapidly 

rising, and decaying inward currents that were eliminated by the AMPAR antagonist CNQX, 

demonstrating that these were mEPSCs. Holding the membrane potential at +60 mV revealed a 

slowly decaying NMDAR component of the mEPSCs that was blocked by 100 μM APV 

(Figure 1A). Thus, the currents we recorded here corresponded to bi-component, 

AMPAR/NMDAR mEPSCs described previously (Hildebrand et al., 2014). To clearly separate 

the NMDAR-mediated component from the AMPAR-mediated component during recordings 

at +60 mV, we calculated the NMDAR component as that beginning 40 ms after the onset of the 

mEPSC and extending to 500 ms after mEPSC onset (Supplementary Table 1). AMPAR currents 

were studied at a holding potential of −60 mV. 

 

https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig1
https://www.cell.com/cms/10.1016/j.celrep.2016.11.024/attachment/c47d0e39-61f5-4bf7-83e8-77fa7e65ab15/mmc1
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Appendix A Figure  1. NMDAR mEPSCs in Lamina I Neurons Are Reversibly Potentiated by BDNF in the 

PNI Model of Neuropathic Pain. (A) Average outward mEPSC traces at +60 mV from lamina I neurons in spinal 

slices of naive rats in the absence (black, n = 20) and presence (gray, n = 3) of 100 μM APV. (B) Left: average 

mEPSC traces at + 60 mV in rats with PNI (gray, n = 9) compared to naive rats (black, n = 20). Right: average 

mEPSC traces at −60 mV in rats with PNI (gray, n = 5) compared to naive rats (black, n = 13). (C) Left: averaged 

mEPSC traces from rats with PNI during an initial recording period (gray) and during a final period (30–50 min) of 

recording (black, n = 7). Right: time course of NMDAR charge transfer (averaged every 10 min, n = 4 each). (D) 

Average mEPSC traces from naive rats (black) and rats with PNI (gray) as well as from rats with PNI that had slices 

treated with 200 ng/mL TrkB-Fc before recording (light gray, n = 9). Current traces are represented as means (dark 

lines) ± SEM (lighter bars) of mEPSCs from all averaged cells. Scale bars, 100 ms (x axes); 5 pA (y axes). 

 

 

To determine whether these glutamatergic synaptic responses of lamina I neurons are 

affected during pathological pain processing, we studied mEPSCs in neurons from rats that had 

received a PNI (Mosconi and Kruger, 1996; Pitcher et al., 1999). PNI is widely used as a model 

of peripheral neuropathic pain and pain hypersensitivity is inferred by a lowering of the 
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mechanical paw withdrawal threshold ipsilateral to the nerve injury. We included only animals in 

which the paw withdrawal threshold was significantly reduced compared to the same paw before 

PNI (n = 23 animals). The recordings were made from slices taken from animals 10–17 days 

after PNI, when the mechanical hypersensitivity has reached maximum. We found that the 

frequency of mEPSCs was not affected by PNI (PNI: 4.5 ± 1.8 Hz, n = 5; naive 3.6 ± 0.9, n = 13, 

p = 0.61). Moreover, we found that the AMPAR mEPSCs in lamina I neurons were not altered in 

neurons from animals with PNI (Figure 1B): peak (−23.6 ± 1.2 pA), rise time (0.9 ± 0.2 ms), and 

decay time constant (5.9 ± 0.9 ms) of the AMPAR mEPSCs after PNI (n = 5 neurons) were not 

significantly different than those from naive rats (−22.0 ± 1.2 pA, p = 0.45; 1.2 ± 0.1 ms, p = 

0.27; 6.7 ± 0.5 ms, p = 0.43, respectively; n = 13 neurons). By contrast, we found that the 

NMDAR component of the mEPSCs was significantly increased after PNI (Figure 1B). We used 

charge transfer as a robust measure of the NMDAR component of the mEPSCs (Hildebrand et 

al., 2014) and observed that the charge transfer in neurons from rats with PNI (5.27 ± 0.35 pC, 

n = 9 neurons) was greater than that in naive rats (3.20 ± 0.22 pC, n = 20 neurons; p = 0.000021). 

The NMDAR component of the mEPSCs in sham-operated rats (2.75 ± 0.52 pC, n = 6) was not 

different from that in naive rats (p = 0.37). From these findings, we conclude that the NMDAR 

component, but not the AMPAR component, of mEPSCs in lamina I neurons was significantly 

potentiated following PNI. 

 BDNF-TrkB Signaling Mediates the Potentiation of NMDAR mEPSCs by PNI 

Strikingly, we observed a progressive decrease in the NMDAR component of mEPSCs 

during recordings of lamina I neurons from rats with PNI but not during recordings in neurons 

from naive rats (Figure 1C; Supplementary Table 2). By comparison, the AMPAR component of 

the mEPSCs was stable during recording from either PNI or naive rats (not illustrated). In 

https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig1
https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig1
https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig1
https://www.cell.com/cms/10.1016/j.celrep.2016.11.024/attachment/c47d0e39-61f5-4bf7-83e8-77fa7e65ab15/mmc1


 180 

neurons from rats with PNI, the NMDAR charge transfer decreased from an initial value of 5.17 

± 0.47 pC to 3.08 ± 0.37 pC (n = 7 neurons, p = 0.000030) after 30 min of recording. The 

NMDAR charge transfer at the end of the recordings from these neurons was not different from 

the charge transfer in neurons from naive rats (p = 0.47; Figure 1C). These findings indicate that 

the potentiation of the NMDAR component of the mEPSCs in neurons from rats with PNI was 

gradually lost during the recordings and that the NMDAR mEPSCs returned to the basal level 

observed in neurons from naive animals. 

The neurons were continuously superfused with extracellular recording solution during 

the recording period, and we questioned whether the decrease in NMDAR mEPSCs in neurons 

from rats with PNI was due to progressive loss of an endogenous, extracellular potentiating 

substance. Given the key role of BDNF in pain hypersensitivity (Beggs and Salter, 2013; Ferrini 

and De Koninck, 2013), we considered the possibility that BDNF might be such a potentiating 

substance. To test this possibility, we treated spinal cord slices from rats with PNI with a BDNF-

sequestering fusion protein, TrkB-Fc (Ninkina et al., 1997), beginning at least 10 min prior to 

recording and continuing throughout the recording period. In contrast to the recordings without 

TrkB-Fc treatment, we found that the NMDAR charge transfer was stable during recordings (n = 

6, p = 0.30) in neurons from PNI rats treated with TrkB-Fc (200 ng/mL). Moreover, the initial 

NMDAR charge transfer in neurons from PNI rats treated with TrkB-Fc was significantly less 

than that in PNI neurons not treated with TrkB-Fc (n = 9, p = 0.014, Figure 1D). In addition, the 

NMDAR charge transfer in PNI neurons treated with TrkB-Fc was not different from the final 

NMDAR charge transfer in neurons from PNI rats (n = 9 and 7 neurons, respectively, p = 0.62) 

nor from that in neurons from naive rats (n = 20 neurons, p = 0.62). Together, these findings 

indicate that prior to the beginning of the recordings in neurons from PNI animals, the pre-
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treatment with TrkB-Fc occluded the decline in NMDAR mEPSCs. The observation that the 

NMDAR charge transfer in neurons from PNI rats remained constant or increased during the first 

10 min of recording suggests that the decline in NMDAR responses was not due to loss of an 

intracellular signal through dialysis of the patch pipette solution. Therefore, we conclude that the 

potentiation of NMDAR mEPSCs in lamina I neurons following PNI depends upon 

endogenously released BDNF. 

To test whether BDNF is sufficient to cause potentiation of NMDAR mEPSCs, we pre-

treated spinal slices from naive animals with recombinant BDNF (50 ng/mL BDNF, 75 ± 3 min, 

n = 14 neurons). We found that the initial NMDAR charge transfer in BDNF-pre-treated slices 

(5.03 ± 0.37 pC; n = 14 neurons) was significantly larger than that in neurons from untreated 

slices (3.20 ± 0.22 pC; n = 20 neurons; p = 0.000088; Figures 2A). During these experiments, we 

stopped the BDNF treatment just prior to recording and observed a progressive decrease in the 

NMDAR mEPSCs (Figure 2B) comparable to the decline in the NMDAR component during 

recordings in neurons from PNI rats (cf. Figure 1C). To determine whether we could reverse the 

loss of NMDAR mEPSC charge transfer during recordings from PNI animals, we applied BDNF 

after the currents had declined (Figure 2C; Supplementary Table 3). NMDAR currents 

significantly increased by 55% ± 14% (n = 5 neurons, p = 0.0086) following BDNF 

administration (100 ng/mL, 7–20 min), indicating that the decline in NMDAR mEPSCs was 

rescued by exogenous BDNF. The finding that NMDAR responses were potentiated by 

exogenous BDNF at this later time point further supports the conclusion that the initial decline in 

NMDARs was not due to whole-cell dialysis. Together, these findings indicate that BDNF is not 

only necessary for the potentiation following PNI but is also sufficient to induce a potentiation of 

synaptic NMDAR currents in lamina I neurons. 

https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig2
https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig2
https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig1
https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig2
https://www.cell.com/cms/10.1016/j.celrep.2016.11.024/attachment/c47d0e39-61f5-4bf7-83e8-77fa7e65ab15/mmc1


 182 

 

Appendix A Figure  2. BDNF Is Sufficient to Facilitate NMDAR mEPSCs. (A) Average initial mEPSC traces in 

slices of naive rats treated with (gray, n = 14) or without (black, n = 20) 50 ng/mL BDNF. (B) Average mEPSC 

traces from BDNF-treated slices during initial (gray) and final (black, 20 to 50 min) periods of recording (n = 10). 

(C) mEPSC traces from a rat with PNI during an initial recording period (gray), a later recording period (black), and 

subsequent perfusion of 100 ng/mL recombinant BDNF protein for 5–15 min (dark gray). (D) Average initial 

mEPSC traces (top) and associated NMDAR charge transfer values (bottom) from spinal slices of naive rats pre-

treated with BDNF alone (black, n = 14), BDNF and 2 mg/mL anti-TrkB (gray, n = 7), or BDNF followed by 

intracellular 100 nM K252a during recording (light gray, n = 8). ∗p < 0.05 compared to BDNF pre-treatment alone. 

(E) Plot of final charge transfer values normalized to initial values. ∗p < 0.05 compared to initial charge transfer 

values for given treatment. Inset, average mEPSC traces at +60 mV during initial (gray) and final (black) recording 

periods for slices pre-treated with BDNF and anti-TrkB (n = 5). Scale bars, 100 ms (x axes); 5 pA (y axes). All 

current traces and plots are represented as means ± SEM. 
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To determine whether the potentiation of NMDAR mEPSCs by BDNF is mediated 

through activation of its cognate receptor, TrkB, we utilized a function-blocking anti-TrkB 

antibody (anti-TrkB) (Coull et al., 2005; Prescott et al., 2014). In spinal slices from naive rats, 

co-treatment of anti-TrkB (2 μg/mL) with BDNF (n = 7 neurons) prevented the potentiation of 

NMDAR mEPSCs (Figure 2D) and the subsequent decline in NMDAR mEPSCs (Figure 2E) 

seen in neurons pre-treated with BDNF but not anti-TrkB (cf. Figure 2A). To test whether TrkB 

was activated directly in the neuron in which NMDAR mEPSCs were potentiated, we 

intracellularly administered the TrkB inhibitor, K252a (Tapley et al., 1992), into the recorded 

neuron through the patch pipette. Because we administered K252a directly into the cell, we used 

near IC50 concentrations (100 nM) to minimize inhibition of TrkB in neighbouring neurons. In 

neurons with intracellularly administered K252a (n = 8 neurons), we observed neither the 

BDNF-induced increase in NMDAR charge transfer (Figure 2D) nor the subsequent decline in 

NMDAR mEPSCs during recordings (Figure 2E). Therefore, we conclude that the potentiation 

by BDNF of synaptic NMDAR responses in a given lamina I neuron is mediated by activating 

TrkB on that neuron. 
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Appendix A Figure  3. The Potentiation of NMDAR mEPSCs by BDNF/ PNI Requires Fyn but Not Src. (A) 

Time course of NMDAR charge transfer with either 1 mM EPQ(pY)EEIPIA (gray, n = 4) or 1 mM EPQYEEIPIA 

(black, n = 3) in the intracellular pipette solution. Inset, average mEPSC traces during initial (black) and final (gray, 

40+ min) recording periods, with 1 mM EPQ(pY)EEIPIA in the intracellular solution. (B) Left: plot of initial 

NMDAR charge transfer for slices pre-treated with BDNF (shaded, cf. Figure 3A), BDNF and 1 μM PP2 (gray, n = 

6), or BDNF and 10 μM SU6656 (light gray, n = 5). ∗p < 0.05 compared to BDNF pre-treatment alone. Right: plot of 

normalized charge transfer values for the same pre-treatment conditions as left, with inset average mEPSC traces for 

pre-treatment with BDNF and PP2 (top) or BDNF and SU6656 (bottom). ∗p < 0.05 compared to initial charge 

transfer value for given treatment. (C) Left: plot of initial NMDAR charge transfer for slices pre-treated with BDNF 

and 10 μM TAT-Fyn39-57 (gray, n = 9), BDNF and 10 μM TAT-Scbld-Fyn (black, n = 7), or BDNF and 10 μM 

TAT-Src40-58 (light gray, n = 9). ∗p < 0.05 compared to BDNF pre-treatment alone. Right: average mEPSC traces 

during initial (gray) and final (black) recording periods for the pre-treatment conditions to the left. (D) Left: plot of 
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 185 

initial NMDAR charge transfer from PNI rats during control recordings (black, n = 9) or recordings with 

intracellular dialysis of Fyn39-57 (gray, n = 6) or Src40-58 (light gray, n = 7). Middle: average initial mEPSCs of 

PNI rats with intracellular Src40-58 (light gray) or intracellular Fyn39-57 (gray). Right: plot of normalized charge 

transfer values during initial and final recording periods for the same treatment conditions in PNI rats as left, with 

inset average mEPSC traces. Scale bars, 100 ms (x axes); 5 pA (y axes). All current traces and plots are represented 

as means ± SEM. 

 

 Potentiation of NMDAR mEPSCs by BDNF Requires Fyn Kinase Activity 

As upregulation of NMDARs by Src family protein tyrosine kinases (Wang and Salter, 

1994) is implicated in models of pain hypersensitivity (Bourinet et al., 2014), we investigated 

whether Src family kinases (SFKs) participate in the BDNF-mediated potentiation of NMDAR 

mEPSCs in lamina I neurons. First, we found that the phosphopeptide SFK activator 

EPQ(pY)EEIPIA (1 mM, n = 4 neurons, p = 0.0056), but not the inactive EPQYEEIPIA (1 mM, 

n = 3 neurons, p = 0.47), caused a progressive increase in NMDAR charge transfer when 

administered intracellularly through the patch pipette (Figure 3A). Thus, in lamina I neurons 

synaptic NMDAR currents can be upregulated by activating SFKs. 

Next, we tested for SFK involvement in BDNF-mediated potentiation of NMDAR 

mEPSCs. We found that the BDNF-induced increase in NMDAR charge transfer was prevented 

(Figure 3B, left) by pre-administering the SFK inhibitor PP2 (1 μM; n = 6 neurons). Pre-treating 

with PP2 also precluded the in-recording decline in NMDAR charge transfer normally observed 

in neurons pre-treated with BDNF without PP2 (Figure 3B, right). Administering PP2 acutely to 

spinal slices from naive animals had no effect on NMDAR charge transfer (n = 4 neurons, p = 

0.46; Supplementary Figure 1), implying that PP2 does not directly inhibit NMDARs. Also, the 

lack of effect of PP2 on NMDAR mEPSCs indicates that in lamina I neurons under basal 
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conditions there is no ongoing upregulation of NMDAR mEPSCs by SFKs. The effects of PP2 

on BDNF potentiation of NMDARs were mimicked by a structurally distinct SFK inhibitor, 

SU6656 (10 μM; n = 5 neurons; Figure 3B). Thus, we conclude that SFK activity is necessary 

for the BDNF-mediated potentiation of NMDAR mEPSCs in lamina I neurons. 

Because two individual SFK members, Src and Fyn, are implicated in chronic pain 

hypersensitivity (Abe et al., 2005; Liu et al., 2008), we tested whether Src or Fyn is required for 

the potentiation of NMDAR mEPSCs by BDNF. We utilized membrane-permeable TAT-fusion 

peptide inhibitors that differentially block the upregulation of NMDAR currents by Src kinase 

itself, TAT-Src40-58 (Liu et al., 2008), or by Fyn kinase, TAT-Fyn39-57 (Yang et al., 2012). We 

examined the effects of the TAT peptides (10 μM) on the BDNF-induced potentiation in lamina I 

neurons from naive rats. Pre-treating with TAT-Fyn39-57 together with BDNF (n = 9 neurons) 

prevented the potentiation of NMDAR mEPSCs (Figure 3C) and the subsequent decline in 

NMDAR mEPSCs (Figure 3C) observed in neurons pre-treated with BDNF alone. However, pre-

treatment with a TAT-fusion peptide in which the Fyn39-57 sequence was scrambled (TAT-

Scbld-Fyn, n = 7 neurons) did not prevent the BDNF potentiation: the NMDAR charge transfer 

in neurons treated with TAT-Scbld-Fyn was not different from that in neurons treated with 

BDNF alone and the characteristic in-recording decline in the NMDAR mEPSCs was observed 

(Figure 3C). In contrast to TAT-Fyn39-57, TAT-Src40-58 (n = 9 neurons) did not prevent the 

BDNF-induced increase in NMDAR charge transfer nor the subsequent in-recording decline in 

the NMDAR mEPSCs (Figure 3C). 

As these findings indicate that the potentiation of NMDAR mEPSCs by BDNF depends 

upon Fyn kinase but not Src kinase, we tested whether Fyn, but not Src, is required for the 

potentiation of NMDAR mEPSCs following PNI. In these experiments, we utilized membrane-
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impermeant versions of the peptides—Fyn39-57 and Src40-58 (30 μg/mL)—which were 

administered directly into the neurons during recordings to allow us to determine whether Fyn, 

or Src, was required in the neuron under study. We found in recordings from PNI animals that 

the NMDAR charge transfer in neurons in which Fyn39-57 was administered intracellularly (n = 

6 neurons) was significantly less than that in neurons without Fyn39-57 (Figure 3D, left). In 

addition, there was no in-recording decline in NMDAR mEPSCs in neurons recorded with 

Fyn39-57 (Figure 3D, right). Moreover, after PNI the NMDAR charge transfer in neurons 

recorded with Fyn39-57 was not different from that in neurons from naive rats not receiving 

Fyn39-57 (PNI + Fyn 3.31 ± 0.34 pC, n = 6 neurons; naive 3.20 ± 0.22 pC, n = 20 neurons, p = 

0.81). The effects of Fyn39-57 on NMDAR charge transfer in neurons from PNI rats were not 

produced by intracellularly administering Src40-58 (n = 7 neurons): NMDAR charge transfer 

and subsequent in-recording decline were not different from those in neurons without peptide 

administration (Figure 3D). 

 BDNF Activates Fyn but Not Src to Drive the Phosphorylation and Potentiation of 

GluN2B NMDARs 

Because Fyn was required for the potentiation of synaptic NMDARs by either BDNF or 

nerve injury, we next tested whether activation of Fyn was sufficient to potentiate NMDARs at 

adult lamina I synapses. We found that activation of intracellular SFKs with EPQ(pY)EEIPIA 

significantly (p < 0.05) increased NMDAR mEPSCs when Src was blocked with intracellular 

Src40-58 (n = 5) but not when Fyn was blocked with intracellular Fyn39-57 (n = 6) (Figure 4A). 

We previously found that SFKs are differentially coupled to specific NMDAR GluN2 subunits, 

with Src potentiating GluN2A-containing receptors and Fyn potentiating GluN2B-containing 

receptors (Yang et al., 2012). Here, we found that the component of NMDAR mEPSCs that was 
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potentiated by BDNF had a decay time constant of 276 ms, which is consistent with NMDARs 

containing GluN1 together with GluN2B (Figure 4B). We therefore tested whether GluN2A 

and/or GluN2B is required for the potentiation of NMDAR mEPSCs by BDNF. In slices treated 

with BDNF and a GluN2A selective antagonist, TCN-201 (3 μM), the initial NMDAR charge 

transfer (4.24 ± 0.22 pC; n = 8) was significantly greater than slices treated with the GluN2A 

antagonist alone (2.86 ± 0.25 pC; n = 12; p = 0.0012), with the same decline in NMDAR 

mEPSCs observed for BDNF pre-treatment alone (Figure 4C). In contrast, treating slices with 

BDNF and a GluN2B selective antagonist, Ro25-6981 (1 μM), prevented the potentiation and 

subsequent decline of NMDAR mEPSCs (Figure 4C): the initial NMDAR charge transfer was 

not significantly different for BDNF and Ro25-6981 (1.54 ± 0.22 pC; n = 6) compared to 

treatment with Ro25-6981 alone (1.23 ± 0.17 pC; n = 12; p = 0.30). 
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Appendix A Figure  4. Fyn but Not Src Directly Mediates the Potentiation of GluN2B-Containing NMDAR 

Responses at Lamina I Synapses. (A) Plot of initial versus final NMDAR charge transfer values (left) and 

averaged traces (right) for recordings on naive lamina I neurons with control internal solution (n = 5), 

EPQ(pY)EEIPIA (n = 6), EPQ(pY)EEIPIA + Src40-58 (n = 5), or EPQ(pY)EEIPIA + Fyn39-57 (n = 6) in the patch 

pipette. (B) Subtraction of final mEPSCs from initial mEPSCs in BDNF pre-treated slices yields a BDNF-sensitive 

mEPSC component (n = 10). (C) Left: average initial mEPSC traces from slices pre-treated with TCN-201 (n = 12) 

versus BDNF and TCN-201 (n = 8) (top) or Ro25-6981 (n = 12) versus BDNF and Ro25-6981 (n = 6) (bottom). 

Right: plot of normalized charge transfer values during initial and final recording periods for slices pre-treated with 

BDNF (n = 10), BDNF and Ro25-6981 (n = 4), or BDNF and TCN-201 (n = 6), with inset average mEPSC 

traces. ∗p < 0.05 compared to initial charge transfer value for given treatment. Scale bars, 100 ms (x axes); 5 pA (y 

axes). All current traces and plots are represented as means ± SEM. 
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Next, we used biochemical approaches to investigate whether BDNF treatment altered 

Fyn-meditated phosphorylation and synaptic localization of NMDAR subunits in the superficial 

dorsal horn (SDH). We first immunoprecipitated Fyn or Src from the synaptosomal fraction of 

SDH tissue, followed by detection with phospho-SFK antibodies. Phosphorylation of two 

tyrosine residues regulate the activity of these kinases, with phosphorylation of Tyr420 activating 

Fyn (Tyr416 in Src) and phosphorylation of Tyr531 inhibiting Fyn (Tyr527 in Src) (Salter and Kalia, 

2004; Ingley, 2008). Treatment of SDH tissue with BDNF led to a significant increase in Fyn 

phosphorylation at Tyr420 (p = 0.012) and a concomitant decrease at Tyr531 (p = 0.014), indicating 

increased activation of Fyn at SDH synapses (n = 6 slices, Figure 5A). In contrast, we found no 

changes in Src phosphorylation at either Tyr416 (p = 0.58) or Tyr527 (p = 0.48) (n = 6, Figure 5A) 

as well as no change in total Src or Fyn protein levels (Figure 5B, data not shown). 
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Appendix A Figure  5. BDNF Activates Fyn but Not Src to Drive Trafficking and Phosphorylation of GluN2B 

NMDARs Selectively at Superficial Dorsal Horn Synapses. (A) Fyn or Src were immunoprecipitated from 

synaptic fractions of SDH. Western blots using phospho-specific antibodies (right), with phosphorylation levels 

normalized to total protein levels (left). ∗p < 0.05, n = 6. (B) Western blots from synaptic fractions of SDH treated 

with either saline, BDNF, BDNF and TAT-Fyn39-57, or BDNF and TAT-Scbld-Fyn for 70 min. Blots (n = 8, right) 

were probed with the antibodies indicated. Phospho-Fyn was normalized to Fyn and then to beta-actin as a loading 

control while all other targets were normalized to beta-actin directly (left). ∗p < 0.05 using one-way ANOVA with 

Tukey’s post hoc test. All plots are represented as means ± SEM. 

 

 

We also tested the phospho-SFK antibody without immunoprecipitation and found a 

significant increase in SFK phosphorylation at this Tyr residue (Tyr420/Tyr416, Figure 5B, 

top; Supplementary Data 1). As phosphorylation of Src was not altered by BDNF (Figure 5A), 

we conclude that this likely reflects an increase in Fyn phosphorylation at Tyr420. Activated Fyn 

potentiates GluN2B-containing NMDARs by phosphorylating Tyr1472 on the GluN2B subunit 

(Salter and Kalia, 2004). Consistent with our findings of a Fyn-dependent potentiation of 

GluN2B-mediated synaptic responses, we found increased phosphorylation of GluN2B 

at Tyr1472 upon BDNF treatment (p = 0.023) as well as increased localization of GluN2B protein 

in SDH synaptosomes (p = 0.012) (n = 8 slices, Figure 5B, middle). In contrast, we found that 

BDNF treatment did not alter the phosphorylation of GluN2A at an analogous residue (Tyr1325) 

(p = 0.84) nor total GluN2A levels (p = 0.59) (n = 8 slices, Figure 5B, bottom). Moreover, 

BDNF treatment had no effect on Fyn or GluN2B phosphorylation or expression in 

synaptosomes from deep dorsal horn and ventral horn tissue (Supplementary Figure 2A) nor in 

SDH total homogenates (Supplementary Figure 2B). 
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To test whether Fyn kinase was required for the BDNF-mediated increase in GluN2B 

phosphorylation and synaptic localization, we treated SDH tissue with BDNF and TAT-Fyn39-

57. We found that co-administration of TAT-Fyn39-57 abolished the increase in phosphorylation 

of GluN2B at Tyr1472 (p = 0.99) and the increase in total synaptosomal GluN2B (p = 0.93) 

observed for BDNF alone (n = 8 slices, Figure 5B, middle). In slices treated with TAT-Scbld-

Fyn and BDNF, we found an increase in phosphorylated GluN2B (p = 0.049) and total GluN2B 

(p = 0.28) compared to control-treated slices, albeit below the significance threshold for the latter 

(n = 8 slices). Importantly, the increase in phosphorylation of Fyn at Tyr420 was preserved when 

slices were treated with BDNF and TAT-Fyn39-57 (n = 8 slices, p = 0.025; Figure 5B, top), 

showing that TAT-Fyn39-57 blocks Fyn-GluN2B interactions rather than the regulation of Fyn 

activity itself. These findings together suggest that synaptic NMDAR currents in lamina I 

neurons are potentiated following PNI by BDNF-induced stimulation of TrkB, activation of Fyn 

kinase, and subsequent phosphorylation of GluN2B-containing NMDARs. 

 BDNF-Mediated Disinhibition Is Required for the Potentiation of GluN2B NMDARs by 

Fyn after PNI 

BDNF is a well-known mediator of PNI-induced pain hypersensitivity via TrkB-mediated 

blockade of KCC2 and subsequent suppression of GABAA- and glycine-mediated inhibition of 

neurons in spinal lamina I (Beggs and Salter, 2013; Ferrini and De Koninck, 2013). Hence, we 

wondered whether this type of disinhibition may be required for the potentiation of NMDAR 

mEPSCs in lamina I neurons. As GABAA and glycine receptors are permeable to HCO3
−, in 

addition to Cl−, disinhibition driven by blockade of KCC2 is dependent upon HCO3
− efflux 

(Staley et al., 1995; Price et al., 2009) and can be reversed by lowering intracellular HCO3
− via 

inhibiting carbonic anhydrase (Kaila et al., 2014). Therefore, we examined the potential 
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involvement of disinhibition in the BDNF-mediated potentiation of NMDAR currents by using 

the membrane-permeant inhibitor of carbonic anhydrase, acetazolamide. Acetazolamide has been 

found to reverse depolarizing shifts in GABAA-receptor currents in lamina I neurons (Ferrini and 

De Koninck, 2013). 

Pre-treating slices from naive rats with acetazolamide (10 μM) together with BDNF 

prevented the potentiation of NMDAR mEPSCs induced by BDNF pre-treatment alone 

(Figure 6A, left). Specifically, the NMDAR charge transfer in neurons pre-treated with BDNF 

and acetazolamide (3.24 ± 0.34 pC, n = 8 neurons) was significantly less than that in neurons 

treated with BDNF alone (p = 0.0045) and was not significantly different from that in untreated 

neurons from naive rats (3.20 ± 0.22 pC, n = 20 neurons, p = 0.92). Also, the in-recording 

decline of NMDAR mEPSCs, characteristic of neurons pre-treated with BDNF alone was not 

seen in neurons pre-treated with BDNF together with acetazolamide (Figure 6A, right). We 

found that pre-treating slices from naive rats with acetazolamide alone had no significant effect 

on NMDAR mEPSCs, suggesting that disinhibition does not regulate NMDAR currents under 

basal conditions (Figure 6B). However, in recordings from rats with PNI, treating slices with 

acetazolamide prior to recording significantly reduced the amplitude of the initial NMDAR 

mEPSCs to 3.94 ± 0.46 pC (n = 7 neurons; p = 0.035 compared to PNI alone)—a level not 

different from that of the charge transfer in neurons from rats without PNI (Figure 6C, left, p = 

0.88). Acetazolamide pre-treatment also prevented the in-recording decline of NMDAR mEPSCs 

in rats with PNI (Figure 6C, right). It is conceivable that the effects of acetazolamide might have 

been due to blockade of BDNF activation of TrkB receptors. However, we found that 

acetazolamide (10 μM) did not affect activation of TrkB by BDNF (Figure S3) and thus 

acetazolamide was not acting to prevent BDNF from activating TrkB. 
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Appendix A Figure  6. The Potentiation of NMDAR mEPSCs by BDNF/PNI Requires Disinhibition. (A) Left: 

plot of initial NMDAR charge transfer for slices pretreated with saline (white), BDNF (black), BDNF and 10 μM 

acetazolamide (gray), or acetazolamide alone (light gray). Right top: average initial mEPSCs from naive slices pre-

treated with BDNF (black) or with BDNF and 10 μM acetazolamide (gray). Right bottom: average mEPSCs for 

slices pre-treated with BDNF and 10 μM acetazolamide, during initial (gray) and final (black) recording periods. (B) 

Initial average mEPSCs for slices pre-treated with 10 μM acetazolamide (n = 7) compared to saline pre-treated slices 

(n = 20). (C) Left: representative mEPSC traces during initial (gray) and final (black) recording periods from lamina 

I neurons of the same PNI rat whereby one slice was pre-treated with control solution (top) and a separate slice was 

pre-treated with 10 μM acetazolamide for 72 min (bottom). Right: plot of normalized charge transfer values during 

initial and final recording periods. ∗p < 0.05 compared to initial charge transfer value for a given treatment. Scale 

bars, 100 ms (x axes); 5 pA (y axes). (D) Western blots from synaptic fraction of SDH treated with either saline, 

BDNF, BDNF and acetazolamide, or acetazolamide alone. Statistical significance (∗p < 0.05, n = 8 for all 
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treatments) was determined using one-way ANOVA with Tukey’s post hoc test. All current traces and plots are 

represented as means ± SEM. 

 

 

In contrast to SDH tissue treated with BDNF alone, treatment of slices with BDNF and 

acetazolamide prevented the BDNF-dependent increase in phosphorylation of Fyn at 

Tyr420 (p = 0.97) as well as the increase in phosphorylated GluN2B (pY1472, p = 0.99) and total 

GluN2B (p = 0.99) in SDH synaptosomes (n = 8 slices, Figure 6D; Data S1). Moreover, 

treatment of slices with acetazolamide alone had no effect on Fyn phosphorylation at Tyr420 (p = 

0.94), GluN2B phosphorylation at Tyr1472 (p = 0.99), or total synaptic GluN2B levels (p = 0.99, 

n = 8 slices, Figure 6D), suggesting there is no basal level of disinhibition within the naive SDH. 

Similarly, treatment with either acetazolamide or acetazolamide and BDNF had no effect on 

levels of pY420 Fyn, pY1472 GluN2B, or GluN2B at deep dorsal horn and ventral horn synapses 

(Figure S4). Thus, we conclude that BDNF-induced disinhibition is necessary for the Fyn-

mediated potentiation of GluN2B-containing NMDARs produced by exogenous BDNF or by 

PNI. 

 KCC2 Downregulation Primes Lamina I Neurons for NMDAR Potentiation by BDNF 

To test whether the disinhibition mediated by suppressing KCC2 is sufficient to 

potentiate synaptic NMDAR responses, we used the pharmacological inhibitor of KCC2, 

VU0240551 (Delpire et al., 2009). We applied VU0240551 to spinal slices from naive rats at a 

concentration (50 μM) known to increase intracellular [Cl−] and decrease GABA-mediated 

inhibition (Doyon et al., 2011). Pre-treating slices with VU0240551 (n = 12 neurons) did not 

significantly alter the initial NMDAR mEPSCs: charge transfer (3.63 ± 0.31 pC, p = 0.25) was 
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not different from slices with no VU0240551 pre-treatment (Figure 7A, left). Also, VU0240551-

treated neurons did not display any time-dependent change in NMDAR charge transfer during 

recordings (Figure 7A, right). 

 

 

Appendix A Figure  7. Downregulation of KCC2 Activity Gates Potentiation of NMDAR mEPSCs by 

Exogenous BDNF. (A) Average initial mEPSC traces (middle) and associated NMDAR charge transfer values (left) 

in control-treated slices (white) or slices pre-treated with 50 μM VU0240551 for 80 ± 3 min (gray, n = 12). Right: 

average mEPSC traces (inset) and normalized charge transfer values for slices pre-treated with VU0240551 during 

initial and final recording periods. (B) Left: average mEPSC traces from slices pre-treated VU0240551 for 60+ min 

(n = 5). Following a control period of recording (black trace), 100 ng/mL BDNF was acutely perfused during 

recording for 10+ min (gray trace). Right: NMDAR charge transfer during acute administration of BDNF 

https://www.cell.com/cell-reports/comments/S2211-1247(16)31582-0#fig7
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normalized to a control recording period for untreated (left bar) and VU0240551 pre-treated (right bar) slices. ∗p < 

0.05. Scale bars, 100 ms (x axes); 5 pA (y axes). (C) Synaptic fraction from SDH treated with the indicated agents 

for 70 min. KCC2 protein levels were normalized to beta-actin as a loading control (left). Statistical significance 

(∗p < 0.05, n = 8) was determined one-way ANOVA with Tukey’s post hoc test. All current traces and plots are 

represented as means ± SEM. 

 

 

As suppressing KCC2 function did not cause a potentiation of synaptic NMDAR 

responses per se, we asked whether this form of disinhibition may gate the potentiation of 

NMDAR mEPSCs by BDNF. In lamina I neurons from vehicle-treated slices of naive rats, bath-

applying exogenous BDNF (100 ng/mL) after the start of whole-cell recording failed to produce 

potentiation of NMDAR mEPSCs and instead caused a small inhibition of synaptic NMDAR 

responses (n = 11 neurons, Figure 7B). However, in recordings from neurons in spinal slices that 

had been pre-treated with VU0240551, bath-applying BDNF (100 ng/mL) during the recording 

significantly increased NMDAR charge transfer (n = 5 neurons, p = 0.0072, Figure 7B). 

In biochemical experiments, we found that BDNF pre-treatment reduced the level of KCC2 in 

the SDH (n = 8 slices, p = 0.042/0.0034, Figure 7C, top/bottom; Data S1) but not in the deep 

dorsal horn and ventral horn (Supplementary Figure 4). Moreover, this reduction was not 

abolished by pre-treatment of BDNF with acetazolamide (n = 8 slice, p = 0.047, Figure 7C, top) 

nor TAT-Fyn39-57 (n = 8 slices, p = 0.00020, Figure 7C, bottom). As acetazolamide and TAT-

Fyn39-57 did block the phosphorylation and potentiation of GluN2B NMDARs by BDNF, this 

finding further supports that KCC2 downregulation alone is not sufficient to induce potentiation 

of NMDARs. Thus, we conclude that not only does BDNF suppress KCC2-dependent inhibition 
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but that the resultant disinhibition permits the action of this neurotrophin to potentiate synaptic 

GluN2B NMDARs via Fyn activation in lamina I neurons. 

KCC2 level is regulated by several mechanisms following induction of neuronal activity 

(Lee et al., 2011; Chamma et al., 2013). To investigate whether calpain-mediated cleavage may 

be responsible for the loss of KCC2 upon BDNF treatment, we measured levels of fodrin—a 

well-characterized calpain substrate (Siman et al., 1984)—as a readout for calpain activity. We 

found no changes in full-length (250 kDa) or calpain-cleaved (150/145 kDa) fragments of fodrin 

after BDNF treatment in SDH synaptosomes (Supplementary Figure 5A) or SDH homogenates 

(Supplementary Figure 5B), suggesting calpain was not activated by BDNF under these 

conditions. 

 Raising Intracellular Ca2+ Permits BDNF-Induced Potentiation of NMDAR mEPSCs 

We next investigated how disinhibition may gate subsequent potentiation of synaptic 

NMDARs by BDNF. The acetazolamide experiments suggest that a rise in intracellular Cl− does 

not permit the potentiation of synaptic NMDARs by the TrkB/Fyn pathway. As disinhibition also 

induces an increase in intracellular [Ca2+] ([Ca2+]i) in spinal neurons (Darbon et al., 2002), 

it is possible that a rise in [Ca2+]i gates the effect of BDNF on NMDARs at lamina I synapses. 

Hence, we studied NMDAR mEPSCs in lamina I neurons of naive rats under conditions that 

permit, or prevent, an increase in [Ca2+]i. To facilitate increasing [Ca2+]i we used an extracellular 

recording solution lacking Cd2+ and Mg2+ to permit and enhance calcium influx through voltage-

gated calcium channels and NMDARs, respectively. Moreover, we reduced intracellular 

Ca2+ buffering by using 100 μM EGTA in the intracellular pipette solution. Under these 

recording conditions, NMDAR mEPSCs at −40 mV remained constant during 20 min of whole-

cell recording: the charge transfer of inward NMDAR mEPSCs was not significantly different 

https://www.cell.com/cms/10.1016/j.celrep.2016.11.024/attachment/c47d0e39-61f5-4bf7-83e8-77fa7e65ab15/mmc1
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between the 10–15 min recording period (Q = −0.45 ± 0.11, n = 6) and the 15–20 min recording 

period (Q = −0.44 ± 0.11 pC, n = 6, p = 0.75; Supplementary Figure 6). However, we found 

under these recording conditions that administrating exogenous BDNF induced an increase in 

NMDAR mEPSCs (Supplementary Figure 7): average NMDAR charge transfer significantly 

increased from −0.45 ± 0.11 pC during baseline recording to −0.83 ± 0.16 pC during 

administration of BDNF (n = 6 neurons, p = 0.0021, Supplementary Figure 7B, left). This 

BDNF-induced increase in NMDAR charge transfer was not observed in neurons where we 

greatly increased intracellular Ca2+ buffering by replacing EGTA (100 μM) with the more rapid 

buffer BAPTA at the higher concentration of 10 mM (Supplementary Figure 7B, right; baseline 

Q = −0.45 ± 0.10 pC, BDNF Q = −0.51 ± 0.10 pC, n = 5). Thus, an increase in [Ca2+]i within the 

lamina I neuron recorded is permissive for the subsequent potentiation of synaptic NMDARs by 

BDNF. 

Discussion 

Given the importance of lamina I neurons to the integration and output of spinal nociceptive 

signals (Braz et al., 2014; Prescott et al., 2014), we investigated whether glutamatergic responses 

at lamina I synapses are altered in a model of neuropathic pain. We found that unitary synaptic 

NMDAR currents in lamina I spinal neurons are potentiated following traumatic peripheral nerve 

injury. The AMPAR component of the mEPSCs, by contrast, was unchanged by nerve injury 

indicating that the quantal release of glutamate onto lamina I neurons is not altered by PNI, 

consistent with previous reports (Chen et al., 2014a; Li et al., 2016). Rather, our findings indicate 

that the increase in the NMDAR component of the mEPSCs in the nerve-injured state is 

mediated post-synaptically by enhancement of NMDARs in the lamina I neurons themselves. 

The most parsimonious signalling cascade suggested by our results is that activation of TrkB by 
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its cognate ligand BDNF leads to activation of Fyn kinase and potentiation of GluN2B-

containing synaptic NMDARs. Unexpectedly, the potentiation of NMDARs by the BDNF-TrkB-

Fyn signalling pathway requires prior and sustained KCC2-dependent disinhibition, as we found 

that blocking disinhibition with acetazolamide abolished the enhancement of lamina I NMDARs 

by exogenously administered BDNF or nerve injury. Thus, taking our evidence together suggests 

that within individual lamina I neurons, BDNF-mediated disinhibition leads to a post-synaptic 

rise in [Ca2+]i that gates potentiation of synaptic GluN2B NMDARs, by the TrkB-Fyn signalling 

pathway, in a feed-forward cycle that is activated by nerve injury. 

Our findings indicate that ongoing release of BDNF and continuous activation of TrkB-Fyn 

signalling is required to maintain the basal potentiation of NMDAR responses at lamina I 

synapses. Specifically, we found that NMDAR mEPSCs in lamina I neurons from animals with 

PNI were robustly potentiated even several hours after sectioning—potentiation that was 

reversed by acute blockade of TrkB, Fyn, or disinhibition. From these findings, we conclude that 

following nerve injury, a BDNF-mediated signalling cascade that includes spinal disinhibition 

and activation of TrkB and Fyn within individual lamina I neurons is being continuously 

activated and is required for basal NMDAR potentiation. Thus, the potentiation of NMDARs at 

lamina I synapses is not an event induced by PNI and maintained independently, like activity-

induced long-term potentiation. A form of long-term potentiation has been shown at lamina I 

synapses following peripheral inflammation (Ikeda et al., 2006), and it is possible that the basal 

potentiation of synaptic NMDARs observed here can lead to a facilitation of synaptic AMPAR 

responses following a train of afferent firing. However, unlike canonical long-term potentiation, 

the basal potentiation of synaptic NMDARs in lamina I neurons is maintained by ongoing 

signalling. This conclusion is consistent with the behavioural sensitization in PNI models that is 
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reversed by interfering with specific elements of the signalling cascade. For example, PNI-

induced behavioural sensitization is reversed by BDNF-TrkB blockers (Coull et al., 2005; Wang 

et al., 2009), NMDAR antagonists (Bourinet et al., 2014), SFK inhibitors (Peng et al., 2010), and 

blockers of KCC2-dependent spinal disinhibition (Asiedu et al., 2010; Gagnon et al., 2013; Li et 

al., 2016). 

Potentiation of NMDAR by SFKs is known to depend upon tyrosine residues on the GluN2 

subunits (Salter and Kalia, 2004) with different SFKs preferentially potentiating NMDARs 

comprised of different GluN2 subunits (Salter et al., 2009.). The GluN2 subunit dependency has 

been worked out most extensively with NMDAR responses in hippocampal CA1 neurons. In 

CA1 neurons, Fyn selectively phosphorylates and enhances the activity of GluN2B-containing 

NMDARs, while Src phosphorylates and enhances GluN2A-containing receptors (Yang et al., 

2012). In spinal lamina I neurons, NMDAR mEPSCs are dominated by GluN2B subunits with 

little contribution from GluN2A-containing receptors (Hildebrand et al., 2014). This GluN2B 

dominance is consistent with our findings showing that the potentiation of NMDAR mEPSCs 

after PNI is dependent on Fyn, but not Src activity. Indeed, we show that Fyn directly potentiates 

GluN2B NMDAR responses at lamina I synapses and that BDNF mediates an increase in the 

activated/phosphorylated forms of Fyn and GluN2B proteins selectively at SDH synapses. Thus, 

we conclude that GluN2B-containing NMDARs in lamina I neurons are selectively enhanced by 

Fyn kinase, activated downstream of TrkB. Conversely, although phosphorylation of NMDARs 

by Src has been implicated in pain hypersensitivity (Liu et al., 2008), GluN2A-containing 

NMDARs contribute little to NMDAR mEPSCs in lamina I neurons (Hildebrand et al., 2014). 

We observe here that the Src inhibitor peptide had no effect on the potentiation of NMDAR 

mEPSCs after PNI and that BDNF did not alter GluN2A expression or phosphorylation at SDH 
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synapses. We therefore conclude that the regulation of NMDARs by Src that is linked to 

pathological pain occurs at a locus in the pain transmission pathway other than in lamina I spinal 

neurons. Potential sites where Src-dependent potentiation of NMDARs may mediate pain 

hypersensitivity include presynaptic afferents (Chen et al., 2014b) and lamina II neurons (Wang 

et al., 2016). 

The reversal of PNI-induced potentiation of NMDAR mEPSCs by acetazolamide implies that 

spinal disinhibition is required for the potentiation of NMDAR responses at lamina I synapses. 

One possible mechanism is that the increase in Cl- that is produced by decreased KCC2 activity 

in individual lamina I neurons (Coull et al., 2003) gates the potentiation of NMDARs by Fyn. 

However, acetazolamide should not alter intracellular Cl− concentration, as it blocks intracellular 

HCO3
− production to reverse disinhibition (Staley et al., 1995). We also found that treating naive 

slices with the KCC2 antagonist, VU0240551, had no effect on NMDAR mEPSCs in lamina I 

neurons. Thus, an increase in intracellular Cl− is not sufficient for the potentiation of NMDARs 

at lamina I synapses. One potential player in this process is the protein tyrosine phosphatase 

STEP61. STEP61 dephosphorylates and inactivates Fyn, and not Src, and dephosphorylates 

GluN2B, leading to internalization of GluN1/GluN2B receptor complexes (Xu et al., 2015a; 

Azkona et al., 2016a). Disinhibition may thereby drive a downregulation of STEP61 to gate 

NMDAR potentiation by BDNF. As neither the disinhibition pathway alone nor the BDNF-TrkB 

signalling pathway alone is sufficient to cause potentiation of synaptic NMDAR currents, these 

processes appear to require coincident activation to cause potentiation of NMDARs. Together, 

the data indicate that we have discovered a form of molecular coincidence detection in lamina I 

neurons that requires ongoing inputs—BDNF-TrkB signalling and spinal disinhibition—to 

mediate the potentiation of synaptic excitation. 
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The relationship between disinhibition and NMDAR potentiation is a feed-forward 

mechanism for accelerating enhancement of overall excitability of lamina I neurons. The 

relationship may also be reciprocal. It has recently been shown that NMDAR activity and an 

increase in [Ca2+]i are required for the downregulation of KCC2 in the brain and spinal cord (Lee 

et al., 2011; Zhou et al., 2012; Chamma et al., 2013), implying a vicious cycle within lamina I 

neurons whereby loss of inhibition gates an increase in excitation and vice versa. The potential 

therapeutic implications of such a cycle might be that blocking disinhibition may secondarily 

relieve the permissive effect that is needed for NMDAR potentiation, while blocking NMDAR 

activity may relieve the drive to downregulate KCC2. In support, blockade of the individual 

molecular players in this pathway has been shown to reverse nerve-injury induced 

hypersensitivity in vivo, including BDNF (Coull et al., 2005), KCC2 downregulation (Li et al., 

2016), disinhibition (Coull et al., 2003; Lee and Prescott, 2015), Fyn activation (Abe et al., 2005; 

Katsura et al., 2006; Liu et al., 2014), interactions between Fyn and pY1472-GluN2B 

(Matsumura et al., 2010), and GluN2B function (Kim et al., 2012). Thus, our results provide a 

biologically plausible model of molecular coupling within lamina I neurons that may explain 

how multiple signalling pathways might each be necessary to sustain nerve-injury induced 

hypersensitivity. 

We speculate that our findings have implications beyond understanding nerve-injury induced 

hypersensitivity, as BDNF has been implicated in other types of pain hypersensitivity. In 

inflammatory hypersensitivity, BDNF appears to be released from nociceptive primary afferents, 

and knocking down nociceptor BDNF selectively attenuates behavioural hypersensitivity 

induced by peripheral inflammation (Mannion et al., 1999; Zhao et al., 2006) and burst 

stimulation of afferents drives BDNF release (Lever et al., 2001). In morphine-induced 
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hyperalgesia, BDNF released from activated spinal microglia mediates a disinhibition in lamina I 

neurons that drives sensitization (Ferrini and De Koninck, 2013). Thus, our present findings raise 

the possibility that BDNF-mediated disinhibition may drive NMDAR potentiation in a number of 

hypersensitivity states in the spinal cord. Finally, both BDNF-evoked disinhibition and 

potentiation of synaptic NMDARs can occur at synapses throughout the brain, and coupling 

between these pathways could underlie neuronal hyperexcitability in disorders ranging from 

addiction to traumatic brain injury to epilepsy (Kalia et al., 2008; Ferrini and De Koninck, 2013; 

Vargas-Perez et al., 2014; Semaan et al., 2015). We therefore propose that our model of 

coincident detection between facilitation of NMDAR-mediated excitation and loss of KCC2-

dependent inhibition may be broadly relevant to synaptic signalling throughout the CNS. 
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Supplementary Figures 

 

Appendix A Supplementary Figure 1. Application of PP2 does not affect NMDAR mEPSCs. Averaged 

mEPSCs at +60 mV in lamina I neurons from untreated slices of naive rats before (black) and during (grey) 

perfusion of 1 ❍M PP2 (Control Q = 3.85 +/- 0.41; 1 uM PP2 Q = 3.73 +/- 0.28, n = 4). Scale bar y axis = 5 pA, X 

axis = 100 ms. 
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Appendix A Supplementary Figure 2. BDNF does not alter phosphorylation of Fyn and GluN2B NMDARs in 

deep dorsal horn and ventral horn synaptosomes or total homogenates of superficial dorsal horn. Synaptic 
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fractions of deep dorsal horn and ventral horn (A) and total homogenates from superficial dorsal horn (B) were 

analyzed on Western blotting. Blots were probed with phospho-specific antibodies and total antibodies, respectively. 

Representative blots from eight independent slices are shown (n = 8 for bar graphs). 

 

 

Appendix A Supplementary Figure 3. Tyrosine phosphorylation of TrkB by BDNF is not affected by the 

addition of µM acetazolamide (ACTZ). Top, protein lysates from cultured rat cortical neurons (6-7 DIV) treated 

with either BDNF or BDNF+ACTZ were co-immunoblotted with anti-phosphotyrosine (green) and anti-TrkB (red). 

Superimposed signals appear as yellow. Representative TrkB bands (~ 130kDa) from parallel treatment groups from 

a single blot are shown, along with a phosphorylation control lane labelled ‘CS’ from adult rat cortical synaptosome 

lysate treated with calf intestinal phosphatase. Bottom, histogram of TrkB phosphorylation levels normalized to 

control levels from the same blots. Five to six independent culture dishes were used for each treatment group. 

p<0.001 when comparing each treatment group versus control using one-way ANOVA (Holm-Sidak method). 
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Appendix A Supplementary Figure 4. BDNF, BDNF + acetazolamide, nor acetazolamide alone affects Fyn 

activation and GluN2B phosphorylation in the synaptic fraction from deep dorsal horn and ventral horn 

spinal tissue. Synaptic fraction from tissue was used to examine phosphorylation and total protein levels of targets 

as indicated in the bar graphs and representative blots (n = 8).  
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Appendix A Supplementary Figure 5. BDNF pretreatment did not increase calpain activity. Synaptic fraction 

(A) and total homogenates (B) were isolated from superficial dorsal horn and processed on Western blotting. Blots 

were probed for fodrin cleavage, a well-established calpain substrate, as a readout for calpain activity. Eight slices 

were used for each treatment group. Protein levels were normalized to -actin as a loading control. N = 8, but only 

4 representative blots are shown for each treatment. 
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Appendix A Supplementary Figure 6. Inward NMDAR mEPSCs remain constant during baseline records. 

Averaged mEPSC traces from lamina I neurons of naïve rats during baseline recordings at -40 mV, with 10 µM 

EGTA in the intracellular pipette solution and no added extracellular Mg2+ and Cd2+ in the extracellular solution. 

NMDAR mEPSC charge transfer was not significantly different between 10 to 15 min and 15 to 20 min recording 

periods. 10 to 15 min Q = -0.45 +/- 0.11 pC; 15 to 20 min Q = -0.44 +/- 0.11 pC, n = 6, p = 0.75. Scale bar y axis = 

5 pA, X axis = 100 ms. 
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Appendix A Supplementary Figure 7. An increase in intracellular calcium is sufficient to gate potentiation of 

NMDAR mEPSCs by BDNF. A) Representative mEPSC traces (left) and charge transfer time course (right) 

demonstrating that under recording conditions that mimic the hyperexcitability produced by disinhibition (baseline 

mEPSC recording at -40 mV for 20 minutes with no added extracellular Mg2+ or Cd2+) and that do not tightly 

buffer intracellular calcium (100 uM intracellular EGTA instead of 10 mM BAPTA) acute perfusion of 100 ng/mL 

exogenous BDNF causes a potentiation of inward NMDAR mEPSCs. 

B) Averaged - 40 mV mEPSC traces (no added extracellular Mg2+ or Cd2+) demonstrating that acute perfusion of 

100 ng/mL BDNF induces a significant (p < 0.05) potentiation of inward NMDAR mEPSCs when intracellular 

calcium is lightly buffered (100 uM EGTA, left) but not when it is tightly buffered (10 mM BAPTA, right). 100 uM 

EGTA, +92 +/- 12 % BDNF modulation, n = 6; 10 mM BAPTA, +13 +/- 9 % BDNF modulation, n = 6. Scale bar x 

axes =100 ms, y axes = 5 pA. 

 

 

 



 213 

Appendix A Supplementary Table  1. Initial NMDAR charge transfer values for various treatment 

conditions. Initial NMDAR charge transfer values calculated between 40 ms to 500 ms from the onset of averaged 

mEPSCs at +60 mV. Initial NMDAR mEPSC events were averaged between 2 and 10 minutes from the start of 

recording at +60 mV. Animal types and treatment conditions are indicated in the left column of the table. 
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Appendix A Supplementary Table  2. NMDAR charge transfer at two distinct points in patch-clamp 

recordings at +60 mV. NMDAR charge transfer values calculated during the “initial” period, 2 and 10 minutes 

from the start of recording at +60 mV, versus a later “final” period of recording taken from 30+ minutes for PNI 

animal experiments and 20+ minutes for pre-treatment experiments.  

 

 

 

Appendix A Supplementary Table  3. NMDAR charge transfer values before and after intracellular or 

extracellular pharmacological treatment during recording at +60 mV. 
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Appendix B  - The T-type calcium channel antagonist, Z944, reduces spinal excitability and 

pain hypersensitivity 

Abstract 

Background and Purpose: T-type voltage-gated calcium channels are an emerging potential 

therapeutic target for neurological disorders including epilepsy and pain. Inhibition of T-type 

channels reduces the excitability of peripheral nociceptive sensory neurons and reverses pain 

hypersensitivity in male rodent pain models. However, administration of peripherally restricted 

T-type antagonists has failed to show efficacy in multiple clinical and preclinical pain trials, 

suggesting that inhibition of peripheral T-type channels alone may be insufficient for pain relief.  

Experimental Approach: We utilized the selective and CNS-penetrant T-type channel 

antagonist, Z944, in electrophysiological, calcium imaging, and behavioural paradigms to 

determine its effect on lamina I neuron excitability and inflammatory pain behaviours. 

Key Results: Voltage-clamp recordings from lamina I spinal neurons of adult rats revealed that 

approximately 80% of neurons possess a low threshold T-type current, which was blocked by 

Z944. Due to this highly prevalent T-type current, Z944 potently blocked action-potential evoked 

somatic and dendritic calcium transients in lamina I neurons. Moreover, application of Z944 to 

spinal cord slices attenuated action potential firing rates in over half of laminae I/II neurons. 

Finally, we found that intraperitoneal injection of Z944 (1-10 mg/kg) dose-dependently reversed 

mechanical allodynia in the complete Freund’s adjuvant model of persistent inflammatory pain, 

with a similar magnitude and time course of analgesic effects between male and female rats.  

Conclusion and Implications: Our findings demonstrate that T-type calcium channels critically 

shape the excitability of lamina I pain processing neurons, and inhibition of these channels by the 

clinical-stage antagonist Z944 potently reverses pain hypersensitivity across sexes. 
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Introduction 

T-type voltage-gated calcium channels are an important emerging molecular target for 

the treatment of pain (Bourinet et al., 2014; Todorovic & Jevtovic-Todorovic, 2011; Weiss & 

Zamponi, 2019). Given their unique gating kinetics and low voltage activation near resting 

membrane potentials, T-type channels regulate subthreshold excitability as well as action 

potential firing patterns in both physiological and pathological states (Cheong and Shin, 2013). 

For example, T-type currents promote low threshold spikes and rebound burst firing in subsets of 

thalamic neurons, which are implicated in both slow-wave sleep oscillations as well as in 

absence seizures (Cain and Snutch, 2013; Cheong and Shin, 2013; Cain et al., 2018). Several 

antiepileptic drugs including ethosuximide are thought to act in part through the inhibition of T-

type channels (Weiss and Zamponi, 2019) and, interestingly, these same T-type targeting clinical 

compounds have analgesic effects in rodents (Dogrul et al., 2003; Flatters and Bennett, 2004). 

More broadly, selective knockdown or block of T-type channels through genetic and 

pharmacological approaches reverses pain hypersensitivity in rodent models of pain including 

bladder pain (Tsubota et al., 2018), post-surgical pain (Joksimovic et al., 2019), inflammatory 

pain (Watanabe et al., 2015), nerve injury-induced pain (Bourinet et al., 2005; Feng et al., 2019), 

and chemotherapy-induced and diabetic peripheral neuropathies (Jacus et al., 2012; Li et al., 

2017b).  

 The involvement of T-type channels in mediating pain processing has been extensively 

studied in the periphery. Of the three T-type voltage-gated calcium channel subtypes – Cav3.1, 

Cav3.2, and Cav3.3 – the Cav3.2 isoform has been shown to be selectively upregulated within 

dorsal root ganglion (DRG) peripheral sensory neurons in rodent models of chronic pain (García-

Caballero et al., 2014; Watanabe et al., 2015; Fukami et al., 2017; Li et al., 2017b; Gomez et al., 
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2020). Interfering with the various pathological mechanisms that upregulate Cav3.2 in DRG 

neurons reverses pain hypersensitivity within these rodent models. In terms of subcellular 

localization, Cav3.2 channels are now known to be functionally expressed throughout DRG 

neurons, from nerve endings in skin hair follicles to the presynaptic terminals of primary 

afferents (Jacus et al., 2012; François et al., 2015). However, peripherally-restricted T-type 

channel antagonists such as ABT-639 have failed to show efficacy in multiple clinical pain trials 

(Serra et al., 2015; Wallace et al., 2016) as well as in some rodent studies (Picard et al., 2019). 

These findings raise the possibility that T-type channels within the spinal cord could be an 

important target for the treatment of pain. 

The superficial dorsal horn (SDH) of the spinal cord consists of lamina I and lamina II, 

which together receive the bulk of nociceptive information from the periphery and are highly 

involved in the processing and relay of nociceptive information to the brain (Bourinet et al., 

2014; Todd, 2010). Although intrathecal spinal injections of T-type antagonists reverse pain 

hypersensitivity in rodent pain models (Wen et al., 2010; Feng et al., 2019; Picard et al., 2019), 

the specific contributions of T-type channels to pain processing in the SDH are poorly 

understood. T-type mediated calcium currents have recently been found to be expressed in a 

subset (approximately 45 to 60%) of lamina II neurons of both mice and rats (Wu et al., 2018; 

Candelas et al., 2019). However, the potential contributions of T-type channels in regulating 

excitability within lamina I neuron subpopulations remain unexplored. This represents a 

significant knowledge gap given that lamina I contains the output projection neurons for the 

SDH nociceptive network (Todd, 2010), and hyperexcitability of lamina I neurons has been 

implicated in the development and maintenance of pathological pain (Ikeda et al., 2003b; Keller 

et al., 2007; Liu et al., 2008). 
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The small organic compound, Z944, is a CNS-penetrant, high-affinity T-type calcium 

channel antagonist originally under clinical development for the treatment of absence seizures 

(Tringham et al., 2012). Z944 selectively blocks T-type channels at nanomolar concentrations, 

with minimal effects on other voltage-gated calcium channels, cardiovascular-related hERG 

channels, and Nav1.5 channels up to the low micromolar concentrations produced by systemic 

administration (Tringham et al., 2012). Cryo-electron microscopy has demonstrated a direct 

physical interaction between Z944 and the central cavity of the T-type channel pore domain 

(Zhao et al., 2019). Recent evidence has suggested that Z944 has analgesic potential in both 

rodents and humans. In male rodents, systemic injection of Z944 alleviated behavioural measures 

of chronic neuropathic pain (Leblanc et al., 2016), while in human phase Ia and Ib clinical 

studies, both oral and systemic injection of Z944 were found to be well-tolerated and reduced 

pain sensitization as well as Visual Analog Scale pain ratings in an experimental pain model 

(Lee, 2014). To explore both the mechanism of action and the efficacy of Z944 as a potential 

novel pain therapeutic, we tested the effects of Z944 on putative T-type currents, activity-

induced calcium transients, and overall membrane excitability in individual lamina I neurons, 

and assessed the analgesic effects of Z944 across doses in a CFA model of inflammatory pain in 

both male and female adult rats.  

Methods 

Data Availability:  

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

Study Approval:  
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These experiments were approved by the institutional Animal Care Committees where 

experiments were performed (Hospital for Sick Children, University of Toronto, University of 

British Columbia, Carleton University, and the University of Ottawa Heart Institute; Animal Use 

Protocol# 111497), and performed in accordance with animal care regulation and policies of the 

Canadian Council on Animal Care. All animals were housed and cared for in accordance with 

the recommendations of the Canadian Council for Animal Care. 

Animals:  

All experiments were performed on male or female rats supplied by Charles River 

Laboratories. Sprague Dawley and Wistar rats were selected for this study, as rat spinal tissue 

provides increased area in comparison to mice, and Sprague Dawley rats have a calm 

demeanour, making them well-suited for behavioural experiments. Animals for 

electrophysiological and calcium imaging experiments were completed using male juvenile 

Wistar rats (P11 to P21, Figure 3 only) or adult (P60-90) Sprague Dawley (SD) rats (325-400g).  

Sprague Dawley rats for behavioural experiments were delivered at 3 months of age to 

account for the weight differences between male and female animals and were housed at the 

testing facility for a minimum of 5 days before beginning the study.  

Spinal cord isolation:  

Spinal cords were isolated from juvenile male Wistar rats or adult male SD rats as 

previously published (Hildebrand et al, 2011, Pain; Hildebrand et al, 2014). Briefly, animals 

were anesthetized with intraperitoneal (IP) injection of 20% (w/v) urethane (3 g/kg) and 

euthanized by severing of the cervical spinal cord and vertebrae. The lumbar region of the spinal 

cord was dissected from the rat and placed in a protective sucrose dissection solution. Dissection 

solution contained (mM): 50 sucrose, 92 NaCl, 15 D-Glucose, 26 NaHCO3, 2.5 KCl, 1.25 
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NaH2PO4, 0.5 CaCl2, 7 MgSO4, 1 kynurenic acid, bubbled with 5% CO2/95% O2 (pH 7.3, 310 

mOsm). Dorsal roots and dura were removed from the lumbar cord, and L4-L6 were removed 

from the rest of the cord. The L4-L6 piece was then glued against an agar block (4% agarose in 

distilled water) and placed in a Leica VT 1000s or 1200s vibratome (Leica, Germany) containing 

ice-cold sucrose dissection solution. Parasagittal slices (300 µm thick) were obtained from the 

vibratome. Slices were then incubated in dissection solution lacking kynurenic acid at 34ᵒC for 

40 min and then cooled passively to room temperature (21 to 22 °C for ≥ 30 min) before 

electrophysiological recording and calcium imaging. 

Electrophysiology of spinal cord lamina I neurons.  

For data in Figure 1, slices were placed under an upright Olympus BX51WI microscope 

(Olympus Corporation, USA) with a 40x water immersion objective. Lamina I neurons were 

identified based on location relative to myelin tracts and substantia gelatinosa, and patched into 

with recording pipettes of 6-8 MΩ, pulled by a Sutter P97 puller (Sutter Instruments, USA). 

External recording solution was as above. The internal voltage-clamp patch pipette solution 

consisted of (mM): 105 D-gluconic acid, 105 CsOH, 17.5 CsCl, 10 EGTA, 10 HEPES, 2 Mg-

ATP, 0.5 Na2-ATP (pH 7.3, 290mOsm). The external recording solution (ACSF) consisted of 

(mM): 125 NaCl, 20 D-Glucose, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, and 0.04 

Alexa Fluor-488 or -594 (pH 7.3, 310 mOsm). Perfusion speed was 1 mL/min, and the solution 

was continuously bubbled with 5% CO2/95% O2. The recording solution also contained 0.5 µM 

TTX and 5 mM TEA to block voltage-gated sodium channels and voltage-gated potassium 

channels, respectively. All recordings were performed at room temperature. Morphology of 

lamina I neurons was determined after recording by using the fine focus to move through the z-
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plane and identify the number of primary dendrites. Neurons with two primary dendrites were 

classified as fusiform, and similarly, neurons with three or four primary dendrites were classified 

as pyramidal or multipolar, respectively (Supplemental Figure 1) (Lima and Coimbra, 1986). 

Patch-clamp recordings were made using a Multiclamp 700B amplifier (Molecular 

Devices, CA, USA) and a Digidata 1550B Digitizer (Molecular Devices, CA, USA) connected to 

a desktop computer with pClamp 10.7 software. Voltage-clamp recordings were digitized at 10 

kHz and low-pass filtered at 2 kHz. Recordings were included for analysis only if they 

maintained a leak current of less than -50 pA at -60 mV, and if access resistance began below 25 

MΩ and did not change by more than 30% during the recording period. The IV-curve protocol 

started at -60 mV, with a 500 ms step hyperpolarization to -100 mV, followed immediately by 

incremental steps from -100 mV, increasing by 10 mV (up to -40 mV). For time-course 

experiments, steps began from -70 mV, and were repeated continuously at a rate of once per min. 

For these experiments, drug wash-in experiments were randomized such that Z944 and DMSO 

vehicle trials were completed in alternating order where possible. Blinded analysis was not 

possible given that only the experimenter had the expertise required for this specific analysis. 

Statistical analysis in Figures 1A and 1E was performed on groups of unequal size, due to 

differing population sizes from an unbiased sampling of all neurons in lamina I, and due to 

exclusion of two neurons from analysis in the DMSO vehicle group due to significant changes in 

input resistance, respectively. Statistical analysis was not performed on the data in Figure 1C due 

to group sizes of n<5, but was included as evidence that all morphological classes can either 

possess or lack a T-type component. 
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For data within Figure 3, slices were placed under an Axioskop 2 FS plus microscope 

under IR-DIC optics (Zeiss, Germany). All other parameters were the same as Figure 1, except 

the internal current-clamp patch pipette solution consisted of (mM): 140 K-gluconate, 4 NaCl, 

0.5 MgCl2, 10 HEPES, 4 Mg-ATP, 0.5 Na2-ATP, 1 EGTA (pH 7.3, 290 mOsm). The junction 

potential for current-clamp was calculated as 14.6 mV (i.e. -50 mV= -64.6 mV) (Junction 

potential calculator, Clampex), and has been corrected in all experimental data. Recordings were 

included for analysis only if they maintained a resting membrane potential below -50 mV, and if 

first action potentials reached a minimum of +5 mV. Bridge balance and pipette capacitance 

compensation were performed in all neurons, and corrected prior to each recording. In all 

experiments, neurons were held between -60 and -70 mV (typically 0 to -20 pA holding current 

injection). VI-curves were run from a holding potential of -60 to -70 mV, and incremental step 

current injections were performed from -40 pA, with 10 pA steps (1200 ms duration). Drug 

wash-in experiments were randomized such that Z944 and DMSO vehicle trials were completed 

in alternating order where possible. Statistical analysis in Figure 3E was performed on groups of 

unequal size, due to variability in the number of neurons that met the criteria for recordings and 

analysis. Statistical analysis was not performed on Figure 3B due to group sizes of n<5, but was 

included as a representative expansion of data presented in 3C. 

 For pharmacology experiments, Z944 was first dissolved in DMSO, and then added to 

the external recording solution, such that the final DMSO concentration was always below 0.1%. 

Washout experiments are problematic in spinal slice recording assays, with the potential for 

hydrophobic compounds to stick to myelin and cell membranes as well as to change excitability 

measures over the longer time durations required for washout. Moreover, we have previously 

found that the Z944-mediated inhibition of T-type currents in nRT neurons of thalamic slices 
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was largely non-reversible after 30 minutes of washout (Tringham et al., 2012). Here, we 

therefore tested for net effects of Z944 in SDH neuron recordings by comparing to cells that 

were treated with vehicle for the same duration and under the same experimental conditions. For 

vehicle experiments, DMSO without Z944 was added. For all electrophysiology experiments, 

perfusion of Z944 or vehicle was 10-15 minutes. 

Simultaneous electrophysiology and two-photon calcium imaging of lamina I neurons: 

Spinal cord lamina I neurons were recorded from in current-clamp configuration, with 

simultaneous two-photon calcium imaging as previously described (Harding et al, 2020). Briefly, 

slices were placed under a Zeiss 710 NLO system equipped with an AxioExaminar Z1 (Zeiss, 

Germany), and neurons were visualized under IR-DIC optics. Patch-clamp recordings were made 

with recording pipettes of 7-10 MΩ, pulled by a Sutter P97 puller (Sutter Instruments, Navato, 

CA, USA). The external recording solution (ACSF) and perfusion speed were as above. The 

internal current-clamp patch pipette solution consisted of (mM): 112 K-gluconate, 8 KCl, 10 

HEPES, 4 Mg-ATP, 0.3 Na2-ATP, 10 Phosphocreatine, 0.3 EGTA, 0.04 Alexa Fluor-594, 0.11 

Oregon Green Bapta-1 (pH 7.3, 290 mOsm). Neurons were allowed to dialyze for 20-30 min 

before imaging to allow the fluorescent dye concentration to equilibrate. All recordings were 

performed between 24-28ᵒC. Current-clamp recordings were performed as above. Bridge balance 

and pipette capacitance compensation were performed in all neurons. In all experiments, neurons 

were held between -70 and -80 mV (typically 0 to -20 pA holding current injection). Single 

action potentials were evoked with a 5 ms current injection of between 150-400 pA. Each 

recording was 15 seconds in duration, with the experimental current injection at 2 sec into 
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recording. A minimum of 15 sec was given between the end of one recording and the beginning 

of the next to allow the neuron to return to baseline. 

Two-photon dual excitation of OGB-1 (110 µM in recording pipette) and AF-594 (40 µM 

in recording pipette) was achieved using a Coherent Chameleon Ultra Ti:Sapphire laser tuned to 

800 nm (Coherent, USA). OGB-1 and AF-594 fluorescence were split based on emission spectra 

using NDD filter cubes (500-550 nm, 565-610 nm; Carl Zeiss Microscopy, Germany), and sent 

into NDD detectors (Carl Zeiss Microscopy, Germany). Two-photon images were obtained using 

a 20x water-immersion objective lens (Carl Zeiss Microscopy, Germany) and the Zen 2009 

acquisition program (Carl Zeiss Microscopy, Germany). Laser power was kept between 0.3-

0.7%, and gain was restrained to 650-850 for all calcium imaging experiments. Fluorescence 

data were acquired using line scan acquisition (1024x1, 2x averaging) at a rate of 133 Hz, and 

saved as LSM files from Zen 2009 (Carl Zeiss Microscopy, Germany). Calcium imaging data 

were analyzed as previously described, utilizing a custom-made, semi-automated MATLAB 

toolbox (Mathworks, USA) for analysis, entitled CIAT (Calcium Imaging Analysis Toolbox) 

(Harding et al, 2020). Use of the semi-automated analysis toolbox, CIAT, which automatically 

calculates peak response from averaged calcium imaging trials, was designed to remove 

experimental bias. For data in Figure 2, drug wash-in experiments were randomized such that 

Z944 and DMSO vehicle trials were completed in alternating order where possible. Statistical 

analysis within this figure was performed on groups with an n>5, of unequal size due to one 

neuron being removed for photobleaching. 
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Freund’s adjuvant model of inflammatory pain and behaviour testing:  

Animals were housed in pairs, had free access to food and water and were randomly 

assigned to their respective experimental groups. Group sizes for behavioural experiments 

(Figure 4) were set to 10 animals per group based on previous study design (Dedek et al., 2019) 

and a priori sample size calculation for repeated measures ANOVA for within-group differences 

using G*Power 3.1.9.7 (Heinrich-Heine-Universität Düsseldorf) based on the following 

parameters: a moderate effect size of 0.20, α = 0.05, power = 0.99, number of groups = 4 (Figure 

4 A and C) and 5 (Figure 4E), 13 measurements, correlation among repeated measures = 0.5, and 

nonsphericity correction ε= 1. These parameters yielded a total sample size of 36 for Figure 4A 

and C, and 35 for Figure 4E. Total sample size was rounded up to 10 animals per group to ensure 

equal group samples and to ensure adequate power if an animal needed to be removed from the 

study. Two animals were withdrawn from the study and sacrificed early because they injured 

each other in a fight. Animal husbandry was performed exclusively by the tester for the entire 

duration of the animals’ stay at the housing facility. Animals were housed in individually HEPA-

filtered cages. Cohorts of male and female animals were run separately, however, in some 

instances male and female animals were housed in the same room concurrently. In cases when 

the housing room had both male and female rats, husbandry for female animals was performed 

before any male cages were opened. Cohorts were run in groups of 8-10 animals. Lab coats and 

gloves were changed between cohorts. The housing room was used exclusively for this study and 

was open to only the experimenter (female) and animal care staff (who did not open cages or 

handle the animals).  
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Complete Freund’s adjuvant (CFA, Sigma) was used to model inflammatory pain. Rats 

were given a 0.3 mL plantar injection of either phosphate-buffered saline (PBS: saline) or CFA 

(a 50% by volume mixture of CFA and PBS) under isoflurane anesthesia. Blinding was not 

performed for CFA injections, as the tester also performed injections and all animal husbandry, 

and the effects of CFA injection are obvious while handling the animals and performing testing. 

Animals were left to acclimate to their behaviour testing chambers for 45 min before testing each 

morning. Tests were performed at approximately the same time each day, across cohorts, for the 

duration of the study. Behaviour testing for pain hypersensitivity was performed using von Frey 

filaments to measure mechanical paw withdrawal threshold (PWT). Withdrawal threshold was 

measured in the injected paw using the simplified up-down method (SUDO), as described 

by Bonin et al. (2014). Measurements were taken at baseline (pre-injection), and then at 24, 48, 

and 72 hr post-CFA or PBS injection. We report PWT in grams, as labelled on each von Frey 

filament. As per the SUDO method, an adjustment factor is used to determine the PWT for each 

trial. We used an adjustment factor of +/- 0.5 (difference, in grams, between filaments).  

Intraperitoneal injection:  

Seventy-two hours following sub-plantar injection of CFA and following Day 3 

behaviour testing (see above), male and female adult Sprague-Dawley rats were given an IP 

injection of 1, 3, or 10 mg/kg Z944 or vehicle dissolved in 0.5% (weight/volume) of 

carboxymethylcellulose (Sigma Aldrich, USA). Z944 is highly bioavailable and CNS-penetrant, 

with pharmacokinetic studies demonstrating that oral and systemic administration produces low 

micromolar concentrations of Z944 in rodent plasma (unpublished observations and (Casillas-

Espinosa et al., 2019)). Moreover, IP injection of 10 mg/kg Z944 reduced brain epileptiform 
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activity in adult rats (Tringham et al., 2012), demonstrating CNS penetrance and actions on 

central excitability at the dose and route of administration of Z944 used here. Z944 was 

dissolved in DMSO to create a stock solution (100 mg/mL for animals receiving 10 mg/kg, 30 

mg/mL for animals receiving 3 mg/kg, and 10 mg/mL for animals receiving 1 mg/kg) that was 

then suspended in the carboxymethylcellulose solution (1-part Z944 stock: 9-parts 

carboxymethylcellulose solution). Vehicle-treated animals received DMSO without Z944 in 

0.5% (weight/volume) of carboxymethylcellulose solution. All solutions were prepared the day 

of injection, and the experimenter was blinded to the treatment by a lab-mate. All animals were 

allowed 20 min in their home cage between Day 3 testing and the administration of the IP 

injection. This allowed animals to eat or drink before being placed back in testing chambers for 

the time course. Animals received injections 1-1.5 min apart, with the exact time noted by the 

experimenter to ensure accurate readings during the time course. IP injection was performed by 

the experimenter alone using a surgical drape to restrain the animal. After IP injection, animals 

were placed in the behaviour testing chambers and allowed to acclimate for 20 min. During the 

time course, measurements of PWT were taken every 15 min, starting 20 min after IP injection. 

The time of the test was measured from the third stimulus administration (five stimuli were 

presented in each trial, and the third, the middle stimulus, occurred at the given time interval). 

We found that IP injection of Z944 (1 to 10 mg/kg) did not induce any behavioural signs of 

sedation or motor deficits. Moreover, a previous in-depth analysis of potential non-specific in 

vivo effects of Z944 demonstrated that IP injection of Z944 at a dose above that used in the 

present study (30 mg/kg) did not induce any significant sedation or motor abnormalities 

(Tringham et al., 2012). 
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The technique for measuring PWT differed during the time course. SUDO normally 

involves two trials of 5 stimuli that are then averaged to give PWT. For the time course, only one 

trial was performed every 15 min to ensure that the animals were not over-stimulated. A pilot 

study was used to determine an effective interval for the time course. One unsuccessful pilot was 

run using a testing interval of 10 min. This pilot was deemed unsuccessful because animals were 

displaying freezing behaviour: not reflexively withdrawing their paw at weights normally far 

above the expected withdrawal threshold. We concluded that allowing animals more time to 

recover between trails was necessary, and thus increased the testing interval by 50%. This 

decision, in turn, allowed more accurate timing of testing at each animal’s given testing time. 

Animals were sacrificed immediately after the conclusion of the time course.  

Materials.  

Unless otherwise indicated, all compounds were obtained from Sigma Aldrich (USA). 

Z944 was synthesized as previously described (27).  

Data and Analysis.  

This manuscript complies with BJP’s recommendations and requirements on 

experimental design and analysis (Curtis et al., 2018). Data in some figures of this manuscript 

have been normalized to reduce variability. In Figure 1E, data are plotted as % peak current 

reduction within each neuron (post / pre) to allow direct comparison of Z944 effects as compared 

to a DMSO control. In Figure 1G, data are plotted as normalized % current, representing the 

percent change in average current for each neuron within the first three minutes of recording 

(post / pre). In Figure 2D and E, data are plotted as % peak calcium transient remaining and % 
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AUC remaining (post / pre) to account for rundown effects in the DMSO control, allowing for 

better comparison of the true effect of Z944. For all experiments in all figures, no analysis was 

performed to determine the presence of outliers, and therefore all data points were included for 

analysis. 

For all statistical analyses, p <0.05 was used as the threshold for statistical significance, 

and in all experiments, the declared group size is the number of independent values, and 

statistical analysis was performed upon these values. Statistical analysis was only performed 

when group size was at least n = 5, which reflects the number of independent, non-technical 

replicate values. Sample sizes for experiments in Figures 1-3 were determined based on previous 

studies (Hildebrand et al., 2014; Harding et al., 2020), and data in these figures were analyzed 

with Sigmaplot 12.0 (Systat Software, USA). Prior to running paired t-tests, the normality of the 

data was tested (Shapiro-Wilk test), and if the data failed this test of normality (p <0.05), a 

Wilcoxon signed-rank test was performed in lieu of a paired t-test. T-tests comparing the means 

from different neurons or animals were performed as unpaired t-tests. If the data failed a test of 

normality (Shapiro-Wilk test), then a Mann-Whitney rank-sum test was performed instead. Data 

in Figure 3B were analyzed by two-way repeated measure ANOVAs, with drug application and 

current injection as factors. These were performed within Sigmaplot, and both two-way 

ANOVAs passed the Shapiro-Wilk test for normality of data. All two-way ANOVA post-hoc 

comparisons were performed using the Holm-Sidak method when ANOVA achieved statistical 

significance (p <0.05) and showed no significant variance in homogeneity.  

Within Figure 4, comparisons of means were performed using unpaired Mann-Whitney t-

tests, due to failure of the Shapiro-Wilk normality test (Sigmaplot 12.0, Systat Software, USA). 
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One-way repeated-measures ANOVAs were performed using SPSS (IBM SPSS Statistics 25.0, 

see supplemental tables 1 and 3). Before running each ANOVA, we examined Mauchly's test of 

sphericity, which indicated that the assumption of sphericity was violated in each case (see 

supplemental tables 1 and 3). In each case, the Greenhouse-Geisser epsilon adjustment of 

degrees of freedom was deemed the most appropriate adjustment, since in each case it was below 

0.75 (supplemental table 1 and 3) and was thus used to determine the p-value. Bonferroni’s 

significant difference test followed ANOVAs when ANOVA achieved statistical significance (p 

<0.05) and showed no significant variance in homogeneity (Table 2 and 4). *p<0.05 for all 

figures. 

Results 

Z944 reduces inward current through low voltage-activated calcium channels in a subset of 

lamina I neurons 

 To determine if T-type channels are present in lamina I spinal dorsal horn neurons, we 

first recorded calcium channel currents from visually identified lamina I neurons within 

parasagittal spinal cord slices of adult male rats. The voltage threshold for activation of calcium 

currents was identified for each recorded neuron by analyzing IV-curves. Of 34 recorded 

neurons, 27 exhibited a rapidly inactivating inward current beginning at -60 mV, consistent with 

the presence of low voltage-activated (LVA) T-type calcium channels (Figure 1A-B) (Weiss and 

Zamponi, 2019). In 7 of 34 neurons, only a slower inactivating inward current was detected at 

depolarizations beginning at -40 mV, consistent with the biophysical properties of high voltage-

activated (HVA) calcium channels. As such, we defined this neuronal subpopulation as one with 

no measurable LVA T-type component.  
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 Distinct subpopulations of lamina I neurons can be delineated by morphology (Lima and 

Coimbra, 1986). We therefore classified the morphology of Alexa Fluor-filled neurons after 

recording (Supplementary Figure 1) and compared the distribution of morphologies for lamina I 

neurons that did and did not contain the LVA T-type component. Of the neurons with an LVA 

component where morphology could be definitively determined, 9/17 were fusiform, 6/17 were 

multipolar, and 2/17 were pyramidal (Figure 1C). Of those without an LVA component, 2/6 were 

fusiform, 1/6 was multipolar, and 3/6 were pyramidal. Although there was a bias towards 

fusiform neurons containing an LVA component, and pyramidal neurons not containing an LVA 

component, group sizes were too small to perform statistical analysis (Figure 1C). However, 

from these exploratory results, we can conclude that LVA currents are found in a large subset of 

lamina I neurons and are not restricted to specific morphological subtypes. 

 We next sought to determine whether Z944 application affects the LVA component of 

calcium currents present in ~80% of lamina I neurons. While perfusion of ACSF with DMSO 

vehicle did not affect LVA currents at -60 and -50 mV, administering 2 µM Z944 reduced these 

LVA currents at both potentials (Figure 1D, E). In a subset of neurons, we analyzed the time 

course of LVA current block by Z944 using repeated test pulses to -50 mV (Figure 1F, G). We 

found that within the first minute of Z944 administration, peak current dropped by 20%, and 

reached a plateau inhibition of 40-50% within 5 minutes. Overall, Z944 treatment resulted in a 

significant reduction in calcium currents elicited at -50 mV as compared to DMSO control-

treated neurons (n = 10 neurons for both conditions). No significant effect of Z944 compared to 

control treatment was observed for HVA calcium currents elicited at 0 mV (n = 10 neurons for 

vehicle, 8 neurons for Z944) (Figure 1E), indicating specificity to T-type channels. Altogether, 

the presence of rapidly inactivating LVA calcium currents, and their selective inhibition by Z944 
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strongly supports the conclusion that T-type currents are present in ~80% of lamina I neurons of 

adult rats, encompassing all three main morphologically-defined neuron subpopulations. 
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Activity-induced calcium transients in spinal cord lamina I neurons are reduced by Z944 

 Activity-dependent intracellular calcium signalling in lamina I neurons has been 

demonstrated to lead to hyperexcitability and pathological pain (Ikeda et al., 2003b; Wei et al., 

2006). We have recently shown that single action potentials drive increases in intracellular 

calcium concentration at both the soma and dendrites of lamina I neurons, through a mechanism 

Appendix B Figure 1. Z944 selectively reduces inward current through low voltage-activated calcium 

channels in spinal cord lamina I neurons. A) Top: Voltage-clamp protocol used to measure calcium currents in 

lamina I neurons. Neurons were hyperpolarized to -100 mV for 500 ms, before a 500 ms step current injection 

beginning at -100 mV, and increasing by 10 pA each sweep. Bottom: Analysis of calcium currents revealed two 

populations of lamina I neurons; those with a low voltage-activated (LVA) component (27/34, light blue), and those 

lacking an LVA component (7/34, light grey circles). Peak current with steps to -60 mV, -50 mV, and -40 mV were 

compared between neurons with and without an LVA component using unpaired Mann-Whitney t-tests. (-60 mV: 

p=4.0 x10-4, -50 mV: p=9.0x10-4, -40 mV: p=0.014). B) Example of current traces in an example neuron with an 

LVA component (light blue), and without an LVA component (light grey) for a voltage step from -100 mV to -50 

mV. Scale bar x-axis=20 pA, y-axis=100 ms. C) Distribution of morphologies in a subset of recorded neurons. 

Where possible, neurons were classified into three main morphologies. D) In a subset of neurons with an LVA 

component, IV-curves were plotted for baseline recordings, and after vehicle (n=8 neurons, left, green) or Z944 

(n=10 neurons, 2 µM, right, blue) administration. E) Left: Quantification of percent peak current reduction at -50 

mV for vehicle (green) and Z944 (blue) administration (unpaired t-test, p<0.001, n=10 neurons for both conditions). 

Right: Quantification of percent peak current reduction at 0mV for vehicle (green) and Z944 (blue) administration 

(unpaired t-test, p=0.82, n=10 neurons for vehicle, 8 neurons for Z944). F) Sample current traces induced by 

depolarization from -100 mV to -50 mV. Left: before (black) and after vehicle (green) administration. Right: before 

(black) and after Z944 administration. Scale bar x-axis=20 pA, y-axis=150 ms. G) Time course of peak current at -

50 mV, normalized to first 3 min before administration of either vehicle (green, n=6 neurons), or Z944 (blue, n=6 

neurons). All error bars represent ±SEM. *p<0.05. 
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dependent upon voltage-gated calcium channels (Harding et al., 2020). Given our identification 

here of T-type currents in the majority of lamina I neurons, we next used a combination of 

current-clamp recordings and simultaneous two-photon calcium imaging to test whether Z944 

can attenuate activity-induced calcium responses in these critical nociceptive spinal neurons.  

Lamina I neurons were filled with the calcium-sensitive fluorophore Oregon Green 

Bapta-1 and the structural fluorophore Alexa Fluor-594 via the patch pipette and single action 

potential-induced calcium responses were measured in the soma and primary dendrites, as 

previously described (Figure 2A) (Harding et al., 2020). We found that, on average, perfusion of 

2 µM Z944 significantly decreased action potential-induced calcium responses in both the soma 

and dendrites, as compared to the DMSO vehicle control (n = 8 neurons for vehicle, 7 neurons 

for Z944; Figure 2B-D). Interestingly, we also found that perfusion of Z944 significantly 

decreased the area under the curve for action potential waveforms, as compared to the DMSO 

vehicle control (n = 7 neurons for Z944 and vehicle conditions; Figure 2D). This decrease in area 

under the curve corresponded to a visible reduction in the action potential afterdepolarization 

following Z944 treatment (Figure 2C). Our findings that Z944 significantly reduced action 

potential-evoked calcium responses by over 50% in both the soma and dendrites of lamina I 

neurons indicates that T-type calcium channels are the predominant mediators of this action 

potential-evoked calcium signal.  
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Appendix B Figure 2. Activity-induced calcium transients in lamina I neurons are reduced by Z944. A) 

Flattened projection of a two-photon z-stack of a lamina I neuron filled with Alexa Fluor-594 via a patch pipette. 

White arrows represent line scan trajectory during calcium imaging. Scale bar represents 20 µm. B) Left: Single 

action potentials induced by current injection (5 ms, 200 pA) from a membrane potential of -70 mV induce calcium 

transients in the somata and dendrites of lamina I neurons (black). Right: Recordings remain stable after vehicle 

administration (green, right). Traces are an average of 8 neurons for both somatic and dendritic compartments. C) 

Wash-in of Z944 (2 µM) greatly reduces calcium transients in both the somata and dendrites (dark blue), and 

decreases action potential afterdepolarization (insets). Traces are an average of 7 neurons for both somatic and 

dendritic compartments). For B and C, action potential traces are representative examples from a single neuron, 

calcium transients are average responses, ±SEM. For B and C, electrophysiology scale bar x-axis=30 mV, y-axis=2 

s. Inset scale bar x-axis=30 mV, 100 ms. Calcium imaging scale bar x-axis=ΔG/R 0.04, y-axis=2 s. D) 

Quantification of the percent remaining peak calcium transient, as displayed in B and C after the administration of 

Z944 or vehicle. Comparisons performed with unpaired t-tests (p=0.045 for soma, p=0.047 for dendrite, n=8 
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neurons for vehicle, 7 neurons for Z944 for both compartments). E) Quantification of the percent remaining action 

potential area under the curve after administration of Z944 or vehicle (p=0.048, unpaired t-test, n=7 neurons for 

Z944 and vehicle conditions). *p <0.05 for all t-tests. All error bars represent SEM. 

 

 

Z944 reduces excitability in a subset of SDH spinal cord neurons 

 Given our findings that Z944 decreases activity-induced calcium responses and reduces 

action potential afterdepolarizations, we next sought to determine whether administration of 

Z944 affects the overall excitability of SDH nociceptive neurons. We therefore tested the effects 

of Z944 on trains of action potentials in a combined population of laminae I and II SDH neurons, 

with stepwise test current injections increasing by +10 pA increments and the number of evoked 

action potentials calculated for each depolarizing current step (Figure 3A, B). For each neuron, 

we identified a depolarizing test current injection step (+10 to +50 pA) that evoked action 

potential firing in the 10-20 Hz frequency range, which corresponds to physiological firing rates 

induced by nociceptive input (Keller et al., 2007) (Figure 3C). Administration of vehicle DMSO 

control for 10 to 15 min did not significantly alter the frequency of action potential firing at these 

test current injection steps (Baseline 15.5 ± 1.6 Hz, DMSO 17.0 ± 2.0 Hz, n=5 neurons, data not 

shown).  

We next administered Z944 for 10 to 15 min at a concentration (10 mM) that completely 

abolishes T-type currents in thalamic slices (Tringham et al., 2012), and measured the effects of 

Z944 on 10 to 20 Hz action potential firing (Tringham et al., 2012). We found that SDH neurons 

could be separated into those that responded to 10 µM Z944 with a significant decrease in action 

potential firing frequency (48.7 ± 10.6% reduction, 7/13 neurons), and those that showed no 

response to this elevated concentration of Z944 (-5.1 ± 4.3% reduction, 6/13 neurons) (Figure 
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3C, D). In a subset of recorded neurons, we investigated the full relationship between current 

injected and number of action potentials evoked and found that the Z944-mediated decrease in 

action potential number for Z944-sensitive neurons (3 of 6 neurons) was observed at all current 

injection amplitudes, but was most pronounced with larger current injections of +50 and +60 pA 

(Figure 3B). Importantly, the differential effects of Z944 between SDH neuron subpopulations 

were not due to differences in passive membrane properties, as both resting membrane potential 

and input resistance were not significantly different between Z944-sensitive and -insensitive 

neurons (Figure 3E). Our finding that administration of Z944 significantly reduces the firing 

frequency of over half of SDH neurons strongly suggests that postsynaptic T-type channels 

shape the excitability of these nociceptive spinal neurons and could therefore be an important 

target for reducing nociceptive input that ascends to the brain. 
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Appendix B Figure 3. Z944 reduces excitability in a subset of laminae I/II spinal cord neurons. A) 

Representative membrane potential trace of a lamina I/II neuron in response to step current injection (1200 ms) 

beginning from -40 pA, and increasing by 10 pA each step. B) Top: Administration of Z944 (10 µM) significantly 

inhibited action potential firing in a subset of laminae I/II neurons, while having no effect on action potential firing 

for the remaining laminae I/II neurons (bottom). Action potentials were counted during each step current injection in 

a subset of neurons, revealing a population of neurons with reduced firing after the administration of Z944 

(baseline=light blue, Z944=dark blue; n=3 neurons), and a population insensitive to Z944 administration 

(baseline=light grey, Z944=dark grey; n=3 neurons). Data in both graphs were analyzed by two-way repeated-

measures ANOVA, with drug administration and the number of action potentials as factors. In the Z944-sensitive 

population, a significant interaction between the number of action potentials and drug administration was found 

(p=0.003). Post-hoc Holm-Sidak comparisons revealed significant differences between baseline and Z944 at 50 and 

60 pA current injection (p=0.043 and p=0.032, respectively). No significant differences were found in the Z944-

insensitive neurons. C & D) The effects of Z944 on excitability were evaluated for depolarizing current injection 

steps that elicited 10 to 20 Hz AP firing for each individual laminae I/II neuron (typically ~ 40 pA). Administration 

of Z944 (10 µM) significantly inhibited action potential firing in a subset of laminae I/II neurons (top, 7/13 neurons) 

(p=0.01, paired t-test), while having no effect on action potential firing for the remaining laminae I/II neurons 
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(bottom, 6/13 neurons) (p=0.28, paired t-test). E) The input resistance and resting membrane potential of Z944-

sensitive laminae I/II neurons were not significantly different than Z944-insensitive neurons (p=0.60 and p=0.81 

respectively, unpaired t-tests, n=7 neurons for Z944-sensitive group, 6 neurons for Z944-insensitive group. All error 

bars represent mean ± SEM. *p <0.05. 

 

 

IP administration of Z944 reverses CFA-mediated tactile allodynia in a dose-dependent 

manner 

Having demonstrated that Z944 decreases SDH neuron excitability through inhibition of 

postsynaptic T-type channels, we next sought to determine whether Z944 can produce analgesia 

in a rodent complete Freund’s adjuvant (CFA) model of inflammatory pain. The CFA model of 

inflammatory pain includes a spinal sensitization component that mediates prolonged pain 

hypersensitivity (Ren et al., 1992). Intraplantar injection of CFA induced a robust decrease in 

mechanical paw withdrawal threshold (PWT) compared to baseline measures (Day 0), 

corresponding to tactile allodynia, which was not observed in saline control-injected rats (Figure 

4A). Three days after CFA injection, Z944 or a DMSO vehicle control were IP-injected and 

PWT was measured every 15 min for 140 min post-injection. The initial tested dose of Z944 (10 

mg/kg) has previously been shown to cross the blood brain barrier and attenuate absence seizure 

activity in the brain (Tringham et al., 2012). We found that IP injection of Z944 significantly 

reversed the CFA-mediated decrease in PWT compared to vehicle injections from 50 to 125 min 

post-injection (Figure 4A). In males, IP injection of Z944 (10 mg/kg) resulted in 86 ± 12% anti-

allodynia, while injection of a DMSO vehicle produced 3 ± 1% anti-allodynia (n=10 animals for 

Z944, 9 animals for DMSO, Figure 4B), as measured at the peak effect (80 min post IP 

injection). 
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A major barrier to the translation of potential pain therapeutics for use in humans is that 

the majority of preclinical investigations have typically been performed exclusively in male 

rodents (Mogil, 2012). As spinal mechanisms of chronic pain differ between males and females 

(Sorge et al., 2015) and the effects of T-type antagonists on pain sensitivity have not been 

compared between sexes, we next tested if inhibition of T-type channels with Z944 would 

reverse mechanical allodynia in CFA-injected female rats. In females, IP injection of 10 mg/kg 

Z944 resulted in 105 ± 15% anti-allodynia, while injection of a DMSO vehicle produced 6 ± 3% 

anti-allodynia (n=10 animals, Figure 4C-D). Both the time course and magnitude of anti-

allodynia produced by Z944 were similar between male and female CFA-injected rats (Figure 

4A-D). Importantly, IP injection of Z944 had no effect on PWT in control male (n =10 animals, 

Figure 4A) and female (n =10 animals, Figure 4C) rats injected with intraplantar saline. This 

demonstrates that Z944 did not alter baseline mechanical sensitivity and thus, did not alter 

withdrawal responses through non-specific locomotor or sedative effects, but rather selectively 

reversed CFA-mediated mechanical allodynia in both sexes.  

Finally, we sought to determine whether lower doses of IP-injected Z944 (1 mg/kg, 3 

mg/kg) would reverse mechanical allodynia and whether Z944 exhibits a sigmoidal dose-

dependent analgesic relationship typical of many clinically available analgesics (Kuo et al., 

2015). Overall, we found that all doses (1 mg/kg, 3 mg/kg, 10 mg/kg) of Z944 produced anti-

allodynia in male rats (38.6 ± 3% for 1 mg/kg, 59 ± 7% for 3 mg/kg, n =10 animals for both 

groups), but anti-allodynia was greatest for 10 mg/kg Z944, indicating that this was the most 

efficacious dose examined (Figure 4E). We found that anti-allodynia could be fit to a sigmoidal 

curve, and obtained an IC50 of 1.76 ± 0.14 mg/kg for the anti-allodynic effects of Z944 (Figure 
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4F). Taken together, our results suggest that Z944 potently reverses tactile allodynia produced by 

persistent inflammation in a dose-dependent manner, across both sexes. 

 

 



 243 

Appendix B Figure 4. IP administration of Z944 reverses CFA-mediated tactile allodynia in both sexes, in a 

dose-dependent manner. A) Paw withdrawal threshold, in grams, of adult male SD rats before (Day 0) and 1, 2, 

and 3 days following a hindpaw injection of either saline or CFA. Timepoints 20-140 min are following an IP 

injection of either 10 mg/kg Z944 or vehicle 3 days post-CFA injection. (n=9 animals for saline/vehicle and 

CFA/vehicle; n=10 for saline/10 mg/kg Z944 and CFA/10 mg/kg Z944). The effect of Z944 on CFA-induced tactile 

allodynia (dark blue) was determined with a one-way repeated measures ANOVA (p=1.3x10-11), with Bonferroni 

post-hoc comparisons to the Day 3 post-CFA injection baseline paw withdrawal threshold. B) Percent anti-allodynia 

resulting from injection of either vehicle or 10 mg/kg Z944 in CFA injected male SD rats (p=4.9x10-6, Mann-

Whitney unpaired t-test, n=9 animals for vehicle, 10 animals for Z944). Measures taken 80 min post-IP injection. C) 

Paw withdrawal threshold, in grams, of adult female SD rats before (Day 0) and 1, 2, and 3 days following hindpaw 

injection of either saline or CFA. Timepoints 20-140 min are following IP injection of either 10 mg/kg Z944 or 

vehicle 3 days post-CFA injection. (n=10 animals for all groups). The effect of Z944 on CFA-induced tactile 

allodynia (dark pink) was determined with a one-way repeated measures ANOVA (p=3.2x10-12), with Bonferroni 

post-hoc comparisons to the Day 3 post-CFA injection paw withdrawal threshold. D) Percent anti-allodynia 

resulting from injection of either vehicle or 10 mg/kg Z944 in CFA injected female SD rats (p=3.6x10-6, Mann-

Whitney unpaired t-test, n=10 animals for vehicle, 10 animals for Z944). Measures taken 80 min post-IP injection. 

E) Paw withdrawal threshold, in grams, of adult male SD rats before (Day 0) and 1, 2, and 3 days following a 

hindpaw injection of either saline or CFA. Timepoints 20-140 min are following IP injection of either 1, 3, or 10 

mg/kg Z944 or vehicle 3 days post-CFA injection. (n=10 animals for all groups).  F) Percent anti-allodynia resulting 

from injection of either vehicle (0 mg/kg Z944) or 1, 3, or 10 mg/kg Z944 in CFA injected male SD rats. Measures 

taken 80 min post-IP injection. All error bars represent mean ± SEM. *p<0.05 for all post-hoc comparisons. 

 

Discussion 

 T-type calcium channels play a critical role in regulating neuronal excitability, but their 

role in lamina I pain processing neurons remains unclear. Furthermore, the role of T-type 

channels in mediating inflammatory pain across sexes has yet to be explored. Here we used a 
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combination of electrophysiology, calcium imaging, and an in vivo CFA-induced inflammatory 

pain model in male and female rats to investigate the contributions of T-type calcium channels to 

pain signalling within lamina I neurons, including assessment of the effects of a selective T-type 

antagonist under clinical development, Z944, on lamina I neuronal excitability and CFA-

mediated pain hypersensitivity.  

 

T-type channels are present in a large majority of lamina I neurons 

We first sought to define the presence of T-type channels in lamina I neurons of adult 

rats. Voltage-clamp recordings of visually-identified lamina I neurons demonstrated a fast 

inactivating inward current beginning at -60 mV in over 80% of neurons, indicating the presence 

of LVA currents most likely mediated by some combination of the three isoforms of T-type 

channels (Cav3.1, 3.2, 3.3) (Weiss and Zamponi, 2019). Although we saw a bias towards 

neurons with T-type channels being of the fusiform morphology, our preliminary results could 

not determine if there is a significant morphological difference in neurons with and without T-

type channels, which could be used to infer population-type differences. Future studies could 

investigate this further by looking at the differential expression and function of T-type channel 

isoforms in genetically defined populations of lamina I neurons (Häring et al., 2018; 

Sathyamurthy et al., 2018). 

In pharmacological experiments, we found that Z944 administration blocked over 50% of 

inward current at -60 and -50 mV within 5 minutes of perfusion, with no effect on inward current 

at 0 mV, demonstrating specificity to LVA T-type currents. These experiments provide 

compelling evidence for functional T-type channels in the majority of lamina I neurons. With a 

greater percentage of lamina I neurons (80%) containing T-type currents compared to lamina II 
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(45 to 60%) (Wu et al., 2018; Candelas et al., 2019), these calcium channel variants may have a 

more prominent role in regulating the excitability of this critical subpopulation of nociceptive 

SDH neurons. Given that the Cav3.2 isoform of T-type channel regulates peripheral pain 

processing (Bourinet et al., 2014; Todorovic & Jevtovic-Todorovic, 2011; Weiss & Zamponi, 

2019), is preferentially expressed in the SDH of the spinal cord (Li et al., 2017b), and has 

recently been shown to control the excitability of lamina II spinal neurons (Candelas et al., 

2019), it will also be important to investigate whether specific inhibition of postsynaptic Cav3.2 

channels in the spinal cord mediates robust analgesia. 

 

Inhibition of T-type channels in lamina I neurons reduces action potential-induced calcium 

transients 

Having demonstrated the presence of T-type channels in lamina I neurons, we next 

investigated how these channels contribute to neuronal excitability. Performing simultaneous 

two-photon calcium imaging while driving action potential firing in lamina I neurons showed 

that T-type channels contribute to over 50% of the action potential-evoked calcium response in 

both the soma and dendrites. In these experiments, since we were in current-clamp configuration 

we could not determine which neurons had an LVA component and therefore included all 

neurons for analysis, regardless of effect size. However, there was a high degree of variability in 

the percent peak remaining after the addition of Z944, ranging from 4% to 78% within the soma, 

and 13% to 67% within the dendrites. This heterogeneity in Z944 effect size raises the possibility 

that one or more neurons within this population may not have a substantial T-type component, 

after accounting for rundown present within the DMSO control. It is therefore likely that the true 
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T-type contribution to action potential-evoked calcium responses is even larger in lamina I 

neurons containing T-type channels.  

Our results indicate that T-type calcium channels are the predominant mediators of action 

potential-evoked calcium signals which, as we have previously demonstrated, represent actively 

backpropagating action potentials (Harding et al., 2020). Actively backpropagating action 

potentials shape the excitability of a neuron and have effects on both short-term and long-term 

plasticity. Dendritic T-type channels can drive LTP and LTD at specific hippocampal synapses 

(Udakis et al., 2020), and have also been shown to regulate dendritic excitability in cerebellar 

Purkinje neurons (Hildebrand et al., 2009) as well as in thalamocortical and thalamic reticular 

neurons (Connelly, W.M., Crunelli, V., and Errington, 2015). Here, we have presented the first 

evidence that T-type channels contribute to dendritic calcium transients in spinal lamina I 

neurons, suggesting that the use of Z944 could reduce the excitability of lamina I neurons, and 

decrease the likelihood of these neurons to undergo activity-dependent synaptic plasticity (Frick 

et al., 2004; Rosenkranz et al., 2009; Short et al., 2017). Our results therefore have wide 

implications for the understanding of spinal mechanisms of pain processing and amplification. 

Further studies using pharmacological inhibitors of the other VGCC classes are needed to 

systematically investigate the relative contribution of T-type versus HVA calcium channel 

classes in mediating these action potential-induced calcium responses in lamina I dendrites, as 

well as a potential role of dendritic T-type channels in governing lamina I neuron activity-

dependent plasticity. 

Z944 reduces superficial dorsal horn neuron excitability 

To directly examine the effect of Z944 on superficial dorsal horn neuron membrane 

excitability, we measured changes in rheobase in recordings from a mixed population of lamina I 
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and II neurons. In other neuron types, T-type channels contribute to membrane excitability, and 

can promote burst firing through depolarizing the resting membrane potential, thus decreasing 

the current injection required to reach and sustain action potential threshold (Cain and Snutch, 

2010). Here, we found that over half of superficial dorsal horn neurons responded to Z944 with a 

significant reduction in action potential firing in response to depolarization, suggesting that T-

type channels also contribute to membrane excitability within the superficial dorsal horn, 

including both lamina I and II neurons. 

Together, the above experiments indicate that administration of Z944 decreases the 

excitability of superficial dorsal horn neurons, providing a novel, central mechanism through 

which T-type channel blockers may also exert their analgesic effects. These findings are of 

particular significance in light of recent findings demonstrating that the peripherally-restricted T-

type antagonist ABT-639 fails to show efficacy in clinical trials for pain (Serra et al., 2015; 

Wallace et al., 2016). This suggests that inhibition of T-type channels by Z944 in the SDH may 

hold future promise for effective clinical application. 

 

Z944 as a potential treatment for inflammatory pain 

Although previous studies have found that T-type antagonists can produce analgesia, 

these studies have relied on T-type channel blockers with significantly less selectivity, such as 

ethosuximide, mibefradil, and NiCl2, raising the possibility of action through inhibition of other 

ion channels such as HVA calcium channels and voltage-gated sodium channels  (Dogrul et al., 

2003; Flatters and Bennett, 2004; Feng et al., 2019). In contrast, Z944 is a high affinity T-type 

channel antagonist, with no significant block of HVA calcium channels or sodium channels at 

concentrations sufficient to block T-type channels (Tringham et al., 2012), and has been shown 
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to be well tolerated in human clinical trials (Lee, 2014). We found that IP injection of Z944 

produced a profound reversal of CFA-induced tactile allodynia in both male and female rats, in a 

clear dose-dependent manner without affecting baseline mechanical sensitivity. Z944 was well 

tolerated over a large therapeutic window with an IC50 of 1.76 ± 0.14 mg/kg. We are the first to 

demonstrate that Z944 reverses mechanical allodynia in both sexes, which is an important step in 

preclinical investigation.  

T-type calcium channels are also expressed in peripheral DRG sensory neurons, 

presynaptic terminals of nociceptive primary afferents, and higher-order brain structures 

involved in nociceptive processing (Jacus et al., 2012; Bourinet et al., 2014; Leblanc et al., 

2016). As IP injection of Z944 induces systemic exposure of Z944 to both the peripheral and 

central nervous systems, the analgesic efficacy of Z944 in reversing CFA-induced pain 

hypersensitivity could also be due to inhibition of T-type channels at these additional nociceptive 

loci. To directly confirm that Z944 exerts analgesic effects through acting on spinal cord T-type 

channels, pain thresholds and behaviours could be assessed after intrathecal injection of Z944 in 

rodent models of chronic pain. In combination with the above-suggested knockdown of T-type 

isoforms in dorsal horn neuron subpopulations, this future work would shed further light on 

spinal cord T-type channels as a specific target for the development of novel pain therapeutics. 

In summary, we have identified low threshold calcium currents as well as somatic and 

dendritic calcium transients that are mediated by T-type channels in lamina I neurons of the 

spinal dorsal horn, which are effectively inhibited by the administration of the highly selective T-

type channel blocker Z944. Moreover, we have demonstrated that Z944 potently reverses tactile 

allodynia produced by persistent inflammation in a dose-dependent manner, across both sexes. 

Together, our findings indicate that the anti-allodynic effect of T-type channel block may be 
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through inhibition of SDH neuron excitability, in addition to the previously defined peripheral 

mechanisms, implying a central mechanism for Z944’s analgesic actions.  
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Supplemental Figures and Tables 

 

Appendix B Supplementary Figure1. Representative images of lamina I neuron morphology. Lamina I 

neuron morphology was defined after recordings by moving the fine focus of an epifluorescent microscope 

through the z-plane of AF-488-filled neurons. Samples of each morphology can be seen in A (multipolar), B 

(pyramidal), and C (fusiform), corresponding to four, three, and two primary dendrites, respectively. Scale 

bars represent 20 µm (A and B), or 30 µm (C). 

 

Appendix B Supplementary Table 1. Repeated measures one-way ANOVAs comparing effect of treatment 

over time in males. 

 Mauchly's test of sphericity Greenhouse-Geisser epsilon epsilon adjustment for test of 

within-subjects effects 

Saline + Vehicle Violated, p< 0.000E-36 0.299 p= 0.243 

Saline + 10mg/kg Z944 Violated, p< 0.000E-36 0.382 p= 0.625 

CFA+ Vehicle Violated, p< 0.000E-36 0.187 p= 3.500E-10 

CFA+1mg/kg Z944 Violated, p< 0.000E-36 0.350 p= 1.329E-19 

CFA+3mg/kg Z944 Violated, p< 0.000E-36 0.265 p= 7.733E-12 

CFA+10mg/kg Z944 Violated, p< 0.000E-36 0.269 p= 1.255E-11 
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Appendix B Supplementary Table 2: Post-hoc Bonferroni-corrected tests for all significant one-way repeated 

measure ANOVAs in males, comparing day 3 (post-CFA injection) to each other time point. 

Timepoint CFA + Veh CFA + 1mg/kg CFA + 3mg/kg CFA + 10mg/kg 

Baseline 1.122E-4 6.312E-8 1.965E-6 5.513E-4 

Day 1 1.000 1.000 1.000 1.000 

Day 2 1.000 1.000 1.000 1.000 

20 min 1.000 1.000 1.000 1.000 

35 min 1.000 1.000 1.000 0.5241 

50 min 1.000 1.254E-2 9.896E-3 1.955E-3 

65 min 1.000 1.590E-4 1.248E-2 1.562E-5 

80 min 1.000 4.983E-5 2.964E-4 5.719E-4 

95 min 1.000 5.632E-2 3.035E-3 3.244E-3 

110 min 1.000 0.1851 0.1365 2.041E-3 

125 min 1.000 0.5332 0.7234 4.297E-2 

140 min 1.000 1.000 1.000 0.5757 
 

 

Appendix B Supplementary Table 3. Repeated measures one-way ANOVAs comparing effect of treatment 

over time in females. 

 Mauchly's test of sphericity Greenhouse-Geisser epsilon epsilon adjustment for test of 

within-subjects effects 

Saline + Vehicle Violated, p< 0.000E-36 0.357 p= 0.057 

Saline + 10mg/kg Z944 Violated, p< 0.000E-36 0.384 p= 0.206 

CFA+ Vehicle Violated, p< 0.000E-36 0.232 p= 1.1508E-12 

CFA+10mg/kg Z944 Violated, p< 0.000E-36 0.310 p= 3.170E-12 
 

 

Appendix B Supplementary Table 4. Post-hoc Bonferroni-corrected tests for all significant one-way repeated 

measure ANOVAs in females, comparing day 3 (post-CFA injection) to each other time point. 
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Timepoint CFA + Veh CFA + 10mg/kg 

Baseline 7.644E-5 2.670E-5 

Day 1 1.000 1.000 

Day 2 1.000 1.000 

20 min 1.000 1.000 

35 min 1.000 1.000 

50 min 1.000 4.1648E-3 

65 min 1.000 1.2825E-3 

80 min 1.000 2.7584E-4 

95 min 1.000 6.5222E-4 

110 min 1.000 2.8250E-3 

125 min 1.000 2.8733E-2 

140 min 0.3724 0.1262 
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