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ABSTRACT  

The goal of this study was to characterize a model that specifically activates peripheral 

nociceptors, allowing pure nociceptive thresholds to be monitored over a range of conditions 

including pathology or in screening analgesic compounds. Transgenic mice expressing 

channelrhodopsin-2 (ChR2) in cell populations positive for the transient receptor potential 

cation channel subfamily V member 1 (TRPV1) gene were bred to enable peripheral 

nociceptor photostimulation. Preliminary experiments confirmed the expected localisation 

pattern of ChR2 positive profiles in the dorsal root ganglion and superficial dorsal horn, 

mirroring TPRV1 expression. Brief hindpaw photostimulation with 470nm light caused 

hindpaw withdrawal and nocifensive behaviours in ChR2 positive animals but not control 

ChR2 negative animals. Using a simplified up/down approach, ‘optical' nociceptive 

thresholds were assessed with a 5-intensity hindpaw photostimulation paradigm, establishing 

the minimum intensity required to produce a withdrawal response (optical threshold). All 

testing was also video recorded and analysed post-hoc to assess additional photostimulation 

evoked behaviours. Repeated testing over several days showed optical nociceptive thresholds 

and response duration were similar, supporting the stability of these variables across a 

timeframe relevant to onset of pathology or drug administration. Optical nociceptive 

thresholds were also assessed following morphine administration (30 mg/kg), which 

significantly raised thresholds, highlighting analgesic screening utility of this model.  

Together, these findings demonstrate the peripheral photostimulation with optical 

thresholding is a useful addition to the preclinical nociception assessment toolkit, with the 

key advantage of inducing a purely nociceptive response to a non-invasive, non-tissue 

damaging stimulus.  
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INTRODUCTION  

Despite decades of intensive preclinical research, progress to develop new pain treatments 

has remained slow and largely unsuccessful. While there are many potential explanations for 

this failure, questions have been raised about the validity and predictive capacity of current 

preclinical nociceptive assessment and analgesic screening tools, suggesting a need for novel 

approaches [10; 22; 32]. With no test able to directly measure pain in animals, assessments 

depend on evaluation of nociceptive responses, usually involving avoidance or nocifensive 

behaviours that are used as surrogate indicators of pain [4; 15; 28; 33]. The existing array of 

preclinical nociceptive assessment and analgesic screening tools include application of 

electrical, thermal, chemical, or mechanical stimuli to elicit a nociceptive response, 

commonly hindpaw withdrawal, licking, shaking, or grooming; and are typically used in 

conjunction with experimentally induced pain models that produce altered or pathological 

nociceptive signaling [4; 15; 28; 33]. 

 

In addition to characterising pain responses, tests can also specifically determine sensory 

thresholds, determining the minimum stimulus intensity required to provoke a hindpaw 

withdrawal response that can be reassessed during or following the onset of pathology or 

administration of experimental compounds [4]. Together, these approaches provide 

quantifiable measures related to nociception with clear face validity to the experience of pain. 

A key limitation of these thresholding-based approaches, however, is that stimuli generally 

activate a range of sensory receptor types (e.g. mechanoreceptive, thermoreceptive and 

chemoreceptive) [4; 15; 23]. Furthermore, high intensity stimuli are required to study 

nociception, carrying the risk of tissue damage. Fortunately, a range of technical and 

experimental advances have provided opportunities to develop new measures of pain and 

nociception in animals, expanding the preclinical assessment tools for studying pathological 

pain and assessing analgesic efficacy. For example, combinations of high-speed video 

imaging, statistical analysis, and machine learning are increasingly being employed to 

identify novel measures of spontaneous pain behaviour and automate this analysis [18]. 

 

Recent experimental advances have also provided new ways to activate neural pathways and 

study pain processing, including the fields of chemogenetics and optogenetics [16; 31; 35]. In 

the case of optogenetics, light sensitive proteins known as opsins can be specifically 

expressed in a target cell population, rendering these cells light-sensitive [27; 38]. Several 

studies have established that optogenetics can be used to activate peripheral nociceptors and 
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study pain signalling evoked in the periphery, as well as activation at the level of the spinal 

cord [13; 19; 20; 35; 40]. While a range of strategies have been used to express 

channelrhodopsin-2 (ChR2) in nociceptive afferents and other cell populations, several 

studies have used the transient receptor potential cation channel subfamily V member 1 

(TRPV1) to establish optogenetic control of nociceptors [5; 9; 12; 13; 21; 25; 26; 37]. 

Importantly, the TRPV1 ion channel mediates heat and chemically induced nociception, 

through expression in mechanically insensitive unmyelinated c-fibres [24; 30; 41]. Thus, 

photostimulation of this population in TRPV1::ChR2 mice, by applying 470 nm light to the 

central or peripheral nervous systems, can produce nociceptive signaling [5; 9; 12; 13; 21; 25; 

26; 37]. Several studies have shown that under in vivo conditions peripheral optogenetic 

activation of nociceptors provokes nocifensive responses that can then be recorded and 

analysed [9; 30; 2; 13]. In building on this approach, work presented here describes an optical 

thresholding protocol, delivering set intensities of increasing photostimulation until a 

nocifensive hindpaw withdrawal response is elicited. This provides a form of nociceptive 

threshold that can then be monitored without tissue contact or injury and can assess changes 

in purely nociceptive signaling during the induction of pathological pain or as an analgesic 

efficacy screening model for novel compounds.  
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METHODS 

 

All experimental procedures were conducted at the University of Newcastle in accordance 

with the University’s Animal Care and Ethics Committee guidelines (protocol A-2021-134). 

 

Animals  

Experimental mice were derived by crossing TRPV1Cre with Ai32 (Jackson Laboratories, Bar 

Harbor, Maine, USA; lines #024109 and #017769, respectively). This generated offspring 

with ChR2/EYFP expressed in TRPV1 positive sensory neurons and their peripheral and 

central terminals. Both male and female mice (TRPV1Cre;Ai32; 3-6 months) were used as 

experimental animals. The uncrossed Ai32 parent line was used to confirm ChR2 activation 

underpinned responses to stimuli. 

 

Immunohistochemistry 

Tissue was prepared for immunofluorescence confirmation of ChR2 expression and 

localization by animal overdose with pentobarbitone (800 mg/kg, i.p.; Virbac, NSW, 

Australia) followed by transcardial perfusion with 4% paraformaldehyde in phosphate buffer. 

The spinal cord and dorsal root ganglion (DRG) were there dissected free and post-fixed for 

an additional 2 hours in the same fixative. Transverse spinal cord sections prepared from the 

lumbar enlargement (L3-L5, 30 μm) embedded in TissueTek (Sakura Finetek, California, 

USA) and sectioned at -20°C on a Leica CM1950 cryostat (Leica, Wetzlar, Germany). 

Alternatively, DRGs were polyethylene glycol (PEG) embedded after a series of washing and 

clearing steps: 3 x 15 min 80% ethanol (EtOH), 3 x 15 min dimethyl sulfoxide (DMSO) and 

then 3 x 15 min 100% EtOH. DRGs were then placed melted 1000MW PEG in a 46OC 

vacuum oven (Thermoline, NSW, Australia) until the tissue sank (approximately 2 hrs). The 

tissue was then embedded in 1450MW PEG, hardened, and sectioned (20 μm) on a 

microtome (American Optical, Illinois, USA). 

 

Tissue sections from both the spinal cords and DRGs were placed in 10% normal donkey 

serum (Jackson ImmunoResearch, Pennsylvania, USA) in antibody diluent (0.3 M NaCl, 7.5 

mM NaH2PO4, 0.3% TritonX-1000, 0.05% Na+ Azide), for 1 hour to block non-specific 

antibody binding. Sections were incubated overnight in primary antibodies against green-

fluorescent protein (GFP, 1:1000 in antibody diluent, Abcam, ab13970), calcitonin gene-
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related peptide (CGRP, 1:200 in 0.1 M PBS, Abcam, ab36001) and neurofilament 200 

(NF200, DRG sections only, 1:5000 in 0.1 M PBS, Sigma-Aldrich, N0142). After the 

primary incubation, sections were washed 3 x 15 min with 0.1 M PBS prior to a 2-hour 

incubation in secondary antibodies FITC (1:50 in 0.1 M PBS, Jackson ImmunoResearch, 

703-095-155), Cy3 (1:50 in antibody diluent, Jackson ImmunoResearch, 715-165-147) and 

AMCA (DRG sections only, 1:50 in antibody diluent, Jackson ImmunoResearch, 715-155-

151) at room temperature. Sections were washed in 0.1 M PBS 3 x 15 min, mounted on slides 

with buffered glycerol and cover slipped. Slides were subsequently imaged on Olympus 

BX50 microscope (10X and 20X objectives), and analyzed using Image J software (NIH, 

New York, USA). 

 

In vivo photostimulation and behavioural testing 

The testing apparatus consisted of a clear plexiglass cylinder was placed on top of an elevated 

plexiglass floor. A video camera was positioned in front of the testing setup to record all 

behaviours with 2 mirrors positioned behind the testing arena to capture behaviour from all 

angles. Under the elevated plexiglass floor, an LED driver (Thor Labs, New Jersey, USA) 

connected to 470 nm fibre-coupled LED (Thor Labs, New Jersey, USA) provided 

photostimulation through its attachment with a fibre optic patch cable, ceramic ferrule 

connection and optic fibre tip (300 μm) mounted on a fixed height stand. The LED driver was 

controlled by a Master-8 (AMPI, Jerusalem, Israel) pulse stimulator, delivering 1-second 

TTL pulses when triggered (Figure 1A). Set photostimulation intensities were calibrated 

using a digital optical power meter with a photodiode sensor positioned, sensor side down, on 

the elevated plexiglass flooring above the light path and the LED (Thor Labs, New Jersey, 

USA). This calibration procedure was performed on experimental days to ensure LED output 

accuracy. 

 

All experiments were conducted under quiet, low-light conditions at 22 ± 1°C and 50% 

relative humidity. Animals were acclimatised in the testing arena for a minimum of 30 min or 

until responses to the novel environment were diminished (i.e. minimal rearing, pushing or 

scratching plexiglass, and unprovoked grooming). During acclimatization, the experimenter 

periodically adjusted the LED ferrule position under the floor, without triggering 

photostimulation, as would occur during testing. A minimum of three acclimatization 

sessions were performed prior to an experimental protocol commenced with at least 24 hrs 
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between sessions. Following acclimatization, animals entered an experimental protocol. On 

the testing day, each animal was placed in the recording arena for 10 minutes prior to 

photostimulation, with video recording commenced to capture baseline activity. Following a 

simplified up-down approach modelled to that described by Bonin et al. [7] for von Frey 

filament testing, 5 photostimulation trials were applied, varying photostimulation intensity in 

an ‘up/down’ manner. The first stimulus trial was at the approximate photostimulation 

intensities (1mW) required to provoke a withdrawal response, determined in a pilot test 

cohort. The subsequent photostimulation intensity was determined by the up/down rules 

based on the response to the previous trial. Photostimulation intensity was increased if no 

response was recorded for the prior trial and decreased if the prior trial recorded a withdrawal 

response. Each trial commenced once the animal stopped moving and appeared to be settled, 

with the  LED activated to deliver a 1-second light pulse to the right hindpaw and observing 

the response (Figure 1B). A three-minute time out between photostimulation trials allowed 

the animal behaviour to return to baseline. The response to the photostimulation (yes/no) was 

noted and the LED intensity was adjusted for the next photostimulation. All testing was 

scored in real time (response vs. no response) to determine the next photostimulation 

intensity value (Figure 1C). The optical threshold was assigned as the intensity of the last 

photostimulation intensity +/- an adjustment factor that was half the increment to the next 

intensity (up if there was no response or down if the last trial caused a response).  

 

Testing trials were spaced 3-days apart, and three initial baseline optical threshold testing 

sessions were performed to test the stability of baseline optical thresholds and response 

behaviours (n=9). An additional fourth baseline test was undertaken in a subset of animals 

(n=6) at a later timepoint (14 days following conclusion of the initial baseline testing), which 

would exceed the time required to undertake analgesic screening. This was used to assess the 

long-term stability of optical thresholds and nociceptive responses for several repeat tests. A 

cohort of animals also underwent baseline optical threshold testing before being administered 

morphine (10 mg/kg, s.c.) and sham injection (isotonic saline) prior to additional optical 

threshold trials, also spaced 3-days apart.  

 

Video recordings also captured each photostimulation trial for post hoc analysis using BORIS 

[17], an open-source event-logging software for video/audio coding and live observations. 

Each file assessed for specific behaviours and conditions (Table 1). Analysis was performed 

frame-by-frame, with behaviours coded in the pre-photostimulation period (active or 
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inactive), as well as during and post photostimulation (hindpaw lifting, tapping, grooming). 

Video recordings also determine the latency between photostimulation onset and the first 

behavioural response. Once coded, behaviour data (e.g., hindpaw lifting, tapping, or 

grooming) was exported in 1-second bins. Our analysis also grouped behaviours (e.g., 

nocifensive = lifting/tapping/grooming) and normalized these to account for photostimulation 

exposure when hindpaw withdrawal reduced the photostimulation period. This normalization 

multiplied the response duration by the fraction of the photostimulation period (1-second) 

that achieved hindpaw exposure.  

 

Drugs and drug administration 

Morphine (5 mg/mL; Pfizer, New york, USA) was prepared in isotonic saline was prepared 

immediately prior to administration. Morphine and vehicle (isotonic saline) were 

administered s.c. into the scruff of the neck at a volume of 5 mL/kg, and morphine at a 

dosage of 10 mg/kg. 

 

Statistics 

Data were analyzed using the SPSS Statistical package (V28, IBM, New York, USA). Data 

were first examined to determine whether it satisfied the assumptions underlying analysis of 

variance. Repeated measures ANOVAs paired with post-hoc Tukey’s HSD or the non-

parametric equivalent Friedman test paired with post-hoc Wilcoxon signed-rank tests were 

used to compare parametric and non-parametric data, respectively. All data are presented as 

mean ± standard error of the mean (SEM) and statistical significance was set at p < 0.05. 
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RESULTS  
 
Selective ChR2 expression and peripheral photostimulation responses 

Several studies have validated the outcome of crossing of TRPV1cre and cre-dependent ChR2 

expressing transgenic mouse lines, however, the fidelity of ChR2-expression in animals used 

for these experiments and specificity of photostimulation responses was first assessed. 

Immunolabeling analysis was undertaken in DRG and spinal cord tissue from a group of 

animals (n = 4). In DRG sections, ChR2/GFP (green) expression showed strong overlap with 

CGRP+ profiles (red) consistent with high expression in peptidergic nociceptors (Figure 2A-

D). In contrast, there was minimal overlap in ChR2/GFP (green) expression with NF200+ 

profiles (blue), supporting negligible ChR2/GFP expression in large diameter myelinated 

afferents (Figure 2A-D). Group data comparisons confirmed that 51.33% ± 12.60% of 

ChR2+ cells co-expressed CGRP, whereas co-expression of ChR2 and NF200 was rare, 

accounting for only 3.43% ± 0.47% of ChR2+ cells (Figure 2E). Conversely, ChR2 

expression was present in 65.22% ± 10.26% of the CGRP+ population but only 11.66% ± 

1.00% of NF200+ profiles (Figure 2E). Comparisons of DRG cell diameter also showed that 

ChR2+ and CRGP+ populations were small diameter (TRPV1::ChR2: 19.49 ± 1.10 μm; 

CGRP: 21.33 ± 0.55 μm), unlike the larger diameter NF200+ DRG population (30.35 ± 1.15 

μm) (Figure 2F). In the spinal cord, ChR2/GFP expression was restricted to the superficial 

dorsal horn, overlapping with CGRP labelling and consistent with the distribution of 

TRPV1+ terminals (Figure 2G-I) [5; 11; 37]. Together, these observations in DRG and spinal 

cord are consistent with selective expression of ChR2 in nociceptive, and not low threshold 

mechanosensitive afferents [13; 37]. 

 

To confirm the selective ability of in vivo peripheral photostimulation in TRPV1::ChR2 

animals (n = 8) to evoked nocifensive responses, two important control cohorts were also 

assessed (Figure 2J). One control included a subset of animals (n = 4) from the uncrossed 

Ai32 parent line where a loxP-flanked STOP cassette prevents ChR2 expression.  The second 

control used crossed TRPV1::ChR2 mice, allowing for ChR2-expression, but a peripheral 

photostimulation wavelength (532 nm) outside the peak excitation wavelength for ChR2 (470 

nm). Consistent with the previous literature, peripheral photostimulation of TRPV1::ChR2 

mice at 470 nm of varying intensities produced distinct behavioural responses indicative of 

nociception with a mean optical threshold for responses of ~ 1mW. In contrast, Ai32 mice 
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did not exhibit any behavioural responses to peripheral photostimulation at 470 nm, even at 

the highest intensity tested (3.0 mW, Figure 2K). Likewise, TRPV1::ChR2 mice did not 

respond to peripheral photostimulation at 532 nm (Figure 2K). Together, these results 

confirm that selective activation of nociceptive afferents by peripheral photostimulation in 

TRPV1::ChR2 mice produced behavioural responses and excludes the potential for non-

specific photostimulation responses caused by hindpaw illumination or visual cues, unrelated 

to ChR2 activation. 

 

Grouping nocifensive response domains  

In characterizing peripheral photostimulation responses, three main nocifensive behaviours 

were commonly observed. These were tapping, lifting or grooming of the stimulated 

hindpaw. Tapping and lifting appeared milder forms of nocifensive response, while 

grooming, often maintained for an extended significant duration, was interpreted as a more 

substantial response to photostimulation. To determine the most relevant approach to quantify 

response data we first analysed a subset of animals (n=3) over 3 trials, assessing 10 

individual tests for each animal and investigating individual response components (tapping, 

lifting and grooming). Lifting always occurred in response to photostimulation (30/30 tests) 

and was sometimes accompanied by tapping (6/30 tests) or grooming (4/30 tests, Figure 3). 

The contribution of tapping and grooming behaviours to the overall response often increased 

total response duration but never occurred in isolation from lifting, nor did they appear to 

reflect a significantly different response phenotype (Figure 3). Given that the consistent 

nature of paw lifting and variability of tapping and grooming, these beahviours were 

consequently grouped for subsequent nocifensive behaviour comparisons. 

 

Peripheral photostimulation repeatability and reliability 

An important aspect of any viable assay assessing pathological pain or the efficacy of  

analgesic compounds is reproducibility over an anticipated testing period. Repeatability in the 

current peripheral photostimulation model was assessed in a group of TRPV1::ChR2 mice (n 

=10) tested across three trials, separated by 3-days. Comparisons assessed the optical 

threshold for paw withdrawal (lifting) during photostimulation, as well as withdrawal latency, 

and response duration. Group data comparisons confirmed that the optical threshold for 

withdrawal was stable across trials (p > 0.05), suggesting the utility of this measure to track 

changes in nociception (Figure 4). In contrast, withdrawal latency was more variable with the 
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latency of trial 2 significantly shorter than trial 1 (0.45 ± 0.08 s vs. 0.85 ± 0.14 s, p < 0.05, 

Figure 4). Finally, despite variability in the response duration between animals and trials, 

mean values did not differ across trials (p > 0.05, Figure 4). Together, these results indicate 

some measures remain consistent over multiple testing days whereas others (eg, response 

latency) show greater variability. In a subset of experiments (n =8), animals underwent an 

additional photostimulation stability test 14 days after the third trial. Group data comparisons 

of the first 3 trials and the fourth trial showed that optical withdrawal threshold (0.87 ± 0.06 

mW vs. 0.79 ± 0.22 mW), withdrawal latency (0.57 ± 0.06 s vs. 0.61 ± 0.14 s), and response 

duration (0.81 ± 0.23 s vs. 1.15 ± 0.52 s) did not differ over this period, further supporting the 

long-term stability of the peripheral photostimulation model (Figure 4). 

 

A necessary aspect of the up/down approach to optical withdrawal thresholding was the need 

to determine when withdrawal responses occurred as this determined the next 

photostimulation intensity. While full withdrawal of the hindpaw is a prominent movement 

that is easily detected, more subtle paw movements or adjustments related to 

photostimulation are potentially missed in real-time. Video recording of all trials made it 

possible assess each trial post hoc in slow motion to detect more subtle responses. This 

analysis confirmed that most withdrawal responses detected in real-time (79.84%, 293/367 

assessed) accurately identified the onset of photostimulation associated behaviour. Of the 

remaining responses, slow-motion analysis detected photostimulation related movement of 

the hindpaw in 16.9% of trials that were originally classified as no response. This highlights 

even finer sensitivity may be possible if high speed videography and analysis were employed 

in the future. In addition, slow motion reanalysis identified a small number of 

photostimulation trials (3%), originally classified as containing a withdrawal response, that 

were reappraised as a spontaneous movement rather than a nocifensive response. Although 

this is a low error rate for small rodent behavioural analyses, and unlikely to influence the 

outcome of the up/down analysis, it also highlights scope for improvements that might be 

possible implementing computer vision and machine learning to remove human error. 

 

Analgesic sensitivity of peripheral photostimulation 

To test the potential utility of peripheral photostimulation as an analgesic screening model, a 

cohort of animals was assessed before and after administration of a gold standard analgesic, 

morphine, as well as inclusion of a vehicle control saline injection (Figure 5, n = 7). 
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Importantly, no differences were detected in optical withdrawal thresholds between baseline 

and vehicle trials (0.55 ± 0.15 mW vs. 0.62 ± 0.19 mW), withdrawal latency (0.44 ± 0.06 s 

vs. 0.49 ± 0.09 s), and response duration (0.86 ± 0.40 s vs. 0.33 ± 0.16 s). In contrast, 

morphine significantly increased the optical withdrawal threshold compared to both baseline 

and vehicle (1.98 ± 0.27 mW vs. 0.55 ± 0.15 mW vs. 0.62 ± 0.19 mW, morphine vs. baseline 

vs. vehicle; p < 0.001; Figure 5). Given the change in optical threshold evoked by morphine, 

for threshold comparisons of withdrawal latency and duration, to baseline and vehicle results, 

morphine was assigned the maximum possible value of 1.5 s for latency and the minimum 

value of 0s for response duration. These results indicate the peripheral photostimulation 

model is sensitive to morphine analgesia supporting its utility as a novel analgesic efficacy 

screening tool. 
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DISCUSSION 

This study presents data supporting the use of optogenetics and peripheral photostimulation 

as a quantitative model to investigate nociception and assess the efficacy of potential 

analgesic compounds. We confirm that baseline photostimulation responses are stable across 

a time period that allows repeated trials for several days, with the optical withdrawal 

threshold the most reliable measure. Our data also confirms that the peripheral 

photostimulation model is sensitive to morphine, a prototypical analgesic, supporting the 

proposal that this model can provide an index of analgesic efficacy, also establishing 

reference data to benchmark other compounds against. Together, these findings suggest that 

addition of peripheral photostimulation to the preclinical nociceptive screening toolkit, using 

light rather than tissue damage and evoking a purely nociceptive signal, can enhance our 

ability to identify and develop new pain therapies.  

 

It is important to recognise that several other studies have also utilized optogenetics to evoke 

peripheral photostimulation responses. Novel applications of this technology have continually 

grown since the first description of in vivo optogenetic nociceptive pathway activation, 

demonstrating photostimulation elicited acute behavioural responses, central sensitisation, 

and conditioned place aversion [13]. For example, precise control of peripheral afferents with 

photostimulation has allowed studies to characterise neural pathways and circuits [2; 3], 

demonstrate novel cytokine-mediated macrophage-nociceptor interactions [21], delineate an 

activity dependent protective molecular pathway for transient nociceptor sensitization [37] 

and resolve the role of specific afferents on sensory experience and pathology [34; 39]. 

Interestingly, while some studies employed the same TRPV1::ChR2 used here, many used 

different transgenic animals selectively targeting a range of primary afferents types including 

Ab fibres [39], tachykinin-1 (TAC1)-expressing [3], neuropeptide Y receptor-2 (NPYR2)-

expressing [2], mas1-related G-protein-coupled receptor A3 (MrgprA3)-expressing [34], mast 

cell function-associated antigen (MAFA)-expressing [2], voltage-gated sodium channel 

Nav1.8 [13], and advillin-positive [29]. Applying the optical thresholding and compound 

screening approach described here across this range of animals represents a valuable 

opportunity for future drug discovery, mechanism, and efficacy studies. Likewise, the field of 

visceral nociception and pain research has incorporated optogenetic research approaches to 

selectively activate specific organ afferents using implantable LED systems [36]. Optical 

thresholding principles may also be applied here to rapidly advance drug discovery for 

visceral pain although a reliable and consistent behavioural readout would be required. 
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Consistent with the rapidly evolving use of optogenetics in pain research, our experiments 

also stand to benefit from a variety of developments. For example, a number of studies have 

used high-speed videography to improve the accuracy of response latencies recorded in 

comparable photostimulation paradigms [1; 2; 6; 8]. Implementation high-speed videography 

with optical threshold testing would likely provide additional insights on analgesic responses, 

although the simpler, more cost and time effective approach taken here was adequate to 

resolve a substantial morphine effect. Specific to the context of analgesic testing and 

discovery, the most effective compounds should produce large changes in sensitivity that 

would correspond to potent analgesia. Interestingly, recent description of an automated 

approach to photostimulation delivery and real-time analysis of behavioural responses offers 

an alternative approach to high-speed videography and would be amenable to implementation 

of optical thresholding [14]. This innovation also offers the opportunity for testing at greater 

scale, moving the optical thresholding approach toward a higher throughput screen.  

 

One limitation of all nociceptive assessments based on reflex behaviour is their potential lack 

of relevance to the higher order experience and perception of pain. This issue has been 

elegantly addressed, combining optogenetics and a sensory detection task that allows animals 

to self-report detection of peripheral photostimulation in a lick-response paradigm [5]. Whilst 

more elaborate in the need for pre-training, this nociception self-report assay could also be 

combined with an optical thresholding procedure to track changes in nociceptive perception 

and analgesic screening. Likewise, Zhang et al. [42] have described an automated paw force, 

body and face grooming detection system, based on frustrated internal reflectance, for a 

simplified assessment of complex pain behaviours. Combined with the up/down optical 

thresholding paradigm described here, these innovations could constitute a multimodal 

readout of peripheral photostimulation to objectively screen analgesic efficacy and further 

enhance preclinical drug discovery.  
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Figure 1. In vivo peripheral photostimulation experimental setup and procedure. (A) a 
TRPV1::ChR2 animal is placed in a clear plexiglass cylinder positioned on an elevated 
plexiglass platform. Two mirrors are positioned behind the cylinder so that the animal can be 
visualised from all angles with front on video camera recording. An LED driver is connected 
to 470 nm fibre-coupled LED, attached to a custom-mounted fibre optic patch cable under the 
elevated platform to deliver photostimulation through a 1 mm exposed fibre optic probe. The 
fibre optic probe tip is positioned a set distance from the underside of the elevated plexiglass 
floor to deliver consistent photostimulation intensities. The LED driver is triggered after 
positioning under the hindpaw of the mouse via a Master-8 pulse stimulator, which provides 
a timed 1 second TTL pulse. (B) images show hindpaw photostimulation with an examples of 
no response and response trials. (C) diagram summarizes 5-trial up/down paradigm for 
photostimulation. Following the first photostimulus at a set intensity of 1mW, subsequent 
photostimulus intensities are determined based on the result of the previous trial, increasing 
intensity if no withdrawal response to the prior intensity was observed, or decreasing if a 
withdrawal response was observed. A total of 5 photostimulation trials are conducted and the 
optical threshold assigned as the last photostimulation intensity +/- an adjustment factor of 
half the intensity to the next highest photostimulation intensity if there was no withdrawal 
response recorded in the last photostimulation trial, or half the intensity to the next lowest 
photostimulation intensity if the last photostimulation trial caused a withdrawal response. 
 
Figure 2. Expression of ChR2 in DRG and spinal dorsal horn of TRPV1::ChR2 mice 
and validation of selective photostimulation responses. A-D, images show distribution of 
ChR2/GFP (green, A), CGRP (red, B) and NF200 (blue, C) expression in DRG section, taken 
from a TRPV1::ChR2 mouse. Merged image (D) shows significant overlap of ChR2/GFP and 
CGRP-labelled cell profiles confirming the expected expression in small diameter peptidergic 
DRG cells. The lack of overlap between ChR2/GFP and NF200 confirms expression is 
largely excluded from large diameter myelinated DRG cells. Plots compare marker overlap 
(E) supporting significant overlap between ChR2/GFP and CGRP with minimal overlap 
between NF200 and either ChR2/GFP or CGRP. This relationship also correlates with the 
cell diameter for each population (F), with significant overlap between ChR2/GFP and 
CGRP, both having an average of approximately 20 μm, and minimal overlap between 

NF200 and either ChR2/GFP or CGRP, with NF200 averaging approximately 30 μm. G-I, 
images show a spinal dorsal horn (DH) section with ChR2/GFP (green, G) and CGRP (red, 
H) labelling. The merged immunolabelling (I) shows significant overlap of ChR2/GFP and 
CGRP profiles, consistent with ChR2/GFP expression limited to nociceptive afferents 
terminals. J, to confirm nocifensive responses were specific to ChR2 activation in the 
TRPV1::ChR2 transgenic animal line two control models were assessed. The first assessed 
the uncrossed parent line for the TRPV1::ChR2 animal, the Ai32 animal (n = 4), lacking 
TRPV1:cre to enable ChR2 expression. The second control used crossed TRPV1::ChR2 
animals but instead of 470 nm blue light, photostimulation was applied at 532 nm light 
(green), outside the peak ChR2 excitation wavelength (n = 4). K, importantly, no response to 
peripheral photostimulation was observed in either control experiment at intensities up to 3 
mW, exceeding the photostimulation intensity required to evoke responses in peripheral 
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photostimulation of TRPV1::ChR2 mice (n=8). K, group data plots highlight the lack of 
response in either control model, confirming peripheral photostimulation are specific to 
TRPV1::ChR2 animals. All scale bars: 100 μm. Abbreviation NR = No response.  
 
Figure 3. Classifying peripheral photostimulation evoked nocifensive responses. Initial 
assessment of photostimulation responses highlighted a range of different behaviours 
reflective of a nocifensive response including: lifting, tapping and grooming of the target 
hindpaw. A, images are consecutive stills from an example recording, showing the 
photostimulation period (blue line) frames including different behavioural responses (lifting-
orange, grooming – purple). B, in order to determine the relative prevalence of each 
behaviour, video recordings were assessed from a subset of animals (n=3) over 3 trials, to 
determine the prevalence of each behaviour at threshold photostimulation intensity. Images 
shows analysis of 3 trails (different animals), with varying degrees of lifting, grooming and 
tapping. C, group data plots show paw lifting always occurred (30/30 trials) and was 
sometimes accompanied by tapping (6/30 trails) or grooming (7/30 trials). These observations 
supported grouping of the three behaviours for subsequent analyses collectively reflective the 
overall nocifensive response. 

 
Figure 4. Peripheral photostimulation response stability testing. A, timeline summarizes 
peripheral phototstimulation testing schedule. All testing commenced with an acclimatisation 
period and three photostimulation trials were then performed with a 2-day break between 
trials, in some animals (n=8) a 4th trial was repeated, 14 days after the initial testing. B, 
panels show heatbar summaries of peripheral photostimulation responses across multiple 
trials. Nocifensive response intensity is denoted by colour and binned in 100 ms epochs. Each 
bar summarizes an individual mouses threshold photostimulation trail (M1-M10), with the 
group average presented below each trial number (1-4), also presented together for 
comparison (below). C, group data plots compare optical threshold, response latency, and 
response duration. Optical threshold was similar across all trials, whereas response latency 
differed between Trial 1 and Trial 2 (p < 0.05.). No other differences were seen across trials. 
Abbreviation NR = No response.  
 
Figure 5. Effect of morphine on peripheral photostimulation response characteristics. 
A, timeline summarizes peripheral photostimulation testing schedule. All animals (n=7) 
underwent an initial acclimatization period before undergoing photostimulation trials at 
baseline, following vehicle injection (saline), and following morphine injection (30 mg/kg), 
with a 3-day break between trials. B, Panels show heatbar summaries of peripheral 
photostimulation responses in each mouse (M1-M7) across trials. Nocifensive response 
intensity is denoted by colour and binned in 100 ms epochs. Each heatbar shows an 
individual animals response at threshold photostimulation (determined in the baseline trial), 
with average for all animal below. C, group data plots compare optical threshold, response 
latency, and response duration. Following morphine administration (s.c.) optical threshold 
increased compared to both baseline and vehicle (p < 0.001). By extension, as the initial 
determined optical threshold did not provoke withdrawal responses and so response latency 
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was assigned the maximum possible value of 1.5 s, and response duration the minimum value 
of 0. Both values differed significantly from both baseline and vehicle (p < 0.001, and p < 
0.01, respectively). There were no significant differences detected between baseline and 
vehicle trials. Abbreviation NR = No response. 
 
 
Table 1. BORIS coded behaviours list and exclusion matrix for coded behaviours.  
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Table 1. BORIS coded behaviours list and exclusion matrix for coded behaviours. 

                                    

Behaviour/Action 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Light Off (1)   X                             X X 

Light On (2) X                                   

Latency (3)                                     

Active (4)         X                           

Inactive (5)       X                             

Lift Left (6)             X X X X X X X X X X     

Lift Right (7)           X   X X X X X X X X X     

Foot Down (8)           X X   X X X X X X X X     

Groom Left Leg(9)           X X X   X X X X X X X     

Groom Back (10)           X X X X   X X X X X X     

Groom Right Leg 
(11)           

X X X X X 
  

X X X X X 
    

Groom Left Foot 
(12) 

          
X X X X X X 

  
X X X X 

    

Groom Right Foot 
(13) 

          X X X X X X X   X X X     

Groom Tail (14)           X X X X X X X X   X X     

General Grooming 
(15) 

          
X X X X X X X X X 

  
X 

    

Groom End (16) 
          

X X X X X X X X X X 
      

Light Off Foot 
(17) 

X 
                                

X 

Light On Foot (18) X 
                              

X 
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