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CaMKII binding to GluN2B at S1303 Has No Role in Acute or 
Inflammatory Pain

Uche P. Maduka1, Stephanie R. White2, Mei-Ling A. Joiner2, Johannes W. Hell1,3, Donna L 
Hammond1,2,§

1Departments of Neuroscience and Pharmacology, University of Iowa, Iowa City, IA

2Anesthesia, University of Iowa, Iowa City, IA

3Department of Pharmacology, University of California, Davis, CA

Abstract

Activation of Ca2+/calmodulin kinase II (CaMKII) and the N-Methyl D-aspartate receptor 

(NMDAR), particularly its GluN2B subunit, contribute to the central sensitization of nociceptive 

pathways and persistent pain. Using mutant mice wherein the activity-driven binding of CaMKII 

to S1303 in GluN2B is abrogated (GluN2BKI), this study investigated the importance of this 

interaction for acute and persistent inflammatory nociception. GluN2BKI, wild type and 

heterozygote mice did not differ in responses to acute noxious heat stimuli as measured with tail 

flick, paw flick, or hot plate assays, nor did they differ in their responses to mechanical stimulation 

with von Frey filaments. Surprisingly, the three genotypes exhibited similar spontaneous pain 

behaviors and hypersensitivity to heat or mechanical stimuli induced by intraplantar injection of 

capsaicin; however, GluN2BKI mice did not immediately attend to the paw. WT and GluN2BKI 

mice also did not differ in the nociceptive behaviors elicited by intraplantar injection of formalin, 

even though MK801 greatly reduced these behaviors in both genotypes concordant with NMDAR 

dependence. CaMKII binding to GluN2B at S1303 therefore does not appear to be critical for the 

development of inflammatory nociception. Finally, intrathecal KN93 reduced formalin-induced 

nociceptive behaviors in GluN2BKI mice. KN93 does not inhibit CaKMII, but rather binds Ca2+/

calmodulin. It has multiple other targets including Ca2+-, Na+- and K+-channels, as well as various 
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kinases. Therefore, the use of GluN2BKI mice provided genetic specificity in assessing the role of 

CaMKII in inflammatory pain signaling cascades. These results challenge current thinking on the 

involvement of the CaMKII-NMDAR interaction in inflammatory pain.

Graphical Abstract
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1. Introduction

The role of the NMDA receptor (NMDAR) has been extensively studied and documented in 

both inflammatory and neuropathic models of nociception (Bourinet et al., 2014; Fisher et 

al., 2000; Petrenko et al., 2003). In response to noxious peripheral stimuli, the NMDAR 

mediates changes in neuronal protein expression and function in both the peripheral and 

central nervous systems. These changes alter responsiveness to subsequent noxious stimuli 

long after the inciting stimuli have lapsed; this process is thought to underlie the 

development of central and peripheral sensitization and chronic pain states (Ji et al., 2003; 

Woolf, 2011). Indeed, several drugs that antagonize NMDARs, such as ketamine, 

memantine and dextromethorphan, are now used clinically to treat chronic pain (Hewitt, 

2000; Kreutzwiser and Tawfic, 2019; Schroeder and Schroeder, 2019).

NMDARs assemble as tetramers composed of two GluN1 subunits and two GluN2 or GluN3 

subunits. NMDARs in nociceptive pathways of the dorsal horn include GluN2B 

(MacDermott, 2014; Momiyama, 2000), an isoform of GluN2 that binds Ca2+/calmodulin 

(CaM) kinase II (CaMKII). At excitatory synapses, NMDAR-mediated increases in 

postsynaptic Ca2+ concentration lead to the Ca2+/CaM-dependent activation of CaMKII, and 

its subsequent translocation to postsynaptic sites, where it can associate with the GluN1 or 

GluN2B subunits of the NMDAR (Leonard et al., 1999; Strack and Colbran, 1998). Binding 

of Ca2+/CaM to CaMKII induces a conformational change that exposes the catalytic site of 

CaMKII, enabling autophosphorylation that allows CaMKII to remain activated independent 

of intracellular Ca2+ levels (Bayer et al., 2001; Strack and Colbran, 1998). Mice with the 

point mutation in CaMKII that prevents α-CaMKII autophosphorylation (T286A) are 

deficient in NMDAR-dependent LTP (Glazewski et al., 2000), and show reduced pain 

behaviors in the second phase of the formalin test (Zeitz et al., 2004). Pain behaviors in the 
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second phase of the formalin test, as well as sensitization of neurons in the spinal cord 

following intradermal injection of capsaicin are also blocked by KN93 (Choi et al., 2006; 

Fang et al., 2002). KN93 binds to Ca2+/CaM (Pellicena and Schulman, 2014; Wong et al., 

2019), preventing its binding to the regulatory site and accompanying exposure of CaMKII’s 

catalytic site, thereby inhibiting only stimulated but not ongoing autonomous CaMKII 

activity (Barcomb et al., 2015; Vest et al., 2010). Inhibition of CaMKII either 

pharmacologically or with siRNA also reduces bone cancer pain, chemotherapy-induced 

neuropathic pain, and visceral pain (Halt et al., 2012; Liu et al., 2014; Shirahama et al., 

2012). Interestingly, in each of these models, activity of CaMKII was linked with GluN2B, 

which is abundantly expressed at synapses in the dorsal horn of the spinal cord (Hildebrand 

et al., 2014). Of note, specific antagonists of GluN2B reverse spontaneous pain related 

behaviors evoked by intraplantar injection of capsaicin (Taniguchi et al., 1997) or formalin 

(Borza et al., 2007). Further, GluN2B antagonism reduces mechanical allodynia without the 

deficits in motor coordination seen with complete NMDAR antagonism (Boyce et al., 1999).

Given that postsynaptic CaMKII activity is linked to NMDAR activation, especially via its 

binding to the GluN2B subunit, specific disruption of this interaction could be a means to 

selectively abrogate NMDAR-dependent sensitization in response to noxious peripheral 

stimuli without complete inhibition of the NMDAR. To investigate this idea, we have used 

mice with point mutations (L1298A and R1300Q) on the C-terminal portion of GluN2B that 

specifically prevent activity-driven CaMKII binding (Halt et al., 2012). The goal of the 

present study was to characterize the pain phenotype of these mice. We hypothesized that (1) 

wildtype (WT) and GluN2BKI (KI) mice would not differ in responsiveness to acute 

noxious stimuli as these stimuli are largely NMDAR-independent; and (2) hypersensitivity 

would be reduced in GluN2BKI mice compared to WT mice in models of inflammatory 

pain. To that end, we tested responsiveness to acute mechanical and thermal stimuli as well 

as development of pain behaviors in the capsaicin and formalin models of inflammatory pain 

in these KI mice and their heterozygous (HET) and WT littermates.

2. Results

2.1 Abrogation of CaMKII binding to S1303 in GluN2B does not alter acute response to 
heat or mechanical stimuli

GluN2BKI mice did not differ in their responsiveness to acute noxious heat stimuli. No 

differences in response latency were observed among WT, HET or GluN2BKI mice at any 

stimulus intensity in either the tail flick or the hot plate test. All three genotypes exhibited an 

intensity-dependent decrease in response latency as the stimulus intensity increased (Fig. 1A 

and B). GluN2BKI mice also did not differ from WT or HET mice in their latency to 

withdraw the hind paw from a noxious heat stimulus (Fig. 1C). Furthermore, WT, HET and 

GluN2BKI mice did not differ with respect to their basal mechanical withdrawal threshold 

(Fig. 1D and Table 1). Collectively, these data suggest that binding of CaMKII to the 

GluN2B subunit of NMDAR does not mediate sensitivity to acute noxious heat or innocuous 

mechanical stimuli.
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2.2 Abrogation of CaMKII binding to S1303 GluN2B increases time to onset, but not 
duration of capsaicin-induced spontaneous pain behaviors or hypersensitivity to heat or 
mechanical stimuli

Spontaneous licking and biting behaviors were measured in the initial 15 min after injection 

of capsaicin. Substantial variability was observed within each genotype. GluN2BKI mice did 

not differ from HET or WT mice in their response to capsaicin injection into either the left 

or right hind paw. Moreover, the duration of licking and biting evoked by capsaicin did not 

differ between the left or right hind paw for any of the genotypes. (Fig. 2A). During the first 

assessment of licking and biting behaviors after injection into the left hind paw, the blinded 

observer noted that a subset of the mice did not immediately initiate licking and biting of the 

hind paw. The onset of licking and biting of the hind paw was therefore also recorded after 

the injection of capsaicin into the right paw the following week. On breaking the blind, it 

was determined that WT and HET mice initiated licking and biting within 39.8 and 42.1 sec, 

respectively, of capsaicin injection. However, GluN2BKI mice did not initiate spontaneous 

behaviors on average until 135.3 seconds after capsaicin injection (Fig. 2B). Interestingly, 

this delay appeared to arise because of licking and biting misdirected to the perianal region, 

a behavior that was not observed in WT or HET mice. Capsaicin induced equivalent heat 

hypersensitivity in GluN2BKI, HET and WT mice (Fig. 1C). It also shifted the force-

response curve for tactile stimulation with von Frey filaments to the left to an equivalent 

extent in all three genotypes. Taken together, these findings suggest that binding of CaMKII 

to the GluN2B subunit is not essential for the immediate development of hypersensitivity to 

mechanical or heat stimuli.

2.3 Abrogation of CaMKII binding to S1303 in GluN2B does not alter formalin-induced 
pain behaviors

The finding that GluN2BKI mice did not differ in the magnitude of capsaicin-induced 

behaviors was unexpected, particularly in light of multiple reports that KN93 and the 

CaMKII autophosphorylation mutation, T286A, attenuate both capsaicin and formalin-

induced behaviors (Choi et al., 2006; Fang et al., 2002; Zeitz et al., 2004). Therefore, a 

second model of inflammatory pain, intraplantar injection of formalin, was used to assess 

spontaneous pain behaviors in GluN2BKI mice and WT littermates; HET littermates were 

not tested. Both WT and GluN2BKI mice exhibited the characteristic first and second phase 

of formalin evoked behaviors (Fig. 3A and C). They did not differ in the magnitude or time 

course of behaviors [compare open symbols, Fig. 3 panels A and C; Two-way repeated 

measures ANOVA, Genotype: F(1,19) = 0.066 P = 0.209; Time: F(11,209) = 189.639 P < 

0.001; Genotype × Time: F (11,209) = 0.604 P = 0.824]. This finding suggests that formalin-

evoked pain behaviors are independent of CaMKII binding to NMDAR that contain GluN2B 

subunits. Unlike the capsaicin test, GluN2BKI mice did not exhibit misdirected licking or 

biting, or a delayed response to formalin. To confirm that the second phase of the formalin-

induced behaviors was dependent on activation of the NMDAR, WT and GluN2BKI mice 

were pretreated with saline or the noncompetitive NMDAR antagonist MK801 (0.08 mg/kg 

s.c.). This dose was based on its in vivo binding to the NMDAR (Price et al., 1988) and 

ability to block NMDA-induced convulsions (Parsons et al., 1995). Pretreatment with 

MK801 did not diminish the magnitude of the first phase in either genotype. However, it 

decreased the magnitude of the second phase in both WT and GluN2BKI mice. The latter 
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finding confirms that phase two behaviors are dependent on NMDAR activation in both 

genotypes (Fig. 3A and B).

2.4 Inhibition of Ca2+/CaM with KN93 suppresses formalin-evoked behaviors in GluN2BKI 
mice

A final set of experiments determined whether KN93, now understood to bind to Ca2+/CaM 

and interfere with its binding to CaMKII (Wong et al., 2019), could inhibit formalin-evoked 

behaviors in WT and GluN2BKI mice. WT and GluN2BKI mice were intrathecally injected 

with 20 μg (33.3 nmol) KN93 or its DMSO-based vehicle 20 min before intraplantar 

injection of formalin. This dose was selected on the basis of previous reports, which 

demonstrated that it prevented injury-induced phosphorylation of CaMKII at T286 in the 

dorsal horn of rats (Chen et al., 2009; Dai et al., 2005). Intrathecal administration of KN93 

did not suppress the first phase formalin behavior in WT mice. Although KN93 appeared to 

suppress the first phase response in KI mice, this effect did not achieve statistical 

significance compared to the vehicle-treated group (Holm-Sidak test, P = 0.102). For 

reasons that are unclear, the DMSO vehicle suppressed second-phase formalin responses in 

the WT mice (compare Fig. 4A with Fig. 3A), which hampered interpretation of the effects 

of KN93 in these mice (Fig. 4A, B). This was not the case for KI mice, and the ability of 

KN93 to suppress phase 2 behaviors was evident (Fig. 4C, D).

3. Discussion

This study used GluN2BKI mice to investigate the importance of activity-driven CaMKII 

binding to the GluN2B subunit of the NMDAR in several models of acute pain as well as the 

capsaicin and formalin models of inflammatory pain. The GluN2B subunit contains two 

binding sites for CaMKII (S1303 and a more proximal region between residues 839 and 

1140)(Leonard et al., 1999). The point mutations in GluN2BKI mice abrogate activity-
driven binding of CaMKII to S1303, but do not alter the amounts of GluN2B or the other 

NMDAR subunits, as well as CaMKII and other synaptic proteins in forebrain (Halt et al., 

2012). In GluN2BKI mice, NMDA does not increase CaMKII binding to GluN2B nor does 

it increase clustering of CaMKII at postsynaptic sites. In fact, CaMKII binding to GluN2B 

under activated conditions in GluN2BKI mice is less than half that of basal conditions in 

WT mice (Halt et al., 2012). The loss of an activity-driven interaction of CaMKII and 

NMDAR results in a 50% reduction of hippocampal LTP. GluN2BKI mice exhibit mild 

spatial learning deficits, as well as impaired recall following learning Morris water maze 

specific tasks (Halt et al., 2012; Stein et al., 2014) although they do not exhibit deficits in 

learning associated with Barnes maze and contextual fear conditioning (Stein et al., 2014). 

Finally, activity-driven spine outgrowth, which requires binding of CaMKII to GluN2B, is 

also blocked in these mice (Hamilton et al., 2012). Thus, GluN2BKI mice were used to 

understand the requirement for activity‐driven binding of CaMKII to GluN2B-containing 

NMDAR in models of acute and persistent inflammatory nociception.

3.1. Acute Nociception

Impairing the activity-driven binding of CaMKII binding to GluN2B was of no consequence 

in the tail flick, hot plate, and paw flick tests, capsaicin-induced licking/biting behaviors, or 
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the first phase of the formalin test. This was an expected result. First, at the molecular level, 

GluN2BKI mice have intact basal neurotransmission at least in the hippocampal CA1 area 

(Halt et al., 2012). Second, antagonism or knock-down of NMDAR does not affect 

responsiveness to acute noxious thermal, mechanical or electrical stimuli (McRoberts et al., 

2011; Petrenko et al., 2006) Third, these pain models are short-lived in nature, 

predominantly dependent on the activation of nociceptors, and do not entail either peripheral 

or central sensitization (Le Bars et al., 2001).

3.2. Persistent Nociception

We expected that the binding of CaMKII to GluN2B would be critical in models of 

persistent inflammatory pain given the well-chronicled role of NMDAR coupled with strong 

evidence for the involvement of CaMKII in both the capsaicin and formalin models. With 

respect to the role of NMDAR, administration of NMDAR antagonists such as APV, CPP, 

MK801 and memantine attenuates capsaicin-induced pain behaviors as well as mechanical 

and heat hypersensitivity (Sakurada et al., 1998; Soliman et al., 2005; Taniguchi et al., 

1997). Pharmacologic inhibition of NMDARs in either the spinal cord or hippocampus, or 

selective knockdown in primary afferent neurons decreases the magnitude of the second 

phase of formalin-induced pain behaviors (Chaplan et al., 1997; Haley and Dickenson, 2016; 

McKenna and Melzack, 2001; McRoberts et al., 2011; Nazarian et al., 2008). Moreover, 

spontaneous behaviors induced by capsaicin (Sakurada et al., 1998; Taniguchi et al., 1997) 

and the second phase of formalin-induced pain behaviors are diminished by specific 

GluN2B subunit inhibitors, ifenprodil and CP101–606 (Borza et al., 2007). Knock-down of 

GluN2B using siRNA, or preventing GluN2B association with postsynaptic density protein 

95, are able to block pain behaviors associated with the second phase of formalin (D’Mello 

et al., 2011; Zhang et al., 2013) and attenuate hyperalgesia in diabetic rats (Zhu et al., 2020). 

Evidence for the role of CaMKII includes findings that the T286A mutation that blocks 

autophosphorylation of CaMKII attenuates the second phase of the formalin test (Choi et al., 

2006; Dai et al., 2005; Zeitz et al., 2004). Finally, capsaicin increases phosphorylation of 

CaMKII in the dorsal horn, and increases CaMKII-dependent phosphorylation of the 

ionotropic AMPA receptor subunit, GluA1, and its translocation from the cytoplasm to the 

cell membrane in vivo and in vitro (Fang et al., 2002; Galan et al., 2004; Price et al., 2005). 

Additionally, CaMKII phosphorylation of TPRV1, the capsaicin receptor, is required for 

TRPV1 activation (Jung et al., 2004).

Given the importance of CaMKII as a downstream effector following NMDAR activation in 

both models and the demonstrated deficits in LTP in GluN2BKI mice (Halt et al., 2012), we 

hypothesized that capsaicin and formalin-induced nociception would be reduced in 

GluN2BKI mice compared to litter-matched WT and HET mice. Instead, apart from a delay 

in onset of capsaicin-induced licking and biting, GluN2BKI mice did not differ from either 

WT or HET mice with respect to duration of spontaneous pain behaviors or heat and 

mechanical hypersensitivity. Similarly, GluN2BKI mice did not differ from WT mice in their 

response to formalin. Collectively, these data suggest that activity-driven binding of CaMKII 

at S1303 of the GluN2B subunit of NMDAR is not necessary for inflammatory nociception 

as modeled by spontaneous behaviors or the mechanical and thermal hypersensitivity 

produced by capsaicin, or second phase of the formalin test.
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3.3. Neuronal Pathfinding

The misdirection of licking and biting behavior to the perianal region, and the accompanying 

delay in onset to licking the hind paw observed in the GluN2BKI mice is intriguing. The 

NMDAR is involved in developmental neuronal pathfinding (McKinney et al., 1999), and 

knock-down of the GluN2B subunit in the ventricular zone impairs accurate migration of 

cortical neurons (Jiang et al., 2015), indicating a role for NMDARs in guiding the 

developing pre-synaptic neuron (Fedder and Sabo, 2015). The misdirection observed in the 

capsaicin test was not observed in the formalin test. Whether abrogation of CaMKII binding 

to GluN2B results in a developmental defect in TRPV1 expressing sensory afferents or the 

cortical representation of sensory information carried by these afferents remains to be 

determined.

3.4. Revisiting conclusions from administration of KN93

KN93 has been used as a CaMKII inhibitor for nearly two decades, despite an inability to 

demonstrate its binding to CaMKII. Critically, a role of CaMKII in inflammatory 

nociception has been inferred from the ability of KN93 to attenuate those behaviors. At the 

time these experiments were conducted, it was expected that KN93 would be unable to 

diminish formalin-evoked behaviors in GluN2BKI mice because the interaction with 

CaMKII was already abrogated. The finding that it did so was unexpected. Very recently, 

new approaches have revealed that KN93 actually binds to Ca2+/CaM (Wong et al., 2019). 

Ca2+/CaM interacts with multiple other targets including Ca2+-, Na+- and K+-channels, as 

well as various kinases that can also be disrupted by KN93. Therefore, although findings 

that KN93 blocks capsaicin- and formalin-evoked pain behaviors are an intriguing 

correlation, they do not demonstrate causation by CaMKII activity. The inhibition of 

formalin-induced pain behaviors by KN93 in GluN2BKI mice implicates other targets and 

mechanisms that merit investigation.

3.5. Limitations and Possible Mechanisms

This study specifically investigated and excluded a role for activity-driven CaMKII 

phosphorylation of S1303 in GluN2B in acute and persistent inflammatory pain. These 

negative findings contrast with a wealth of data supporting the important role of CAMKII 

binding to GluN2B in neuropathic pain (Zhou et al., 2017), some of which is based on the 

use of KN-93. Despite the limitations of this study, including the small number of mice and 

their reuse, the negative findings do not fully exclude a role of CaMKII in inflammatory 

pain. Several possibilities can be entertained. First, CaMKII can bind to a second site (a.a. 

839–1120) on GluN2B. Unfortunately, this region has not been extensively studied, most 

likely because the region containing S1303 is essential for activity-driven CaMKII binding 

to GluN2B. Second, CaMKII binding to other postsynaptic proteins such as GluN1 and 

GluN2A (Gardoni et al., 1998; Gardoni et al., 2001; Leonard et al., 1999) may be sufficient 

to mediate hypersensitivity following inflammatory injury although we note that CaMKII 

binds to GluN2B with the highest affinity and efficiency (She et al., 2012). Third, these 

findings do not rule out a role for presynaptic CaMKII activity, independent of its binding to 

GluN2B, where it is necessary for synaptic plasticity (Ninan and Arancio, 2004), possibly 

by regulating neurotransmitter release (Liu et al., 2007; Luo et al., 2008). Fourth, in addition 
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to its role as a kinase, CaMKII also has a kinase-independent structural role at NMDAR that 

does not require its binding to the NMDAR to maintain basal NMDAR function (Incontro et 

al., 2018). This report raises the intriguing possibility that sensitization and persistent 

nociception in nociceptive circuits depend on the kinase-independent, structural function of 

the CaMKII protein. Finally, it is also possible that phosphorylation of NMDAR initiated by 

PSD95 binding may play an important role (Zhu et al., 2020).

3.6. Summary

The GluN2BKI mice used in this study provide genetic specificity in assessing the role of 

CaMKII binding to S1303 of GluN2B in NMDAR-mediated inflammatory pain signaling 

cascades. It was surprising that loss of this interaction did not decrease formalin-evoked pain 

behaviors or capsaicin-induced hypersensitivity, suggesting that activity-driven binding of 

CaMKII to GluN2B is not a crucial component of peripheral or central sensitization, or of 

inflammatory nociception. Of note, binding of CaMKII to GluN2B requires phosphorylation 

of T1472 by the src family tyrosine kinase Fyn (Nakazawa et al., 2006). It is perhaps not 

unexpected then that Fyn-mediated phosphorylation of T1472 in GluN2B also does not 

contribute to inflammatory pain (Matsumura et al., 2010). In contrast, Fyn-mediated 

phosphorylation of T1472 in GluN2B plays a critical role in neuropathic pain (Hildebrand et 

al., 2016; Matsumura et al., 2010). Whether activity-driven CaMKII binding to GluN2B at 

S1303 contributes to neuropathic pain remains to be determined. To this end, it would be 

interesting to further test the role of activity-drive binding of CaMKII in inflammatory and 

neuropathic pain using mice with a K42M or K42R mutation in CaMKII, in which 

glutamate-induced synaptic translocation of CaMKII and binding to GluN2B are 

significantly reduced (Tullis et al., 2020).

The alternatives and limitations notwithstanding, the negative results obtained with this 

pharmacogenetic approach and new insights into the mechanism of action of KN93 

challenge current thinking on the involvement of the GluN2B-NMDAR-CaMKII interaction 

in persistent inflammatory nociception. These results further suggest that drugs targeting this 

interaction may not be effective for treating inflammatory pain conditions.

4. Materials and Methods

4.1 Animals

These experiments were approved by the University of Iowa Animal Care and Use 

Committee and were conducted in accordance with the guidelines of the International 

Association for the Study of Pain and the National Resource Council Guide for the Care and 

Use of Laboratory Animals. All mice used were bred and housed at the University of Iowa 

Animal Care Facility in temperature- and humidity-controlled rooms with 12 hour light and 

dark cycles. Mice had free access to food and water. GluN2BKI, WT and HET mice were 

obtained as detailed by Halt et al. Briefly, GluN2BKI+/− (heterozygous) mice were bred to 

obtain litters containing homozygous KI (GluN2BKI), WT and HET mice. Mouse genotypes 

were determined through diagnostic PCR followed by restriction enzyme digest using 

BssHII, which cleaves the PCR product in GluN2BKI but not WT mice. All three genotypes 

were of the C57BL/6 background and were physically indistinguishable. In all experiments, 
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control WT and HET mice were littermates of the GluN2BKI mice. Adult mice (~8 weeks 

of age) of both genders were used. As the numbers of male and female mice were 

insufficient to enable meaningful analysis of gender differences, the genders were pooled for 

analysis.

4.2 General Experimental Design

The first set of experiments evaluated responsiveness to different intensities of acute heat 

using the tail flick and hot plate tests; these tests were conducted using the same mice. Using 

a different cohort of mice, the second set of experiments examined whether the genotypes 

differed in the magnitude of capsaicin-induced licking and biting of the hind paw or in 

capsaicin-induced heat or tactile hypersensitivity. Due to limited availability of mice, 

capsaicin-induced hypersensitivity and licking and biting behaviors were assessed in the 

same mice using alternate hind paws. After assessment of baseline heat threshold, using the 

paw flick test, the left hind paw was injected with capsaicin. The duration of time spent 

licking and biting the hind paw was recorded for 15 min followed by reassessment of paw 

flick latency. On week later, after assessment of baseline mechanical threshold using von 

Frey filaments, the right hind paw was injected with capsaicin. The duration of time spent 

licking and biting the right hind paw was recorded for 15 min followed by reassessment of 

mechanical threshold. Using a third cohort of mice, the final set of experiments examined 

whether the genotypes differed in the magnitude of formalin-induced pain behaviors and 

whether these behaviors were differentially sensitive to antagonism by the NMDAR 

antagonist, MK-801, or the Ca2+/CaM inhibitor, KN93.

4.3 Measurements of Nociception

All mice were acclimated to the test environment and equipment for three days prior to each 

experiment. The experimenter was blind to the genotype of the mice. Hot plate latency was 

defined as the time elapsed to a lick of the hind paw or a display of escape behavior after the 

mouse was placed on a copper surface heated to 48, 52 or 55°C. One measure of hot plate 

response latency was made at each temperature for each mouse. Cut-off latencies of 60, 50 

and 40 sec (respective of set of increasing temperatures) were imposed to prevent tissue 

damage.

For the tail flick assay, the tail of each mouse was blackened with a black permanent marker 

to control for potential differences in pigmentation that may alter heat absorbance. A high 

intensity light beam (IITC Tail Flick Apparatus Analgesia Meter; Woodland Hills, CA) was 

directed at the blackened portion dorsal surface of the mouse’s tail. Tail flick latency was 

defined as the time elapsed to remove the tail from the light beam as measured by an 

automatic timer. Two measures of tail flick latency were made and averaged to yield a single 

value at each intensity for each mouse. Cut-off latencies of 20 and 14 sec were used at the 

low and high intensity to prevent tissue damage.

Paw flick latency was measured as previously reported by our group (Hurley and Hammond, 

2000). Measurements were obtained by focusing a high intensity light beam on the hind paw 

of the mouse. An automatic timer recorded when the mouse removed its paw from the path 

of the light beam. A cut-off latency of 20 sec was imposed to prevent tissue damage. Mice 
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that didn’t respond within 20 seconds were assigned that value. One measure was made on 

each hind paw per animal.

Mechanical threshold was determined using von Frey filaments (Smith and Nephew Roylan 

Inc.) ranging in force from 1.65 to 4.31 log milli-Newtons (mN). Each filament was applied 

five times to each hind paw, starting with the finest filament until a force was reached at 

which the mouse responded to each of the five filament applications by raising its paw 

(100% response).

4.4 Models of Inflammatory Pain

For the capsaicin model of inflammatory pain, the dorsal aspect of the hind paw was injected 

with 10 μL capsaicin (0.1% in saline, Sigma). The time spent exhibiting spontaneous 

behaviors (licking and biting of the injected paw) was recorded over a 15 min period. 

Twenty min after capsaicin injection, when spontaneous behaviors had subsided, thresholds 

for heat or mechanical stimuli were reassessed on both the ipsilateral and contralateral hind 

paws.

The formalin test was conducted by injecting 20 μl of 2% formalin in the plantar surface of 

one hind paw. Time spend exhibiting spontaneous behaviors (licking and biting of the 

injected paw) was measured in five min intervals over the course of one hour.

4.5 Drugs and Administration

MK801 and KN93 were obtained from Sigma-Aldrich (St. Louis, MO). MK801 was 

dissolved in saline, which served as its vehicle, and was injected subcutaneously in the scruff 

of the neck 20 min before formalin. KN93 was first dissolved in DMSO and then diluted 

with saline. The final concentration of DMSO was 25% (v/v), and this served as the vehicle 

for intrathecal injections. Mice were lightly anesthetized with isoflurane before intrathecal 

injection of vehicle or KN93 in a volume of 5 μL as previously described (Hylden and 

Wilcox, 1980).

4.6 Data Analysis

All data are presented as mean ± S.E.M. Tail flick and hot plate latencies were compared 

among the genotypes by a two-way repeated measures analysis of variance (ANOVA) in 

which genotype was one factor and stimulus intensity was the repeated measure. For 

analysis of capsaicin-induced heat hyperalgesia, paw flick latencies were compared among 

the genotypes by using a two-way repeated measures ANOVA in which genotype was one 

factor and time was the repeated measure. For comparison of of capsaicin-evoked pain 

behaviors between hind paws among the genotypes, a two-way repeated measures ANOVA 

in which genotype was one factor and hind paw injected was the repeated factor. Time to 

onset of licking after capsaicin was compared among the genotypes by one-way ANOVA 

followed by Holm-Sidak post hoc test. Responses to von Frey filaments were fit by non-

linear regression, and EF50 and 95% confidence limits determined using GraphPad Prism 

(San Diego, CA). The extra sum of squares test in GraphPad Prism was then used to 

compare slopes and EF50 of the stimulus-response functions for the different genotypes 

before and after capsaicin. Duration of licking after formalin was compared by a two-way 
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repeated measures ANOVA with genotype as one factor and time as the repeated factor. 

Mean duration of licking during the second phase of the formalin test was compared by 

Student’s t-test. For all comparisons, a P < 0.05 was considered significant.
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Abbreviations

ANOVA analysis of variance

Ca2+ calcium

CaM calmodulin

CaMKII Ca2+/CaM kinase II

CAP capsaicin

DMSO dimethyl sulfoxide

EF50 50% of the effective force

GluN1, 2A, 2B NMDAR subunits

HET heterozygote

K+ potassium

KI knock in

KN93 N-[2-[[[3-(4-Chlorophenyl)-2-

propenyl]methylamino]methyl]phenyl]-

N-(2hydroxyethyl)-4-methoxybenzenesulphonamide

MK801 (5R,10S)-(−)-5-Methyl-10,11-dihydro-5H-

dibenzo[a,d]cylcohepten-5,10-imine maleate

mN milli-Newtons

Na+ sodium

NMDAR N-Methyl D-aspartate receptor

PCR polymerase chain reaction

S.E.M. standard error of the mean
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s.c. subcutaneous

siRNA small interfering RNA

WT wild type
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Highlights

• Acute and inflammatory pain were tested in GluN2BKI mice impaired in 

CaMKII binding

• Loss of activity-driven CaMKII binding to GluN2B did not diminish acute 

pain

• Loss of activity-driven CaMKII binding to GluN2B did not obtund 

inflammatory pain

• KN93 inhibited formalin pain in GluN2BKI mice implicating other targets of 

Ca2+/CaM

• CaMKII binding to S1303 in GluN2B is not critical for inflammatory pain 

signaling
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Fig. 1. 
Response latencies to acute noxious mechanical and heat stimuli in wildtype (WT), 

heterozygous (HET), and GluN2B knock-in (GluN2BKI) mice. A) Latency to tail 

withdrawal from low and high intensity heat. [Two-way repeated measures ANOVA 

Genotype: F(2,25) = 0.29, P = 0.0818; Intensity F(1,25) = 18.38, P = 0.0002; Genotype × 

Intensity: F(2,25) = 0.42, P = 0.6643] B) Response latency on hot plate to different 

temperatures. [Two-way repeated measures ANOVA Genotype: F(2,25) = 0.29, P = 0.7532; 

Intensity F(2,50) = 130.48, P < 0.0001; Genotype × Intensity: F(4,50) = 0.21, P = 0.9343]. 
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C) Latency to paw withdrawal to heat before (Baseline) and 20 min after injection of 0.1% 

capsaicin (CAP; 10 μl) in the dorsal surface of the left hind paw. [Two-way repeated 

measures ANOVA Genotype: F(2,24) = 1.57, P = 0.2286; Time: F(1,24) = 130.50, P < 

0.0001; Genotype × Time: F(2,24) =3.61, P = 0.0425]. For panels A-C: WT (open bars, 

circles), HET (solid bars, squares), and GluN2BKI mice (KI, hatched bars, triangles). D) 

Percent response to application of von Frey applications of incremental force before 

(Baseline, open symbols) and 20 min after injection of 0.1% capsaicin (10 μl, solid symbols) 

in the dorsal surface of the right hind paw. Abscissa indicates log mN of force. See also 

Table 1. For panel D: WT (circle), HET (square), GluN2BKI (triangle) mice. Error bars are 

omitted for clarity. Values are the mean ± S.E.M of determinations in 7 −11 mice in each 

genotype. Panels A-C: **P < 0.01 compared to lowest intensity or baseline value;

Maduka et al. Page 18

Brain Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Capsaicin-evoked pain behaviors. A) Duration of licking and biting behaviors during the 15 

min after intraplantar injection of capsaicin in the left (first exposure) or the right (second 

exposure) hind paw of WT (open bar, circle), HET (solid bar, square), and GluN2BKI 

(hatched bar, triangle) mice. [Two-way repeated measures ANOVA followed by Holm-Sidak 

test. Genotype: F(2,23) = 0.416, P = 0.665; Paw: F(1,23) = 7.032, P = 0.014; Genotype × 

Paw: F(2,25) = 0.247, P = 0.783] B) Time to onset of licking and biting of the hind paw; 

symbols as in A. ANOVA followed by Holm-Sidak test. F(2, 24) = 9.298, P = 0.001, Holm-
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Sidak for WT vs. KI adjusted and for KI vs HET P = 0.0027. All values are the mean ± 

S.E.M of determinations in 7 – 10 mice in each genotype.
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Fig. 3. 
Subcutaneous pretreatment with 0.08 mg/kg MK801 attenuates formalin-evoked pain 

behaviors in paw in both WT littermates (A,B) and GluN2BKI (C,D) mice. Panels A and C 

illustrate the time course of the effect. Arrow indicates time of MK801 administration. 

Arrowhead indicates time of formalin injection. MK801 treatment significantly decreased 

the duration of licking and biting in both WT (panel A) and GluN2BKI (panel C) mice. 

Panels B and D depict total time spent licking and biting during the second phase (10–40 

min). Open symbols: saline control. Solid symbols: MK801. All values are mean ± S.E.M of 

determinations of 7–11 mice per genotype. Panels A and C: *P < 0.05, **P < 0.01. Two-way 

repeated measures ANOVA followed by Holm-Sidak test [WT - Treatment: F(1,15) = 

26.237 P < 0.001 Time: F(11,165) = 9.760, P < 0.001; Treatment × Time: F(11,165) = 1.831 

P =0.053. GluN2BKI - Treatment: F(1,16) = 10.805 P = 0.005; Time: F(11,176) = 13.683 P 
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< 0.001) Treatment × Time F(11,176) = 2.177, P 0.018]. Panels B and D: **, P < 0.01; ***P 

< 0.01 Student’s t-test C: t(15) = 4.376,P= 0.0005 D: (t(16) = 4.276, P =0.0006.
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Fig. 4. 
Intrathecal pretreatment with 20 μg (33 nmol) KN93 differentially attenuates formalin-

evoked pain behaviors. (A,B) WT littermates (C,D) GluN2BKI mice. Panels A and C 

illustrate the time course of the effect. Arrow indicates time of KN93 administration. 

Arrowhead indicates time of formalin injection. KN93 treatment did not significantly 

decrease the duration of licking and biting in WT (panel A) but did so in GluN2BKI (panel 

C) mice. Panels B and D depict total time spent licking and biting during the second phase 

(15–45 min). Open symbols: DMSO control. Solid symbols: KN93. All values are mean ± 

S.E.M of determinations of 6–8 mice per genotype. Panels A and C: *P< 0.05, **P< 0.01. 

Two-way repeated measures ANOVA followed by Holm-Sidak test [WT - Treatment: 

F(1,11) = 4.182, P = 0.066 Time: F(11,121) = 8.281, P < 0.001; Treatment × Time F: 

(11,121) = 1.052, P = 0.406. GluN2BKI - Treatment: F(1,12) = 7.356, P = 0.019; Time 
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F(11,132) = 9.178, P < 0.001) Treatment × Time F(11,132) = 2.093, P = 0.025]. Panels B 

and D: *P < 0.05; Student’s t test B: t(11) = 2..055, P = 0.065 D: t(12) = 2.236, P = 0.045
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Table 1

Response Thresholds for Withdrawal from von Frey Filaments Before and 20 min After Intraplantar Injection 

of 0.1% Capsaicin in the Hind paw.

Baseline After Capsaicin

Ipsilateral Contralateral Ipsilateral Contralateral

WT 4.1 a (4.0–4.1) 4.1 a (4.1–4.2) 2.7 ** (2.3–3.0) 4.1 a (4.0 – 4.2)

MET 4.1 a (3.9–4.1) 4.1 a (4.1–4.2) 2.5 ** (2.4–2.7) 3.9 ** (3.6 – 4.1)

GIuN2BKl 4.1 a (4.1–4.2) 4.1 a (4.1 –4.2) 2.6 ** (2.3–2.7) 4.1 a (4.0 – 4.2)

Values are the EF50 in mN and 95% comfidence limits. a indicates that the EF50 values and slopes do not differ.

**
p <0.01 compared to baseline values for the corresponding hind paw. WT: F(2,40) = 26.47 p < 0.0001; HET: F (2,56) = 28.97 < 0.0001; KI: 

F(2,44) =31.01 p < 0.0001.
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