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4.1 Abstract 

Introduction: Chronic pain in humans is characterised by a combination of heightened 

nociceptive sensitivity along with emotional comorbidities, with more women impacted than 

men. A limitation of preclinical models is that they often fail to encapsulate this complexity, 

and few studies directly compared behavioural outcomes between male and female mice. The 

Complete Freund's Adjuvant (CFA) inflammatory pain model is a widely used preclinical 

model that reliably induces persistent mechanical and thermal hypersensitivity and involves 

sex-dependent signalling differences. However, the literature regarding the duration of pain 

hypersensitivity and the presence or absence of associated locomotor and anxiety-like changes 

in the CFA model is inconsistent.  

Objective: To systematically evaluate the CFA model’s reliability to model common chronic 

pain comorbidities in animals of both sexes and better define its strengths and limitations for 

use in future studies. 

Methods: Following intraplantar injections of either CFA or saline, male and female mice 

were assessed over three weeks for mechanical and cold nociceptive sensitivity (von Frey and 

acetone test), locomotion (open field test), and anxiety-like behaviours (light-dark and elevated 

plus maze tests).  

Results: Mechanical hypersensitivity and cold allodynia were measured in both males and 

females, with notable variations in duration of these effects post-CFA injection. Locomotion 

deficits and anxiety-like behaviours were observed only transiently in male mice, but after one 

week, no differences were detected compared to controls. 

Conclusion: The CFA model is a valid preclinical model for pronociceptive states in male 

and female mice but not for interrogating comorbid pain effects.  
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4.2 Introduction 

Chronic pain is a debilitating health condition that is highly prevalent throughout the world, 

affecting 1 in 5 people (Treede et al., 2015). The problem of chronic pain is exacerbated by the 

fact that current pharmacotherapies are only partially effective in around half of patients 

(Dworkin et al., 2010). Most patients also develop comorbidities, including depression, anxiety, 

and sleep disorders (Treede et al., 2019). Thus, the need for increased understanding of pain 

circuitry and how nociception interacts with affective (emotional) behaviours is critical. 

Preclinical pain research using animal models of chronic pain strives to provide this 

fundamental knowledge and develop novel analgesics. However, the evidence generated across 

different laboratories is often inconsistent, especially with respect to the development of chronic 

pain comorbidities, and thus impacting data interpretation, clinical relevance, and 

translatability (Soliman & Denk, 2024). 

 

Complete Freund’s Adjuvant (CFA) injection into the hind paw is a commonly used preclinical 

persistent pain model to induce inflammatory pain (Knight et al., 1992; Stein et al., 1988). It is 

most reliably characterised by persistent mechanical and heat hypersensitivity in the injected 

paw, typically lasting between 3-4 weeks (Burek et al., 2022; Wei et al., 2025). However, it is 

sometimes reported to endure for up to six weeks (Burek et al., 2021; Knight et al., 1992; Urban 

et al., 2011), or resolve within two weeks (Baumbach et al., 2024; Liu et al., 2015; Pitzer et al., 

2016, 2019; Sheahan et al., 2017). In addition to mechanical and heat hypersensitivity, studies 

have reported that the CFA model produces deficits in general locomotion and anxiety-like 

behaviours (Burek et al., 2021; Cardenas et al., 2021; Chen et al., 2013; Hofmann et al., 2017; 

Liu et al., 2015; Narita et al., 2006; Parent et al., 2012; Pitzer et al., 2016, 2019; Refsgaard et 

al., 2016; Sheahan et al., 2017; Zhou et al., 2019), suggesting the model replicates both sensory 

deficits and affective comorbidities observed in individuals with chronic pain. Conversely, some 

studies using the same combination of nociceptive and affective tests fail to measure significant 

changes (Flores-García et al., 2025; Gaspar et al., 2021; Urban et al., 2011).  

 

Further, the bulk of studies have been completed in male mice, with female mice only recently 

being systematically included in preclinical studies (Burek et al., 2022; Kilkenny et al., 2010; 

Wei et al., 2025), resulting in a relative scarcity of CFA model data in female animals for any 

of the behaviours described (Cardenas et al., 2021; Flores-García et al., 2025; Papadogiannis 
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& Dimitrov, 2022; Pitzer et al., 2019; Refsgaard et al., 2016; Zhang et al., 2024). To date, only 

one study has reported both nociception and anxiety-like behaviours in female C57Bl/6 mice, 

the most used mouse strain for pain studies (Pitzer et al., 2019). Thus, despite clear evidence of 

different immune profiles in males and female mice following CFA (Sorge et al., 2015), it 

remains unclear if the behavioural sex differences are measurable in the CFA model. This 

highlights a critical gap that needs to be addressed, especially considering that 50% of chronic 

pain conditions, including chronic inflammatory pain conditions like rheumatoid arthritis, are 

more prevalent in women (Greenspan et al., 2007; Mogil, 2012).  

 

Some of the variability and conflicting results observed are likely related to many confounding 

variables. A recent systematic review and meta-analysis revealed significant variability in 

behavioural outcomes across animal species, strain and sourcing (Burek et al., 2022), with 

another study revealing the substantial influence of housing conditions, both between and 

within cages (Pitzer et al., 2016; Zhang et al., 2024). In addition, the injury model (i.e. volume 

injected into the hind paw), experimental design, handling, and apparatus habituation 

schedules are not consistently carried out or reported across the studies, which is likely to 

contribute to some of the variability and conflicting results observed (Burek et al., 2021; Sensini 

et al., 2020; Sorge et al., 2014).  

 

This study aims to concurrently assess the nociceptive, locomotion, and anxiety-like 

behavioural outcomes of hind paw CFA injection in male and female mice, keeping strain, 

source, species, housing conditions, researcher, and handling consistent. Building a systematic 

repository of replicable data on multiple relevant behavioural outcomes for chronic pain 

models is necessary to highlight the strengths and limitations of each model. This will enable 

improved interpretation of the data generated using this model, and increase the model’s 

relevance and translatability, ultimately leading to better preclinical to clinical translation. 
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4.3 Methods 

Animals 

All experiments were conducted in accordance with the Australian Code for the Care and Use 

of Animals for Scientific Purposes and approved by the University of Sydney Animal Ethics 

Committee (Protocol: 2022/2085). Adult male and female mice (8-9 weeks, C57Bl/6), obtained 

from the institutional wildtype colony (Kearns Animal Facility), were housed in ventilated cage 

(up to four/cage), maintained on a 12/12h light/dark cycle (23°C, 70% humidity) with food 

and water provided ad libitum. Cages were enriched with a house igloo, tissues for nesting, and 

paddle pop sticks. Mice were regularly monitored for general health and well-being and 

weighed twice a week.  

 

CFA-induced paw edema 

The Complete Freund’s Adjuvant (CFA) preclinical model of persistent inflammatory pain was 

used in this study (Knight et al., 1992; Stein et al., 1988). Mice were anaesthetised with 2-3% 

isoflurane (1L/min O2) and sedation was confirmed by the absence of a toe pinch reflex. Mice 

then received a single unilateral intraplantar left hind paw injection of 20µL undiluted CFA 

(Sigma-Aldrich). Similarly, control mice were injected unilaterally in the left hind paw with 

20µL of 0.9% sterile saline.  

 

Experimental Timeline 

To see the effect of CFA injection over time, an extensive three-week behavioural assay was 

used (Figure 1). Throughout this protocol, nociception testing refers to the two nociceptive tests 

used in this experiment: von Frey (mechanical hypersensitivity) and acetone (cold allodynia), 

with a 5-minute interval between tests to ensure results are independent (Anderson et al., 2014; 

François et al., 2017; Mitchell et al., 2021). After the five-day handling protocol, the mice 

underwent baseline nociception testing. 30 minutes after the conclusion of the nociceptive 

testing, the mice were injected with either CFA or saline (see CFA-induced paw edema). 4 hours 

after injection, the mice underwent nociception testing. Following this, nociception testing was 

repeated at PID 1, 3, 6, 10, 15, 21 (PID: post injection day). On PID 2, 8, and 12 light-dark 

testing occurred in the late afternoon (3-5pm) where it was paired with open field (9-11am) on 
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PID 2 and 12 (this order of testing has been used previously, from least to most stressful (Pitzer 

et al., 2019). Testing on the elevated plus maze (EPM) occurred on PID 4. As CFA has been 

shown to induce persistent inflammation for up to 6 weeks, these time points were chosen so 

that different stages from injection could be tested (e.g., immediately after injection versus more 

than one week from injection).  

 

 

Figure 1: Experimental timeline. PID: Post injection day, CFA: Complete Freund’s Adjuvant.  

 

Handling and habituation 

Behavioural experiments began at 10 weeks of age and mice were split into separate cohorts by 

sex. Mice were handled by the one experimenter for a period of five days preceding any 

behavioural testing. The handling consisted of gently lifting the mouse by the base of the tail 

onto the experimenter’s wrist and transferring the mouse between their hands for one minute. 

The last three days of the handling protocol were paired with 10 minutes of acclimatisation to 

the experimental room and one minute habituation to the von Frey/acetone stand with dim 

red light. On the fifth day, the mice underwent a von Frey pre-test to reduce test-related stress. 

By the conclusion of the five-day handling protocol, all the mice were confirmed to exhibit no 

obvious stress response (no presentation of shaking, vocalisation, or jumping) to handling by 

the experimenter, the room, or the apparatus.  

For each experimental cohort, animal groups were randomly allocated between cages (all cage 

mates were of the same treatment group). In addition, for all anxiolytic behavioural tests (open 

field, light-dark box, elevated plus maze), the mice were tested in an alternative saline-CFA 

order to avoid the confound of time of day or circadian rhythm effects across the duration of a 

testing session. It should be noted that all nociception behavioural testing occurred around 

midday (except for baseline and 4 hours post testing). CFA administration results in visually 

obvious paw edema, which prevents a fully blinded experimental design.  

PID:

VonFrey pre-test

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15   21

+30mins

Hindpaw injection
of saline/CFA

+4hrs
4hrs PostBaseline

Handling and Acclimatisation

-7 -6 -5 -4 -3 -2 -1

Light Dark test

Nociception testing (vonFrey, acetone)

Elevated Plus Maze

Open Field test
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von Frey (mechanical hypersensitivity) 

To assess mechanical hypersensitivity induced by CFA, we used the simplified up-down method 

(SUDO) using von Frey filaments (Bonin et al., 2014). Animals were placed in elevated Perspex 

enclosures with wire mesh bases and given 30 minutes to acclimatise to the testing environment 

under dim red light (<3 lux). Testing began with a 0.95 g von Frey hair which was pressed 

perpendicularly against the injected (left) hind paw and held for approximately two seconds. If 

the animal sharply withdrew their paw, licked their paw, or flinched upon removal of the von 

Frey filament, a withdrawal response was noted. The von Frey test was repeated four times on 

the injected paw with at least a two-minute interval between tests. If a positive withdrawal 

response was observed, the subsequent test used a lighter filament, whereas if no withdrawal 

response was seen, the subsequent test used the next heavier filament. The final paw withdrawal 

threshold was calculated as the lightest force required to produce a withdrawal response.  

 

Acetone (cold allodynia) 

To assess cold allodynia induced by CFA, we used the acetone test (Yoon et al., 1994). Five 

minutes after the conclusion of the von Frey test, the animals remained in the elevated Perspex 

enclosures with wire mesh bases, and 20 µL of acetone was sprayed on the centre of the injected 

(left) hind paw through the wire grid. The number of licks was recorded over a 30 second period 

and if the mouse was seen to lick their paw for more than two seconds, one lick per two seconds 

was noted (i.e. a four second lick would count as two licks). The test was repeated once on the 

same paw with at least five minutes between tests. The final value used for statistical analysis 

was the average of the number of licks between the two tests.  

 

Open Field (locomotor activity and anxiety-like behaviours) 

Locomotor activity was measured using the open field test. After a 10-minute acclimatisation 

period to the testing room under a dim white light (30 ± 10 lux), the mice were individually 

placed in an enclosed open-top arena (50 cm x 50 cm x 50 cm). An overhead camera recorded 

their behaviour for a 15-minute period. This period allowed for the monitoring of locomotion 

and anxiety-like behaviours (Bailey & Crawley, 2009). Between animals, 20% ethanol was used 

to clean the apparatus to remove odour cues. The number of faecal boli, supported rearing 
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responses, and jumping responses was scored manually while the total distance travelled (m), 

average speed (m/s), time in the centre zone (s), number of entries into the centre zone, and 

time mobile was obtained through ANY-Maze video tracking software (version 7; Stoelting 

Co.). The centre zone was classified as the middle 25 cm x 25 cm zone.  

 

Light-Dark (anxiety-like behaviours) 

The light-dark box test was used to test anxiety-like behaviours (Bourin & Hascoët, 2003). After 

a 10-minute acclimatisation period to the testing room under a dim white light, the mice were 

individually placed in the light-dark box (dark chamber: 20 cm wide x 18 cm x 30 cm high; 

light chamber (60 ± 10 lux): 28 cm wide x 27 cm long x 30 cm high). The mice were placed in 

the light chamber facing the entry to the dark chamber (~ 18 cm from entrance) and allowed 

to explore freely for five minutes. Between animals, 20% ethanol was used to clean the 

apparatus to remove odour cues. An overhead camera recorded their behaviour, and the 

following measures were obtained following ANY-Maze video tracking software analysis 

(version 7; Stoelting Co.): number of entries into the light zone, time in the light zone (s), and 

total distance travelled in the light zone (m). 

 

Elevated Plus Maze (anxiety-like behaviours) 

The elevated plus maze (EPM) test was also used to test anxiety-like behaviours. After a 10-

minute acclimatisation period to the testing room under dim white light (40 ± 10 lux), the 

animals were individually placed in the centre of the elevated plus maze facing a closed arm 

(two 60cm arms, 5cm wide with 15cm high walls). An overhead camera recorded their 

behaviour for a five-minute period. Between animals, 20% ethanol was used to clean the 

apparatus to remove odour cues. The time spent (s) in the open and closed arms was obtained 

using ANY-Maze video tracking software (version 7; Stoelting Co.). 

 

Statistical analysis 

All data was analysed using GraphPad Prism (version 10, GraphPad Software, Inc., La Jolla, 

CA) and presented as mean ± SEM. Significance, as indicated by an asterisk, was defined as p 

< 0.05 a priori. For all datasets, a Shapiro-Wilk test was performed to test normality. For the 
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nociception tests, significance was analysed via a mixed-effects analysis with the Geisser-

Greenhouse correction, followed by Bonferroni’s multiple comparison test.  For the open field, 

light-dark, and elevated plus maze results, unpaired t-tests were used (Supplementary Table 1). 

All behavioural test schematics were created with BioRender.  
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4.4 Results 

CFA-induced persistent inflammatory pain causes nociceptive hypersensitivity  

To test the effect of persistent inflammatory pain induced by hind paw injection of CFA, 

nociceptive tests were conducted (von Frey, acetone) on male and female mice, compared to 

saline injection. The tests were conducted four hours post injection and repeated at post 

injection day (PID) 1, 3, 6, 10, 15, 21 to see the progression of the persistent pain state across a 

three-week period.  

Mechanical sensitivity was measured using the von Frey test. In male mice, CFA hind paw 

injection significantly reduced the paw withdrawal threshold at four hours post (p<0.05), PID 

1 (p<0.001), 3 (p<0.001), 6 (p<0.01), 10 (p<0.001), and 15 (p<0.05) but not 21 when compared 

to saline injection (Figure 2A). Similarly, CFA injection into the hind paw of female mice 

significantly reduced mechanical paw withdrawal thresholds, four hours post injection 

(p<0.01), PID 1 (p<0.001), 3 (p<0.01), 6 (p<0.001), 10 (p<0.01), 15 (p<0.05) and this effect 

persisted at 21 (p<0.01) compared to saline injected controls (Figure 2B). In addition, in the 

acetone test, male CFA-injected animals had a significantly increased number of responses 

(licking, shaking etc.) four hours post injection, and on PID 1(p<0.01), 3, 6, 10 (p<0.05), and 

15 (p<0.01) but not 21 compared to saline injection (Figure 2C).  Female CFA-injected animals 

had delayed and milder acetone effects, with significant increases in responses measured only 

on PID 1,3 (p<0.05), 6 (p<0.001), and 15 (p<0.05) compared to saline injected controls (Figure 

2D).  



 

 157 

 

Figure 2: Persistent inflammatory pain induced by CFA reduced mechanical sensitivity and 

increases cold allodynia in both male and female mice. CFA injection significantly reduced 

mechanical hind paw withdrawal thresholds for more than two weeks in male mice (A) and up to three weeks 

in female mice (B) when compared to saline. Application of acetone to the hind paw significantly increased 

the number of responses in male mice for more than two weeks (C) and increased responses after six days 

post injection for female mice (D) when compared to saline mice. CFA: Complete Freund’s Adjuvant, PID: 

Post injection day. Values are presented as mean ± SEM (n=8 for all groups/timepoints except PID 15 

(n=4/group)). Significance was analysed via a mixed-effect analysis with post hoc Bonferroni correction; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

 

Open field behaviours in male mice 

As CFA injection has been reported to have inconsistent effects on locomotor behaviours and 

anxiety-like behaviours across a wide range of studies (Burek et al., 2021, 2022; Cardenas et 

al., 2021; Chen et al., 2013; Flores-García et al., 2025; Gaspar et al., 2021; Hofmann et al., 

2017; Liu et al., 2015; Narita et al., 2006; Parent et al., 2012; Pitzer et al., 2016, 2019; 

Refsgaard et al., 2016; Sheahan et al., 2017; Urban et al., 2011; Wei et al., 2025; Zhou et al., 

2019), we used the open field test, light-dark test, and the elevated plus maze to compare 
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behaviour of saline- and CFA-injected animals in our experimental conditions (Riebe & 

Wotjak, 2012). 

First, locomotor and centre zone activity, as well as rearing and jumping behaviour, was 

assessed during a 20-minute open field test carried out at PID 2 and PID 12. Across the two 

time points, CFA injection significantly reduced the total distance travelled (p<0.05), average 

speed (p<0.05), and time mobile (p<0.01) in male mice at PID 2 compared to saline injection 

(Figure 3B-D). There were no significant differences in centre zone activity, rearing, or jumping 

behaviours at the same time point (Figure 3E-I). By PID 12, the reduction of the locomotor 

activity induced by CFA was lost (Figure 3K-P), although a small increase in rearing responses 

was detected in CFA compared to saline-injected animals (Figure 3Q). 
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Figure 3: Persistent inflammatory pain induced by CFA reduced locomotor activity in male 

mice (two days post injection). Track plots of centre point in the open field of saline (left) and CFA 

(right) males at PID 2 in the open field (A). In males at PID 2, CFA mice had a significantly lower total 

distance travelled (B), average speed (C), and time mobile (D), but no changes in number of faecal boli (E), 

time spent in the centre zone (F), number of entries into centre zone (G), number of rears (H), or number of 

jumps (I) when compared to saline. Track plots of centre point in the open field of saline (left) and CFA (right) 

males at PID 12 in the open field (J). In males at PID 12, CFA mice had no changes in total distance travelled 

(K), average speed (L), time mobile (M), number of faecal boli (N), time spent in the centre zone (O), number 

of entries into centre zone (P) or number of jumps (R) when compared to saline. Number of rears (Q) in CFA 

male mice at PID 12 was significantly increased when compared to saline. CFA: Complete Freund’s 

Adjuvant, PID: Post injection day. Individual animals are indicated on the graphs (n=8/group) and values 

are presented as mean ± SEM. Significance was analysed via unpaired t-tests; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 

Open field behaviours in female mice 

In females, at PID 2 and PID 12, there were no changes in horizontal locomotor activity as 

well as centre zone activity when compared to saline-injected mice (Figure 4). However, at PID 

12, the number of faecal boli (p<0.05; Figure 4N) and the number of jumps (p<0.01; Figure 

4R) was increased in CFA-injected mice. These differences in open field behaviours provide 

light evidence that persistent inflammatory pain induced by CFA might be associated with 

increased anxiety or escape behaviours in female mice, but this evidence requires robust 

validation.  
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Figure 4: Persistent inflammatory pain induced by CFA affected female animals 

differentially in the open field test. Track plots of centre point in the open field of saline (left) and CFA 

(right) females at PID 2 in the open field (A). at PID 2, CFA mice had no changes in total distance travelled 

(B), average speed (C), time mobile (D), number of faecal boli (E), time spent in the centre zone (F), number 

of entries into centre zone (G), number of rears (H) or number of jumps (I) when compared to saline. Track 

plots of centre point in the open field of saline (left) and CFA (right) females at PID 12 in the open field (J). 

at PID 12, CFA mice had no changes in total distance travelled (K), average speed (L), time mobile (M), time 

spent in the centre zone (O), number of entries into centre zone (P) or number of rears (Q) when compared 

to saline. Number of faecal boli (N) and number of jumps (R) in CFA female mice at PID 12 was significantly 

increased when compared to saline. CFA: Complete Freund’s Adjuvant, PID: Post injection day. Individual 
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animals are indicated on the graphs (n=8/group) and values are presented as mean ± SEM. Significance 

was analysed via unpaired t-tests; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Anxiety-like behaviours are seen in male mice with persistent inflammatory pain 

induced by CFA 

To best assess anxiety-like behaviours, multiple behavioural assays to assess anxiety-like 

responses is recommended to enhance the reliability of findings and minimise the influence of 

confounding factors associated with individual tests (Riebe & Wotjak, 2012). Therefore, we 

carried out both the light-dark and the elevated plus maze test in male and female CFA- and 

saline-injected mice. In the light-dark test, there were no significant differences in time spent in 

the light zone or number of entries into the light zone between the CFA- and saline-injected 

mice of either sex at any of the time points measured (Figure 5). Total distance travelled in the 

light zone was also analysed to ensure locomotor activity changes due to CFA did not interfere 

with the light zone measurements.  

 

Figure 5: Persistent inflammatory pain induced by CFA does not change anxiety-like 

behaviours in a light dark test in male and female mice (up to twelve days post injection). In 
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males at PID 2 (A-C), PID 8 (G-I) and PID 12 (M-O), there was no significant difference in time spent in the 

light zone (A, G, M), number of entries into the light zone (B, H, N) and total distance travelled in the light 

zone (C, I, O)  in CFA mice when compared to saline mice. In females at PID 2 (D-F), PID 8 (J-L) and PID 

12 (P-R), there was no significant difference in time spent in the light zone (D, J, P), number of entries into 

the light zone (E, K, Q) and total distance travelled in the light zone (F, L, R), in CFA mice when compared 

to saline mice. CFA: Complete Freund’s Adjuvant, PID: Post injection day. Individual animals are indicated 

on the graphs (n=8/group) and values are presented as mean ± SEM. Significance was analysed unpaired t-

tests; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

For the elevated plus maze, the time spent in the open and closed arms was measured (Figure 

6). On PID 4, time spent in the open arms was reduced following CFA in only males (p<0.05; 

Figure 6C) and not females (Figure 6E). However, at PID 13, time spent in the open and closed 

arms was unchanged in both males and females (Figure 6I-L).  
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Figure 6: Persistent inflammatory pain induced by CFA increases anxiety-like behaviours in 

the elevated plus maze in males but not in female mice (four days post injection). 

Representative plot of the animals’ centre point during the elevated plus maze for males (A: PID 4; G: PID 

13) and females (B: PID 4; H: PID 13); saline: left, CFA: right. On PID 4, time spent in the open arms was 

reduced following CFA in only males (C) and not females (E), while time spent in the closed arms was 

unchanged (D, F). However, at PID 13, time spent in the open and closed arms was unchanged in both males 

and females (I-L). CFA: Complete Freund’s Adjuvant, PID: Post injection day.  Individual animals are 

indicated on the graphs (n=8/group) and values are presented as mean ± SEM. Significance was analysed 

via unpaired t-tests; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.5 Discussion 

Results Summary 

Using a systematic approach to compare nociceptive and affective behaviours in the CFA 

model of persistent inflammation in male and female mice, we found that nociceptive responses 

to mechanical and acetone application are reliably altered in both male and female mice 

following CFA hind paw injection compared to saline injection for a period of two to three 

weeks. After this period, nociceptive behavioural responses resolved in male mice, but were 

maintained in female mice. In tests to assess changes in locomotor and anxiety-like behaviours, 

no consistent behavioural changes were detected. In males, some changes were seen early at 

PID 2 in locomotor activity and PID 4 in anxiety-like behaviours. There was a modest 

indication of increased anxiety-like behaviour in the female CFA-injected mice on PID 12 with 

increased faecal boli and increased jumps in the open field, although this was an isolated result 

as it was not supported by any changes in anxiety-like behaviours in the other relevant measures 

(Table 1).  

 

Table 1: Summary of behavioural responses altered following CFA. *PID: Post 

Injection Day, X: No change between saline- and CFA-injected mice.  

BEHAVIOURAL RESPONSE MALE FEMALE 

MECHANICAL WITHDRAWAL THRESHOLD ↓ (4 hours – PID 15) ↓ (4 hours – PID 21) 

COLD ALLODYNIA ↓ (4 hours – PID 15) ↓ (PID 1-6, 15) 

OPEN FIELD-LOCOMOTION ↓ (PID 2), X (PID 12) X 

OPEN FIELD-ANXIETY-LIKE BEHAVIOURS X X (PID 2), ↑ (PID 12) 

LIGHT DARK-ANXIETY-LIKE BEHAVIOURS X X 

ELEVATED PLUS MAZE- ANXIETY-LIKE 

BEHAVIOURS  

↑ (PID 4), X (PID 13) X 

 

Strengths of CFA model 

Firstly, a major strength of the CFA model is that it is accessible and causes robust nociceptive 

mechanical and thermal hypersensitivity (Burek et al., 2021; Cardenas et al., 2021; Chen et al., 
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2013; Cobos et al., 2012; Flores-García et al., 2025; Gaspar et al., 2021; Kandasamy et al., 

2016; Liu et al., 2015; Narita et al., 2006; Papadogiannis & Dimitrov, 2022; Parent et al., 2012; 

Pitzer et al., 2016, 2019; Refsgaard et al., 2016; Rivera-García et al., 2024; Sheahan et al., 

2017; Urban et al., 2011; Zhang et al., 2024; Zhou et al., 2019). In our findings, mechanical 

hypersensitivity was the strongest effect and would be most useful when investigating 

interventions or treatments to alleviate the hypersensitivity. In addition, the CFA-induced 

persistent inflammatory pain model requires limited technical experience (i.e. no surgery) and 

has a rapid onset of nociceptive hypersensitivity, unlike other preclinical models of chronic pain, 

like neuropathic chronic pain (Bennett & Xie, 1988). This is a major advantage in preclinical 

research, ensuring that experiments are not heavily time-consuming.  

Another advantage of the CFA model is its ability to model nociceptive hypersensivity in both 

males and females as seen in human chronic inflammatory pain pathologies (Greenspan et al., 

2007; Mogil, 2012). Prior to the publication of the ARRIVE guidelines to standardise 

preclinical research in 2010, most behavioural studies exclusively used male rodents (Kilkenny 

et al., 2010). The current study aligns with most previous studies that show mechanical and 

thermal hypersensitivity in female mice, following CFA injection, is consistently demonstrated 

for a period of up to two weeks post injection (Cardenas et al., 2021; Flores-García et al., 2025; 

Papadogiannis & Dimitrov, 2022; Pitzer et al., 2019; Zhang et al., 2024). Our results also show 

subtle differences in anxiety-like behaviours between males and females, reflecting possible 

changes in ethological behaviours between sex (Meseguer Henarejos et al., 2020; Sensini et al., 

2020). The one other study that used C57Bl/6 male and female mice did also observe sex 

differences in anxiety behaviours (Pitzer et al., 2019). Indeed, there is clear evidence that 

different immune profiles are seen between males and females following CFA injection (Sorge 

et al., 2015) and changes to signalling within central pain circuitry (Tonsfeldt et al., 2016; Yu 

et al., 2021), which would contribute to our findings. Future experiments could explore the 

biological mechanisms underlying the CFA model at key time points post injection in both 

males and females to determine their effect. Thus, the CFA model is useful for observing 

nociception and anxiety-like behaviours in both males and females.    

 

Limitations of the CFA model 

A major limitation of the CFA model is its inability to robustly model common chronic pain 

comorbidities in animals such as anxiety-like and depression-like behaviours. A recent report 
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from Chronic Pain Australia, found that 1 in 5 respondents with chronic pain had sought 

mental health help, highlighting the need for preclinical models to translate to the human 

condition (Chronic Pain Australia, 2024). The current standard methodologies for assessing 

pain-induced anxiety and depression behaviours in preclinical models have been criticised for 

their lack of translatability (Mogil, 2009). However, ethological behaviours such as nesting 

(Negus et al., 2015), facial expressions (Mogil et al., 2020), and pain-related behaviours in the 

place escape/avoidance paradigm (PEAP) (Refsgaard et al., 2016) have been shown to be 

affected by the CFA model and their implementation could improve researchers’ ability to 

translate affective pain behaviours in preclinical models. 

Another limitation of the CFA model is that it is not chronic. This study demonstrates the 

transient nociceptive hypersensitivity caused by this model. For studies investigating long-term 

treatment interventions, the CFA-induced persistent inflammatory model is not ideal because 

it is not long-lasting like other preclinical models of chronic pain such as diabetic neuropathic 

pain or osteoarthritis which can last for months in rodents (Drevet et al., 2022; O’Brien et al., 

2014). Two studies have reported reduced mechanical thresholds for five to six weeks, although 

no anxiety-like behaviours were seen in this period (Burek et al., 2021; Urban et al., 2011). 

Overall, the CFA model is transient.  

 

Recommendations for using this model 

This study aimed to systematically define the CFA-induced persistent inflammatory pain model 

in nociceptive, locomotor, and anxiety-like behaviours in both males and females. We have 

developed a list of recommendations when considering the use of this model in future 

experiments: 

1. Experiments should be conducted within a two-week period from hind paw injection to 

ensure mechanical and thermal hypersensitivity 

2. Both male and female mice should be used, as nociceptive hypersensitivity is present in 

both 

3. Nociceptive and other behaviours are time-sensitive, so ensure that the post injection 

day is kept consistent between treatment groups 

4. Do not expect this model to robustly replicate chronic pain-induced anxiety-like 

behaviours using standard anxiety preclinical tests 
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5. Limit confounding variables such as handling, habituation schedules, and animal source 

Therefore, this study concurrently assessed the behavioural outcomes of hind paw CFA 

injection in male and female mice with respect to its nociceptive mechanical and thermal effects 

as well as locomotion and anxiety-like behaviours over the time period that corresponds to 

maximal nociceptive effect. We demonstrated that the CFA model captures nociception deficits 

of persistent inflammatory pain, modelling the chronic pain pathologies in humans. However, 

it does a poor job at reliably modelling other aspects associated with the pain state, such as 

anxiety. These findings highlight the need for proper refinement of models and underscore the 

importance of developing better preclinical models of pain.  
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4.7 Supplementary Data 

Supplementary Table 1: Statistical analysis details. 

PID n/group mean +/- SEM Test Main effect F (DFn, DFd) p value Post-hoc 
Saline-
CFA p value 

4hrs post- 
PID21 

8 saline, 8 CFA (4 
saline and 4 CFA for 
PID15 only)  - Mixed-effect analysis Time 

F (3.668, 47.16) = 4.
117 0.0074 Bonferroni Baseline 0.8545 

    Treatment F (1, 14) = 28.96 
<0.000
1  4hrs Post 0.033 

    
Time x 
Treatment 

F (3.668, 47.16) = 3.
470 0.0169  PID1 0.0005 

        PID3 0.0006 

        PID6 0.0027 

        PID10 0.0007 

        PID15 0.0143 
                PID21 0.547 

4hrs post- 
PID21 

8 saline, 8 CFA (4 
saline and 4 CFA for 
PID15 only)  - Mixed-effect analysis Time 

F (3.740, 55.57) = 4.
406 0.0044 Bonferroni Baseline 0.4557 

    Treatment F (1, 104) = 90.23 
<0.000
1  4hrs Post 0.0134 

    
Time x 
Treatment 

F (3.740, 55.57) = 1.
828 0.1404  PID1 0.0007 

        PID3 0.0026 

        PID6 0.0005 

        PID10 0.0032 

        PID15 0.011 
                PID21 0.0048 
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4hrs post- 
PID21 

8 saline, 8 CFA (4 
saline and 4 CFA for 
PID15 only)  - Mixed-effect analysis Time 

F (4.320, 55.54) = 7.
050 

<0.000
1 Bonferroni Baseline 0.8891 

    Treatment F (1, 14) = 21.84 0.0004  4hrs Post 0.002 

    
Time x 
Treatment 

F (4.320, 55.54) = 3.
243 0.0161  PID1 0.0025 

        PID3 0.0133 

        PID6 0.0135 

        PID10 0.0466 

        PID15 0.0036 
                PID21 0.1692 

4hrs post- 
PID21 

8 saline, 8 CFA (4 
saline and 4 CFA for 
PID15 only)  - Mixed-effect analysis Time 

F (5.469, 70.32) = 6.
944 

<0.000
1 Bonferroni Baseline 0.9067 

    Treatment F (1, 14) = 6.317 0.0248  4hrs Post 0.5057 

    
Time x 
Treatment 

F (5.469, 70.32) = 5.
084 0.0003  PID1 0.0147 

        PID3 0.0175 

        PID6 0.0004 

        PID10 0.7947 

        PID15 0.0468 
                PID21 0.3595 

PID2 8 saline, 8 CFA 

Saline (55.04 ± 
3.807), CFA 
(40.37 ± 3.683) 

two-tailed, unpaired t-
test   t=2.768, df=14 0.0151       

PID2 8 saline, 8 CFA 

Saline (0.06113 
± 0.004185), 
CFA (0.04488 ± 
0.004168) 

two-tailed, unpaired t-
test   t=2.751, df=14 0.0156       

PID2 8 saline, 8 CFA 

Saline (703.2 ± 
20.47), CFA 
(599.4 ± 27.03) 

two-tailed, unpaired t-
test   t=3.060, df=14 0.0085       
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PID2 8 saline, 8 CFA 

Saline (5.875 ± 
0.7662), CFA 
(4.625 ± 
0.6250) 

two-tailed, unpaired t-
test   t=1.264, df=14 0.2268       

PID2 8 saline, 8 CFA 

Saline (70.13 ± 
8.962), CFA 
(59.23 ± 10.32) 

two-tailed, unpaired t-
test   t=0.7975, df=14 0.4385       

PID2 8 saline, 8 CFA 

Saline (50.63 ± 
5.747), CFA 
(37.63 ± 5.028) 

two-tailed, unpaired t-
test   t=1.702, df=14 0.1108       

PID2 8 saline, 8 CFA 

Saline (84.88 ± 
4.129), CFA 
(82.63 ± 7.853) 

two-tailed, unpaired t-
test   t=0.2536, df=14 0.8035       

PID2 8 saline, 8 CFA 

Saline (4.75 ± 
1.236), CFA (3 ± 
1.323) 

two-tailed, unpaired t-
test   t=0.9667, df=14 0.3501       

PID12 8 saline, 8 CFA 

Saline (35.11 ± 
2.56), CFA 
(37.86 ± 3.528) 

two-tailed, unpaired t-
test   t=0.6306, df=14 0.5384       

PID12 8 saline, 8 CFA 

Saline (0.039 ± 
0.00279), CFA 
(0.04213 ± 
0.003889) 

two-tailed, unpaired t-
test   t=0.6529, df=14 0.5244       

PID12 8 saline, 8 CFA 

Saline (545.2 ± 
31.57), CFA 
(560.3 ± 31.85) 

two-tailed, unpaired t-
test   t=0.3370, df=14 0.7411       

PID12 8 saline, 8 CFA 

Saline (5.125 ± 
0.7181), CFA 
(3.25 ± 1.098) 

two-tailed, unpaired t-
test   t=1.429, df=14 0.1749       

PID12 8 saline, 8 CFA 

Saline (89.59 ± 
13.69), CFA 
(60.01 ± 12.19) 

two-tailed, unpaired t-
test   t=1.614, df=14 0.1289       
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PID12 8 saline, 8 CFA 

Saline (50.63 ± 
5.747), CFA 
(37.63 ± 5.028) 

two-tailed, unpaired t-
test   t=1.702, df=14 0.1108       

PID12 8 saline, 8 CFA 

Saline (67.13 ± 
4.692), CFA 
(82.75 ± 4.992) 

two-tailed, unpaired t-
test   t=2.281, df=14 0.0387       

PID12 8 saline, 8 CFA 

Saline (4.375 ± 
1.523), CFA 
(15.88 ± 8.365) 

two-tailed, unpaired t-
test   t=1.352, df=14 0.1977       

PID2 8 saline, 8 CFA 

Saline (45.39 ± 
2.603), CFA 
(40.22 ± 2.769) 

two-tailed, unpaired t-
test   t=1.362, df=14 0.1949       

PID2 8 saline, 8 CFA 

Saline (0.05038 
± 0.002834), 
CFA (0.04475 ± 
0.003057) 

two-tailed, unpaired t-
test   t=1.349, df=14 0.1987       

PID2 8 saline, 8 CFA 

Saline (613.9 ± 
22.66), CFA 
(618.6 ± 28.25) 

two-tailed, unpaired t-
test   t=0.1308, df=14 0.8978       

PID2 8 saline, 8 CFA 

Saline (3.625 ± 
0.9437), CFA 
(5.25 ± 0.7734) 

two-tailed, unpaired t-
test   t=1.332, df=14 0.2042       

PID2 8 saline, 8 CFA 

Saline (53.53 ± 
7.637), CFA 
(66.51 ± 8.191) 

two-tailed, unpaired t-
test   t=1.160, df=14 0.2655       

PID2 8 saline, 8 CFA 

Saline (41 ± 
5.632), CFA 
(36.5 ± 3.85) 

two-tailed, unpaired t-
test   t=0.6597, df=14 0.5202       

PID2 8 saline, 8 CFA 

Saline (83.5 ± 
5.165), CFA 
(79.75 ± 6.259) 

two-tailed, unpaired t-
test   t=0.4621, df=14 0.6511       

PID2 8 saline, 8 CFA 

Saline (3.625 ± 
1.267), CFA 
(6.5 ± 1.991) 

two-tailed, unpaired t-
test   t=1.218, df=14 0.2433       
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PID12 8 saline, 8 CFA 

Saline (32.47 ± 
1.462), CFA 
(34.19 ± 2.127) 

two-tailed, unpaired t-
test   t=0.6675, df=14 0.5153       

PID12 8 saline, 8 CFA 

Saline (0.03613 
± 0.001652), 
CFA (0.038 ± 
0.00236) 

two-tailed, unpaired t-
test   t=0.6508, df=14 0.5257       

PID12 8 saline, 8 CFA 

Saline (482.2 ± 
24.39), CFA 
(519.3 ± 25.44) 

two-tailed, unpaired t-
test   t=1.0533, df=14 0.3103       

PID12 8 saline, 8 CFA 

Saline (1.875 ± 
0.5154), CFA 
(4.75 ± 0.8399) 

two-tailed, unpaired t-
test   t=2.918, df=14 0.0112       

PID12 8 saline, 8 CFA 

Saline (47.39 ± 
7.022), CFA 
(58.06 ± 7.295) 

two-tailed, unpaired t-
test   t=1.054, df=14 0.3096       

PID12 8 saline, 8 CFA 

Saline (37.63 ± 
5.095), CFA 
(36.88 ± 6.212) 

two-tailed, unpaired t-
test   t=0.09335, df=14 0.9269       

PID12 8 saline, 8 CFA 

Saline (69.25 ± 
5.358), CFA 
(79.13 ± 3.42) 

two-tailed, unpaired t-
test   t=1.554, df=14 0.1426       

PID12 8 saline, 8 CFA 

Saline (2.375 ± 
1.281), CFA 
(7.625 ± 
0.9808) 

two-tailed, unpaired t-
test   t=3.254, df=14 0.0058       

PID2 8 saline, 8 CFA 

Saline (128.6 ± 
7.950), CFA 
(111.9 ± 12.64) 

two-tailed, unpaired t-
test   t=1.125, df=14 0.2797       

PID2 8 saline, 8 CFA 

Saline (20.13 ± 
1.141), CFA 
(16.38 ± 2.591) 

two-tailed, unpaired t-
test   t=1.325, df=14 0.2065       
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PID2 8 saline, 8 CFA 

Saline (8.455 ± 
0.7961), CFA 
(7.121 ± 1.054) 

two-tailed, unpaired t-
test   t=1.010, df=14 0.3295       

PID2 8 saline, 8 CFA 

Saline (110.6 ± 
12.36), CFA 
(103.9 ± 7.326) 

two-tailed, unpaired t-
test   t=0.4688, df=14 0.6464       

PID2 8 saline, 8 CFA 

Saline (17.38 ± 
2.478), CFA 
(15.5 ± 1.323) 

two-tailed, unpaired t-
test   t=0.6675, df=14 0.5153       

PID2 8 saline, 8 CFA 

Saline (6.827 ± 
0.9115), CFA 
(6.147 ± 
0.6581) 

two-tailed, unpaired t-
test   t=0.6047, df=14 0.555       

PID8 8 saline, 8 CFA 

Saline (150.4 ± 
11.48), CFA 
(138 ± 11.6) 

two-tailed, unpaired t-
test   t=0.7630, df=14 0.4581       

PID8 8 saline, 8 CFA 

Saline (16.63 ± 
1.179), CFA 
(15.75 ± 1.897) 

two-tailed, unpaired t-
test   t=0.3917, df=14 0.7011       

PID8 8 saline, 8 CFA 

Saline (8.42 ± 
0.6481), CFA 
(8.334 ± 1.079) 

two-tailed, unpaired t-
test   t=0.06812, df=14 0.9467       

PID8 8 saline, 8 CFA 

Saline (123.4 ± 
14.85), CFA 
(107.4 ± 10.03) 

two-tailed, unpaired t-
test   t=8923, df=14 0.3873       

PID8 8 saline, 8 CFA 

Saline (12.88 ± 
1.875), CFA 
(11.63 ± 1.375) 

two-tailed, unpaired t-
test   t=0.5376, df=14 0.5993       

PID8 8 saline, 8 CFA 

Saline (7.196 ± 
0.6534), CFA 
(6.236 ± 
0.5589) 

two-tailed, unpaired t-
test   t=1.116, df=14 0.2832       
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PID12 8 saline, 8 CFA 

Saline (142 ± 
15.1), CFA 
(157.4 ± 10.59) 

two-tailed, unpaired t-
test   t=0.8350, df=14 0.4177       

PID12 8 saline, 8 CFA 

Saline (13.38 ± 
1.295), CFA (15 
± 1.239) 

two-tailed, unpaired t-
test   t=0.9067, df=14 0.3799       

PID12 8 saline, 8 CFA 

Saline (7.235 ± 
0.8608), CFA 
(8.866 ± 0.856) 

two-tailed, unpaired t-
test   t=1.344, df=14 0.2005       

PID12 8 saline, 8 CFA 

Saline (119.5 ± 
12.18), CFA 
(103 ± 10.94) 

two-tailed, unpaired t-
test   t=1.01, df=14 0.3295       

PID12 8 saline, 8 CFA 

Saline (12 ± 
1.309), CFA 
(11.63 ± 1.051) 

two-tailed, unpaired t-
test   t=0.2233, df=14 0.8265       

PID12 8 saline, 8 CFA 

Saline (6.778 ± 
0.4923), CFA 
(6.699 ± 0.656) 

two-tailed, unpaired t-
test   t=0.09617, df=14 0.9248       

PID4 8 saline, 8 CFA 

Saline (47.11 ± 
7.723), CFA 
(28.6 ± 2.731) 

two-tailed, unpaired t-
test   t=2.260, df=14 0.0403       

PID4 8 saline, 8 CFA 

Saline (207.8 ± 
11.41), CFA 
(229.8 ± 8.194) 

two-tailed, unpaired t-
test   t=1.564, df=14 0.1402       

PID4 8 saline, 8 CFA 

Saline (46.2 ± 
7.989), CFA 
(45.89 ± 5.979) 

two-tailed, unpaired t-
test   t=0.03132, df=14 0.9755       

PID4 8 saline, 8 CFA 

Saline (208.4 ± 
13.48), CFA 
(205 ± 9.221) 

two-tailed, unpaired t-
test   t=0.2081, df=14 0.8381       

PID13 8 saline, 8 CFA 

Saline (51.75 ± 
6.234), CFA 
(49.58 ± 8.942) 

two-tailed, unpaired t-
test   t=0.1995, df=14 0.8447       
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PID13 8 saline, 8 CFA 

Saline (203.2 ± 
10.71), CFA 
(209.2 ± 11.3) 

two-tailed, unpaired t-
test   t=0.3902, df=14 0.7023       

PID13 8 saline, 8 CFA 

Saline (46.66 ± 
7.133), CFA 
(50.85 ± 7.701) 

two-tailed, unpaired t-
test   t=0.3989, df=14 0.696       

PID13 8 saline, 8 CFA 

Saline (220.8 ± 
13.8), CFA 
(219.1 ± 11.08) 

two-tailed, unpaired t-
test   t=0.09607, df=14 0.9248       
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5.1 Abstract 

Chronic pain is a debilitating health condition, and the PAG is a key brain region involved with 

the dysfunctions associated with chronic pain states, including neuropathic pain and 

inflammatory pain. In a mouse model of persistent inflammatory pain (via hind paw injection 

of Complete Freund’s Adjuvant, CFA), alterations in PAG function and modulation have been 

reported, although there is still much to learn about which cell types and pathways are affected 

and how they contribute. Glycinergic neurons in the ventrolateral column of the PAG 

(PAGGlyT2 neurons) are a subpopulation of inhibitory projection neurons that modulate not 

only nociceptive responses but also locomotor, anxiety-like and aversion behaviours in a naïve 

state and thus, this study aimed to investigate the role of PAGGlyT2 neurons in a mouse model 

of CFA-induced persistent inflammatory pain.  We unexpectedly found that unlike in the naïve 

state, the ability of PAGGlyT2 neurons to modulate nociceptive responses is lost in a CFA model. 

However, the ability of PAGGlyT2 neurons to modulate locomotor and anxiety-like behaviours 

remained, but only in females. Interestingly, fibre photometry data suggests that these neurons 

are still engaged in this CFA state, but neuronal activity marking suggests that differential 

engagement of projection targets contribute to this shift in behavioural output. cFos and pPDH 

expression following chemogenetic activation via CNO suggests that one or more PAGGlyT2 

projections to the RVM, LH and PVT are responsible for nociceptive modulation. Overall, 

this study reveals that PAGGlyT2 neurons are not a functionally homogenous group of cells and 

gives insight into the shift in midbrain circuitry between naïve and chronic pain states.   

 

  



 

 184 

5.2 Introduction 

Chronic pain is a highly debilitating condition that affects approximately 20% of the world’s 

population (Goldberg & McGee 2011). Pharmacotherapies are reported to only be partially 

effective in less than half of patients (Dworkin et al. 2010) and many people suffering from 

chronic pain also have comorbidities including depression, anxiety and sleep disorders (Treede 

et al. 2019). Currently, the knowledge surrounding brain circuitry underlying chronic pain 

conditions and its complexity is incomplete and this study addresses this need through 

preclinical research. 

The periaqueductal grey (PAG), in particular the ventrolateral column (vlPAG), is an important 

region in modulating acute and chronic pain. It is a major part of the ascending pain pathways, 

receiving noxious information directly from the spinal cord and connecting to a range of 

thalamic and cortical areas involved in processing nociceptive information and coordinating 

responses. It also is a major region in the descending analgesic pathway, directly modulating 

incoming noxious signal at the level of the spinal cord, via the rostral ventromedial medulla 

(RVM) (Basbaum et al. 2009, Denk et al. 2014, Lau & Vaughan 2014). The vlPAG is known 

to be involved with the dysfunctions associated with chronic pain states, including neuropathic 

pain and inflammatory pain (Samineni et al. 2019, Xie et al. 2023, McPherson et al. 2023, 

Kimmey et al. 2025, Yang et al. 2022, Zhu et al. 2024).  

Several studies have reported key signalling changes in endogenous opioid and cannabinoid 

signalling in the vlPAG in response to CFA induced persistent inflammatory pain (Bouchet et 

al. 2023, Tonsfeldt et al. 2016, Wilson-Poe et al. 2021, Coutens et al. 2025, Kimmey et al. 

2025, McPherson et al. 2023, Hurley & Hammond 2000). The Complete Freund’s Adjuvant 

(CFA) persistent inflammatory pain model is widely used and involves a hind paw injection of 

the inflammatory agent, CFA, which causes inflammation that persists for weeks and reliably 

induces mechanical and thermal hypersensitivity in both rats and mice (Knight et al. 1992, 

Stein et al. 1988, Burek et al. 2022, Wei et al. 2025; see Chapter 4), modelling human chronic 

inflammatory pain pathologies. The vlPAG consists of ~104 different neuronal subtypes 

(Vaughn et al. 2022), although the understanding on the specific role and contribution of 

different neurons in persistent inflammatory pain is still being built upon. Glycinergic neurons, 

marked by the glycine transporter GlyT2, in the vlPAG (PAGGlyT2) have been shown to respond 

to and modulate nociceptive and affective responses in a naïve state, potentially through their 
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projections to ascending and descending regions (Chapter 3), but their role in a persistent 

inflammatory pain state is unknown.  

Therefore, this study aims to investigate if PAGGlyT2 neuronal activity can modulate 

nociception, locomotion and anxiety-like behaviours in a CFA induced persistent inflammatory 

pain model. In addition, we will investigate if PAGGlyT2 neurons are engaged during CFA and 

if chemogenetic modulation of PAGGlyT2 neurons engages projection regions in a naïve and 

CFA state. As chemogenetic inhibition of PAGGlyT2 neurons is analgesic, we hypothesise that 

in a CFA state it will alleviate nociceptive hypersensitivity.  
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5.3 Methods 

Animals   

All experiments were conducted in accordance with the Australian Code for the care and use 

of animals for scientific purposes and approved by the University of Sydney Animal Ethics 

Committee (Protocol: 2023/2295). Adult male and female GlyT2::Cre (a gift from H.U. 

Zeilhofer; Foster et al., 2015) or GlyT2::cre x Ai14 mice (Jackson Laboratory; B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Strain #: 007914) were bred and housed in the 

Kearns Animal Facility in ventilated cages with a maximum of four mice per cage. 12/12h 

light/dark cycle (23°C, 70% humidity) were maintained and food and water provided ad 

libitum. Cages were enriched with a house igloo, toilet paper roll, tissues for nesting and 

wooden blocks. All behavioural experiments were conducted during the light cycle between 

9AM and 5PM under dim white light (30 ± 10 Lux). 

 

Stereotaxic surgery  

Brain injections were carried out in a stereotaxic frame (Kopf Instruments) in adult mice (8-12 

weeks old) under isoflurane anaesthesia (1.0-3% isoflurane in 1L/min O2). Pain relief was 

provided at the incision site (0.25% bupivacaine s.c) and viral vectors were injected with a nano-

volume needle (200-300 mL; SEG Syringe 1mL, 0.63 mm OD, part #00500) using a motorized 

injector (50 nL/min, UMP3T-2 with SMARTouch, WPI). The following coordinates were 

used to target the vlPAG, from Bregma, AP: -4.65-4.7 mm, ML: ±0.35mm, DV: -3.00mm or 

AP: -4.65mm, ML: ±0.85mm, DV: -2.54mm on an 8 degree angle (which reduced loss of vector 

in the aqueduct and improved bilateral injection hit rate). Bilateral injections were made for all 

chemogenetic experiments and unilateral for fibre photometry. Unilateral injections were 

included in this study as it has been previously demonstrated to not be significantly different to 

bilateral (Chapter 3). After injection, the needle was kept in place for five minutes, retracted 

0.1mm and left for a further five minutes before complete withdrawal.   

For fibre photometry studies, following viral injection into the left or right vlPAG 

(counterbalanced across animals), a fibreoptic implant (200 μm diameter, 0.39 NA, RWD 

Science) was implanted at the vlPAG injection site and secured with the help of two small skull 

screws and Superbond C & B (Sun Medical) and Vertex self-Curing (Vertex Dental) applied to 

fix the fibre in place. Monocryl sutures 6-0 were used to close the wound and pain relief was 
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administered (buprenorphine, 0.05-0.1mg/g mice, s.c.). Following surgery, the mice were 

individually housed for recovery (two days) before being returned to their home cage. 

Experiments were commenced two (fibre photometry) or three weeks later (behaviour, 

electrophysiology or histology). For the chemogenetic study, animals were randomly allocated 

into a vehicle (10% DMSO and saline) or CNO (3mg/kg hM3D(Gq) or 5mg/kg 

hM4D(Gi)/mCherry control) i.p. injection group (mCherry controls were just injected with 

CNO to control for CNO off target effects). Behavioural experiments began 1 hour after i.p. 

injection.  

 

CFA-induced paw edema 

The Complete Freund’s Adjuvant (CFA) preclinical model of persistent inflammatory pain was 

used in this study (Knight et al., 1992; Stein et al., 1988). Mice were anaesthetised with 2-3% 

isoflurane (1L/min O2) and sedation was confirmed by the absence of a toe pinch reflex. Mice 

then received a single unilateral intraplantar left hind paw injection of 20µL undiluted CFA 

(Sigma-Aldrich). Similarly, control mice were injected unilaterally in the left hind paw with 

20µL of 0.9% sterile saline.  

 

Nociceptive tests  

Nociceptive tests were all carried out on a single day with a minimum of 5-minute interval 

between tests except if noted (Assareh et al. 2023, Anderson et al. 2014, François et al. 2017, 

Mitchell et al. 2021).  

 

von Frey  

To assess mechanical hypersensitivity, we used the simplified up-down method (SUDO) using 

Von Frey filaments (Bonin et al. 2014). Animals were placed in elevated Perspex enclosures 

with wire mesh bases and given 30 minutes to acclimatise to the testing environment. Briefly, 

testing began with a 0.95 g von Frey hair in which it was pressed perpendicularly against the 

left hind paw and held for approximately two seconds. If the animal sharply withdrew their 

paw, licked their paw, or flinched upon removal of the von Frey filament, a withdrawal response 

was noted. The von Frey test was repeated four times on the injected paw with at least a two-
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minute interval between tests. If a positive withdrawal response was observed, the subsequent 

test used a lighter filament whereas if no withdrawal response was seen the subsequent test used 

the next heavier filament. The final paw withdrawal threshold was calculated as the lightest 

force required to produce a withdrawal response.  

 

Acetone test  

To assess cold allodynia, we used the acetone test (Yoon et al. 1994). Animals remained in the 

elevated Perspex enclosures with wire mesh bases, and 20µL of acetone was sprayed on the 

centre of the left hind paw through the wire grid. The number of licks was recorded over a one-

minute period. The test was repeated once on the same paw with at least five minutes between 

tests. The final value used for statistical analysis was the average of the number of licks between 

the two tests.  For the fibre photometry experiments, acetone was applied to the ipsilateral and 

contralateral paw to the fibre optic cannula in an alternative order for five times each paw.  

 

Hotplate test  

To assess noxious heat sensitivity, we used the hotplate test. Each animal was placed on a 50℃ 

hotplate and latency to show either a licking or jumping nocifensive response was recorded. 

Once observed, the animal was immediately removed from the hotplate and returned to their 

home cage. Each animal was tested for a minimum of three trials with a fourth and fifth trial 

added if the results were not within four seconds of each other (Espejo et al. 1994).  

 

Open Field test  

Locomotor activity was measured using the open field test. One hour after i.p. injection of 

either vehicle or CNO and acclimatisation to the testing room, the mice were individually 

placed in an enclosed open-top arena (50 x 50 x 50 cm). An overhead camera recorded their 

behaviour for a 20-minute period. This period allowed for the monitoring of locomotion and 

potential anxiety-like behaviours (Bailey & Crawley 2009). Between animals, 20% ethanol was 

used to clean the apparatus to remove odour cues. The number of supported rearing responses 

and jumping responses was scored manually using Chronotate (Philipsberg et al. 2023) while 

the total distance travelled (m), average speed (m/s), total time mobile (s), time in the centre 



 

 189 

zone (s) and number of entries into the centre zone was obtained through ANY-Maze video 

tracking software (Version 7; Stoelting Co.). The centre zone was classified as the middle 25cm 

x 25cm zone.   

 

Light-dark test  

The light-dark test was used to test anxiety-like behaviours (Bourin & Hascoët 2003). One 

hour after i.p. injection of either vehicle or CNO and acclimatisation to the testing room, the 

mice were individually placed in the light-dark box (dark chamber: 20 cm wide x 18 cm x 30 

cm high; light chamber (60 ± 10 lux): 28 cm wide x 27 cm long x 30 cm high). The mice were 

placed in the light chamber facing the entry to the dark chamber and behaviour monitored 

with an overhead camera for five minutes. Between animals, 20% ethanol was used to clean 

the apparatus to remove odour cues. The following measures were obtained following ANY-

Maze video tracking software analysis: number of entries into the light zone, time in the light 

zone (s) and latency to enter the dark zone (s).   

 

Elevated Plus Maze  

The elevated plus maze test was used in conjunction with the light-dark box to test anxiety-like 

behaviours (Riebe & Wotjak 2012). One hour after i.p. injection of either vehicle or CNO and 

acclimatisation to the testing room, the animals were individually placed in the centre of the 

elevated plus maze facing a closed arm (two 60cm arms, each 5cm wide, one enclosed by 15cm 

walls, 40cm elevated off the ground). An overhead camera recorded their behaviour for a five-

minute period. Between animals, 20% ethanol was used to clean the apparatus to remove odour 

cues. The number of entries and time spent (s) in the open arms was obtained using ANY-Maze 

video tracking software.   

 

Fibre photometry   

Neuronal calcium activity was recorded via with the RWD fibre photometry system (R821 

/FR-21Tricolor Multichannel Fiber Photometry System). A 410nm isosbestic signal was 

recorded to account for motion artefacts and the 470nm signal was used to detect GCaMP 

activity (30Hz, power = 20-30mW). Z-scores were calculated around events during behavioural 
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experiments verified with one to two cameras during behavioural recordings using RWD 

software. The area under the curve (AUC) was calculated before or after events using RWD 

software. 

 

Tissue processing 

At the end of the experimental period, mice were deeply anaesthetized (3-5% isoflurane; 

1L/min O2) then administered an injection of Lethobarb (200 mg/kg, i.p)) and transcardially 

perfused first with 0.9% saline containing 72.5 mM NaNO2 and 3 IU/ml heparin (Sigma-

Aldrich) and then 4% paraformaldehyde (PFA) in 0.13 M PBS (pH 7.4). Brains were removed 

and postfixed overnight in the same fixative solution (4% PFA, 4°C). The tissue was then 

washed in PBS (pH 7.4) and dehydrated in 15% sucrose in PBS for 1-2 days, followed by 30% 

sucrose in PBS for 1-2 days and stored until cryo-sectioning. Brains were sectioned using a 

sliding microtome (-20℃, Leica Microsystems, Leica 1080) and four series of 40 μm slices were 

collected and preserved in 0.1 M PBS containing 0.1% sodium azide at 4°C. The PAG slices 

from one series were mounted onto glass slides with Fluromount-G Mounting Medium 

(Invitrogen) and a glass coverslip. After drying, coverslip was sealed with nail polish. 

 

Immunofluorescence and immunohistochemistry 

For the cFos and pPDH immunofluorescence, slices from another series were selected and 

labelled with immunofluorescence. Separate series (subsequent slices) were used for cFos and 

pPDH staining as both protein’s primary antibodies were from the same host animal (rabbit). 

Slices were washed in PBS (3 x 10 minutes), then incubated in blocking media (1 hour at RT, 

10% donkey serum, 0.3% Triton X detergent in PBS). Then, sections were then incubated in 

primary antibody over three nights before being washed in PBS (3 x 30 minutes) and incubated 

with secondary antibody (2 hours at RT;10% donkey serum, 0.1% Triton X Detergent, 1:2000 

DAPI antibody). Following a final wash in phosphate buffer (PB, 3 x 30 minutes), slices were 

mounted as previously described for imaging. 

As cFos immunofluorescence expression in the rostral ventromedial medulla (RVM) was very 

low, colorimetric immunohistochemistry was used for a separate series of these slices (as 

described in Assareh et al., 2023, Appendix 1).  
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Fluorescent and light microscopy  

Slices were imaged across the rostro-caudal axis on a fluorescent microscope (Zeiss Axio M1) 

and localized to region according to Paxinos and Franklin (2001). As the PAG is very close to 

the cerebral aqueduct, some DREADDs injections were unilateral, likely due to loss of vector 

into the aqueduct. The behavioural data obtained from animals with confirmed uni- and 

bilateral expression of mCherry, hM3D and hM4D was compared previously and no significant 

differences were detected, so data was pooled. Sparse labelling of neurons in the superior 

colliculus was occasionally noted near the injection tract. 

 

Data analysis  

For cFos and pPDH counting, region of interests was determined using the mouse brain atlas 

(Paxinos & Franklin 2001). For cFos counting, an unbiased automated counting protocol was 

used using ImageJ Fiji on 10x images. Subtract background was first used to isolate fluorescent 

signal from the image background, then the ImageJ plug-in Stardist (Schmidt et al. 2018) was 

used to identify fluorescent cell-like objects based on probability and overlap threshold. The 

watershed function was then used to isolate overlapping objects and cFos detections >300 pixels 

in size were excluded to isolate just cell like objects for counting. For the colorimetric RVM 

cFos images, manual counting was employed by a blinded experimenter (J.T) and the region 

of interest was set on a 1860131 μm2 rectangle placed above the pyramidal tract, as automated 

counting did not detect cell-like objects authentically.  For pPDH analysis, an initial threshold 

was set per image identifying signal by a blinded experimenter and intensity was calculated per 

area of region of interest.  For each region one slice per animal was used for analysis, except for 

the LH in which 3/5 animals were averaged over two slices across the rostro-caudal axis and 

for the RVM colorimetric analyses in which an average of 1-4 slices from -5.6 to -6mm from 

bregma for each animal was used (identified as key RVM range for descending analgesic 

pathway activity) (Ganley et al. 2023). Manual counting was used for the Ai14xGlyT2::Cre 

experiment by a blinded experimenter, due to the inability of automated counting to detect 

TdTomato+ cells authentically.  
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All data was analysed using GraphPad Prism (version 10, GraphPad Software, Inc., La Jolla, 

CA) and presented as mean ± SEM. Significance, as indicated by an asterisk, was defined as p 

< 0.05 a priori. For all datasets, a Shapiro-Wilk test was performed to test normality. Unpaired 

t-tests were used for all analysis of chemogenetic experiments between CNO and vehicle 

controls. For comparisons with mCherry-CNO, a one-way ANOVA with Bonferroni 

correction was used. Fibre photometry experiment was analysed using a two-way ANOVA 

with Bonferroni correction. Individual unpaired t-tests were used to analyse differences 

between cFos/pPDH expression between CFA and saline controls or CNO and vehicle 

controls. A detailed statistical summary can be found in Supplementary Table 1. All 

behavioural test schematics were created with BioRender.  

 

Table 1: Vectors and antibodies   

Name  Company  CAT#  Titre/concentration  

Viral Vectors        

AAV5-hSyn-DIO-mCherry  Addgene  50459  8.4*10^12  

  

AAV5-hSyn-DIO-hM3D(Gq)-

mCherry  

Addgene  44361  2.3*10^13  

  

AAV5-hSyn-DIO-hM4D(Gi)-

mCherry  

Addgene  44362  2.5*10^13  

  

AAV9-syn-FLEX-jGCamp8s-

WPRE  

Addgene  162377  2.7*10^13  

  

Primary antibodies  

Rabbit anti-cFos  Cell 

signalling 

Tech  

2250T  1:500 (fluorescence)  

1:2000 (colorimetric)  

Rabbit anti-pPDH  Cell 

signalling 

Tech  

37115S  1:500  

Chicken anti-mCherry  Abcam  Ab205402  1:1000  

Secondary antibodies  
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Donkey anti- rabbit Alexa Fluor 

647  

Abcam  Ab150075  1:500  

Donkey anti-rabbit Alexa Fluor 

488  

Abcam   Ab150073  1:1000  
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5.4 Results 

We first aimed to investigate whether PAGGlyT2 neurons can modulate nociceptive responses 

and anxiety-like behaviour in the CFA persistent inflammatory pain model using a similar 

chemogenetic approach to Chapter 3 (Figure 1, Supplementary Figure 1). On PID 2 and 7, 

animals underwent an additional von Frey test before vehicle or CNO i.p. injection to assess 

the progression of mechanical hypersensitivity and we found that females had significantly 

reduced paw withdrawal threshold at both timepoints, but males only reached significantly 

reduced paw withdrawal threshold at PID7, when compared to saline-injected animals (Figure 

2A). Following vehicle or CNO i.p. injection, on PID7, both males and females had no 

significant changes in paw withdrawal thresholds (Figure 2B-E). The acetone test revealed that 

there were also no changes seen in number of responses following activation or inhibition of 

PAGGlyT2 neurons in either males or females (Figure 2F-I). Similarly, in the hotplate test there 

was no significant differences between paw withdrawal latencies in both males and females 

(Figure 2J-M). This was also the case at PID 2 for both males and females (Supplementary 

Figures 2-3). Therefore, unlike in the naïve state (Chapter 3), chemogenetic modulation of 

PAGGlyT2 neurons fail to alter nociceptive responses in the CFA persistent inflammatory pain 

model.  

 

 

Figure 1: Experimental groups and timeline for chemogenetic experiments. (A) Schematic 

illustrating bilateral injection of viral vectors into the vlPAG of GlyT2::Cre mice (unilaterally injected animals 

were also included in this study) (B) Representative microscopic image of viral vector expression that was 

largely restricted within the vlPAG. Scale bar = 500𝜇m, magnification: 2.5X. (C) Experimental timeline. 

PID: Post (CFA) injection day, noci: nociception tests (von Frey, acetone, hotplate), OFT: open field test, 

LDT: light-dark test, EPM: elevated plus maze. All animals were either perfused on PID 11 or PID 13. *The 

elevated plus maze was only conducted on a subset of animals, for which they were perfused on PID 13.  
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Figure 2: Chemogenetic modulation of PAGGlyT2 neurons does not alter nociceptive   

responses in the CFA model of persistent inflammatory pain. (A) von Frey testing at baseline, PID 

2 and PID 7 (before vehicle or CNO), confirmed mechanical hypersensitivity in females at PID 2 and PID7, 

and males at PID 7. At PID 7, there were no significant differences in paw withdrawal threshold, number of 

responses to acetone or paw withdrawal latency between vehicle and CNO for male (closed circle) and female 

(open circle) mice (B-M). Individual animals presented with bars representing mean ±	SEM. n=7-11/group. 

Dotted line represents average of baseline values for the groups presented. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

We have previously shown that chemogenetic modulation of these neurons in a naïve state can 

modulate locomotor behaviours in both male and female mice (Chapter 3). Additionally, 2 days 

after the development of persistent inflammatory pain, locomotor behaviours in males are 

altered (Chapter 4). To investigate whether PAGGlyT2 neurons continue to modulate locomotor 

behaviours in the CFA persistent inflammatory pain model we carried out the open field test 
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the open field test to ensure novelty of the environment (Pitzer et al. 2019). We found that 

chemogenetic modulation of PAGGlyT2 neurons does not change mobility in male mice but 

significantly increases mobility in female mice compared to vehicle controls (Figure 3C-F). In 

female mice, chemogenetic activation of PAGGlyT2 neurons significantly increases the number 

of entries into the centre zone (Figure 3G-J) and continues to increase rearing behaviour in 

female mice compared to vehicle controls, but this function is absent in male animals (Figure 

3K-N). Lastly, chemogenetic activation of PAGGlyT2 neurons significantly increases jumps in 

only the female animals when compared to vehicle controls, although this difference may be 

CNO off-target effect as it is not seen between CNO injected groups (Figure 3O-R, 

Supplementary Figure 4). Therefore, when mice are in a persistent inflammatory pain state, 

PAGGlyT2 neurons modulate locomotor activity in female but not male mice, this contrasts with 

the naïve state (Chapter 3) where significant changes in locomotor behaviours are observed in 

both male and females. 
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Figure 3: Chemogenetic modulation of PAGGlyT2 neurons does not alter locomotor 

behaviours in males but does in females. Track plot of the centre point of male (A) and female (B) 

mice during the 20-minute open field test. Chemogenetic modulation resulted in no significant difference in 

mobility time, number of entries into the centre zone, rearing and jumping in the open field for males (closed 

circles; C, D, G, H, K, L, O, P). In females, chemogenetic activation resulted in significantly increased 

mobility, number of centre zone entries, rearing and jumping compared to vehicle controls (open circles; E, 

F, I, J, M, N, Q, R). Individual animals presented with bars representing mean ±	SEM. n=7-11/group. 

Dotted line represents average of baseline values for the groups presented. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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chemogenetic modulation of PAGGlyT2 neurons changes anxiety-like behaviours in mice with 

persistent inflammatory pain. Note, neither light-dark nor elevated plus maze behaviours are 

altered by CFA treatment at the time point tested. To test anxiety-like behaviours we did the 

light-dark test, in combination with the elevated plus maze on a subset of animals (Riebe & 

Wotjak 2012). Our data showed that chemogenetic activation of PAGGlyT2 neurons reliably 

increased time spent in the light zone of the light dark test as well as time and entries in the 

open arms of the elevated plus maze in CFA-injected female mice compared to vehicle control 

groups. No significant changes were detected in light zone time as well as time and entries in 

the open arms in CFA-injected male mice compared to vehicle control groups (Figure 4, 

Supplementary Figure 5). Therefore, our data suggests that chemogenetic modulation of 

PAGGlyT2 neurons continues to modulate anxiety-like behaviours in a persistent inflammatory 

pain state in female but not male mice. 

 

 

Figure 4: Chemogenetic modulation of PAGGlyT2 neurons alters anxiety-like behaviours in 

only female mice. Chemogenetic modulation of PAGGlyT2 neurons resulted in no significant differences 

in time spent in the light zone in the light dark test as well as number of entries or time spent in the open 

arms in the elevated plus maze in male mice compared to vehicle controls (closed circles; A, B, E, F, G). In 

females, chemogenetic activation significantly increased time spent in the light zone in the light dark test as 

well as significantly increased entries and time spent in the open arms in the elevated plus maze compared 

to vehicle controls (open circles; C, D, H, I, J). Track plot of the centre point of male (E) and female (H) mice 

during the 5-minute elevated plus maze test. Individual animals presented with bars representing mean 

±	SEM. n=7-11/group. Dotted line represents average of baseline values for the groups presented. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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To determine if PAGGlyT2 neurons continue to be engaged during cold stimuli in a CFA state, 

as observed in a naïve state, we measured PAGGlyT2 activity using calcium-dependent fibre 

photometry in male mice (Figure 5A, Supplementary Figure 6). The animals underwent an 

initial acetone test on both paws before hind paw injection of CFA in the contralateral paw to 

the fibre optic implant and an additional acetone test was carried out two days later (Figure 

5B). Consistent with our previous findings, PAGGlyT2 neuron calcium activity significantly 

increased in response to acetone application to the hind paw and no significant differences in 

signal amplitude was detected between the two paws (Figure 5C-E). Two days after CFA 

injection, this result was unchanged, with significant increases in PAGGlyT2 neurons calcium 

activity in response to acetone on either the non-injected (ipsilateral) or the injected 

(contralateral) paw, with no significant difference between the two paws (Figure 5F-H). 

Although chemogenetic modulation of PAGGlyT2 neurons in the CFA state loses the ability to 

modify nociceptive responses, these photometry experiments suggests that they are still engaged 

in response to cold stimuli. 

 

 

Figure 5: Calcium dependent fibre photometry reveals that PAGGlyT2 neurons are engaged 

during a cold noxious stimulus before and after CFA hind paw injection. (A) Schematic depicting 

unilateral Cre dependent viral vector (jGCamp8s) injection and fibre optic cannula implantation into the 

vlPAG of GlyT2::Cre mice with representative microscope image (Scale bar = 500𝜇m). (B) Experimental 
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timeline. Heatmap (C), average z-score trace (D) and area under the curve of pre and post stimulus of acetone 

on the ipsilateral (red) or contralateral (blue) paw (pre=-6 to 0s, post=0-6s), before CFA injection (Baseline). 

The AUC significantly increased post stimulus for both the ipsilateral and contralateral paw. Heatmap (F), 

average z-score trace (G) and area under the curve of pre and post stimulus of acetone on the ipsilateral (red) 

or contralateral (blue) paw (pre=-6 to 0s, post=0-6s), after CFA hind paw injection on the contralateral paw 

(Post CFA). The AUC significantly increased post stimulus for both the ipsilateral and contralateral paw. 

PID: post injection day, contra: contralateral paw, AUC: Area under the curve. Individual animals presented 

with bars representing mean ±	SEM. n=4/group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

 

In a preliminary set of experiments in female mice, we also confirmed that the PAG is engaged 

by CFA hind paw injection. This was achieved by assessing differences in activity using cFos in 

the vlPAG, particularly in PAGGlyT2 neurons, which were identified in GlyT2::crexAi14 mice 

by their expression of TdTomato (Supplementary Figure 7A). Animals injected with CFA had 

significantly reduced paw withdrawal threshold compared with animals with saline, confirming 

the validity of the model (Supplementary Figure 7B). On PID7, there was significantly increased 

cFos expression in the PAG of CFA-injected animals when compared to saline (Supplementary 

Figure C-D, Morales-Medina et al. 2023) and approximately 2 vs 10% of these cells are 

GlyT2+ in control vs CFA animals (Supplementary Figure 7E; not complete due to animal 

breeding house errors). Therefore, the CFA persistent inflammatory pain model engages the 

PAG. 

 

To determine if PAGGlyT2 neuronal projections to different projection targets might underly 

this separation of nociceptive, locomotor and anxiety-like responses, we carried out neuronal 

activity using immunohistochemical detection of the immediate early gene cFos for increases 

in neuronal activity and phosphorylated pyruvate dehydrogenase (pPDH) for decreases in 

neuronal activity (Yang et al. 2024, Morales-Medina et al. 2023). We quantified cFos and 

pPDH signals in tissue from naïve and CFA-model male and female mice expressing hM3Dq 

following chemogenetic activation of PAGGlyT2 neurons with CNO or vehicle control (Figure 

6A). As expected, chemogenetic activation of PAGGlyT2 neurons with CNO resulted in 

significantly increased co-expression of cFos in mCherry+ vlPAG neurons compared to vehicle 

injected animals (Figure 6B-C, Assareh et al., 2023). Similar results were also observed in CFA-

model animals (Figure 6D-E). No pPDH staining was observed in the vlPAG.  
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Figure 6: PAGGlyT2 neurons are engaged following chemogenetic activation via CNO in naïve 

and CFA states. (A) Schematic showing bilateral stereotaxic injection of the excitatory Cre-dependent 

DREADD into the vlPAG of GlyT2::Cre mice, targeting PAGGlyT2 cells. Two hours following either vehicle 

or CNO (3mg/kg) intraperitoneal (i.p.) injection, mice underwent cardiac perfusion for neuronal activity 

mapping. Representative images (B, D) and quantification (C, E) showing increased cFos expression in 

mCherry+ cells in CNO mice compared to vehicle in both naïve and CFA animals following chemogenetic 

activation of PAGGlyT2 cells. Scale bar= 500𝜇m. Magnification: 10X. Aq: Cerebral aqueduct. Individual 

animals presented with bars representing mean ±	SEM. n=5/group (Naïve: vehicle=3 females, 2 males, 

CNO= 3 females, 2 males; CFA: vehicle=3 females, 2 males, CNO= 1 female, 4 males). *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 

 

We then compared cFos and pPDH labelling at a selection of projection regions that have been 

reported to modulate pain responses (Ganley et al. 2023, Siemian et al. 2021, Di Li et al. 2025, 

Taylor & Westlund 2017). In naïve animals, cFos expression was unchanged by chemogenetic 

PAGGlyT2 activation in the RVM and lPBN. On the other hand, cFos expression was 

significantly increased in PAGGlyT2 projection regions including the LC, LH, and PVT when 

compared to vehicle. However, in CFA animals, cFos expression was significantly increased in 

only the LC (Figure 7A-B). In naïve animals, pPDH expression in RVM decreased (p=0.0598) 

but was unchanged in the LC, lPBN, LH and PVT when compared to vehicle controls. In CFA 

animals, there were no significant changes in pPDH expression in those regions (Figure 7C-D). 

Together with our behavioural findings, the neuronal activity data suggests that differential 

engagement of projection regions (RVM, LH and PVT) may contribute the different role of 

the PAGGlyT2 neurons in the CFA state when compared to a naïve state. 
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Figure 7: Neuronal activity marking shows a shift in engagement of projection regions from 

a naïve to a CFA state. (A, C) Representative images of cfos density (cells per mm2) or PPDH intensity 

(percentage of area (µm2) with signal) of vehicle and CNO mice, in both naïve and CFA states, following 

chemogenetic activation of PAGGlyT2 cells in the RVM (-5.6--6mm), LC/lPBN (-5.34mm), PVT (-0.1mm) 

and LH (-0.1--1.8mm). n=5 animals/group; mean +/SEM. PAG: periaqueductal grey, RVM: rostral 

ventromedial medulla, pPDH: phosphorylation of pyruvate dehydrogenase, LC: locus coeruleus, PVT: 

paraventricular thalamus, D3V: third ventricle, LH; lateral hypothalamus, lPBN: lateral parabrachial 

nucleus, 4V: fourth ventricle.  
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5.5 Discussion 

Here we show that in contrast to naïve animals (Chapter 3), in the CFA induced persistent 

inflammatory pain state, PAGGlyT2 neurons are no longer able to modulate nociception but 

continue to modulate locomotor and anxiety-like behaviours in a sex specific manner (Figure 

8). However, using fibre photometry, we found that PAGGlyT2 neuronal activation by noxious 

cold stimulation occurs in this inflammatory persistent pain state, suggesting that these neurons 

are still receiving noxious information. Lastly, we illustrated using neuronal activity marking 

that this loss of nociception modulation is accompanied by a reduction in engagement with 

projections to the RVM, LH and PVT. This suggests that one or more of these projections are 

responsible for the PAGGlyT2 neuronal specific nociceptive response. Overall, PAGGlyT2 neuron 

function reveals an interesting shift in pain circuitry between a naïve and chronic pain state and 

suggests they are involved in the dysfunctions associated with chronic inflammatory pain.  

 

 

Figure 8: Summary of the role of PAGGlyT2 neurons. Created with BioRender. 

 

PAGGlyT2 neurons have a different role in naïve and chronic pain states 

We initially hypothesised that chemogenetic inhibition of PAGGlyT2 neurons would be able to 

alleviate heightened nociceptive sensitivity following the CFA model, however this was untrue. 
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It was unexpected to find that these neurons lost the ability to modulate nociception in the CFA 

state, as many studies have shown a conservation of modulation between naïve and chronic 

pains states (Samineni et al. 2019, Samineni et al. 2017, Siemian et al. 2021, Yang et al. 2022, 

Zhang et al. 2023, Bao et al. 2025). This suggests that PAGGlyT2 neurons are part of the shift in 

PAG signalling that occurs in chronic pain states like the CFA model. This differential signalling 

in the vlPAG could be modulated through endogenous cannabinoids or opioids which have 

been previously shown to be altered in the vlPAG in the CFA model (Bouchet et al. 2023, 

Tonsfeldt et al. 2016, Wilson-Poe et al. 2021, Coutens et al. 2025, Kimmey et al. 2025, 

McPherson et al. 2023, Hurley & Hammond 2000). Indeed, the activity of endogenous opioids 

and cannabinoids is important for the descending pain pathway so their interaction with 

PAGGlyT2 neurons would be probable.  

Differential cannabinoid receptors and signalling have been demonstrated in females and not 

in males (Jiang et al. 2022, Tonsfeldt et al. 2016). We see a clear sex difference in PAGGlyT2 

neurons in their ability to modulate locomotor and anxiety-like behaviours only after a CFA 

state and cannabinoid signalling could be contributing to this. However, we have demonstrated 

that there are innate differences of the CFA model itself in males and females (Chapter 4) and 

thus it is hard to conclude if the sex differences reported here are due to PAGGlyT2 neuronal 

modulation or the effects of the CFA model, or a combination of the two. In addition, 

ethological and anxiety-like behaviours have been reported to differ between sexes (Levy et al. 

2023, Meseguer Henarejos et al. 2020, Kaluve et al. 2022) and thus, cannot be ignored. 

Interestingly, these striking sex differences were not present in naïve animals (Chapter 3). One 

theory could be that not all PAGGlyT2 neurons are targeted by chemogenetic modulation, and 

the firing state influenced by CNO administration after CFA treatment is not the same as in 

naïve animals. This may be due to alterations in cell properties, such as firing patterns, 

thresholds and resting potentials, due to opioid or cannabinoid signalling. To test whether 

endogenous opioid or cannabinoid signalling could be influencing the activity of PAGGlyT2 

neurons, future experiments could use electrophysiology, to investigate signalling in PAGGlyT2 

neurons in a CFA state. 

 

PAGGlyT2 neurons are not a functionally homogenous group of cells 

In addition to the interaction of different neuromodulators within the PAG, the influence of 

differential engagement of projection regions may be contributing to the shift between the naïve 
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and CFA state. Our cfos/pPDH data suggests that the projections to the RVM, LH and PVT 

modulate nociception while the LC projection modulates locomotor and anxiety-like 

behaviours, an established role of the LC (Morris et al. 2020, McCall et al. 2015, Riga et al. 

2025). It should be noted that the cfos/pPDH experiments were conducted in both male and 

females, so the role of the LC projection is unclear. Unpublished and preliminary data from 

our lab has also suggested that projections to the LH and PVT are from different PAG 

subpopulations, so together with the cfos/pPDH data there is possible evidence of different 

neuronal subpopulations within the PAGGlyT2 group of neurons.  

In a naïve state, we expected that chemogenetic activation of PAGGlyT2 neurons would increase 

neuronal activity in the descending pain pathway, mainly the RVM (Winters et al. 2022, Lau 

& Vaughan 2014, Lau et al. 2020), and the reduced pPDH expression suggests this may be the 

case. We also see engagement of the LH and PVT following chemogenetic activation of 

PAGGlyT2 neurons, both reported to modulate nociception (Siemian et al. 2021, Li et al. 2024, 

Di Li et al. 2025). Future experiments could use optogenetics to specifically target one of the 

projections in a CFA state and see the behavioural outcome. In addition, it would be interesting 

to investigate if these projections can be differentiated by different neurochemical properties of 

PAGGlyT2 neurons. For example, transcriptomic and FISH studies suggest that PAGGlyT2 

neurons may also be neuropeptide Y(NPY)-positive (Vaughn et al. 2022, Lein et al. 2007, Allen 

Institute of Brain Science), an interesting theory could be that PAGGlyT2 neurons could be 

separated into NPY positive and negative subpopulations that could differentiate their 

projections and engagement to these regions. Therefore, PAGGlyT2 neurons are not a 

functionally homogenous group of cells as different projections are responsible for different 

behavioural outputs, and their projections and function are sensitive to a CFA inflammatory 

persistent pain state. 

 

Limitations 

One limitation of this study is the contribution of off-target CNO effects (Gomez et al. 2017, 

Mahler & Aston-Jones 2018). A small proportion of systemically administered CNO, has been 

previously shown to reverse-metabolise into clozapine, an antipsychotic drug that not only 

crosses the blood brain barrier but also more potently binds to DREADDs than CNO and 

modulates pain and anxiety (Gomez et al. 2017, Mahler & Aston-Jones 2018, Xuan Li et al. 

2025, Manvich et al. 2018). As CNO off-target effects were not observed in our naïve study 
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(Chapter 3), it is unlikely that the contribution of CNO could affect our results, and we see no 

indication of this in the nociception and locomotor data. However, in the light dark test, we 

observed a significant increase in time spent in the light zone in females, only when the hM3Dq 

group was compared to vehicle controls and not when the control mCherry-CNO group was 

compared directly to the hM3Dq-CNO group. Further elevated plus maze experiments were 

only conducted on a subset of animals and thus CNO-off target effects may be contributing to 

this anxiety-like result in females. The addition of a mCherry-vehicle group would be able to 

determine any CNO-off target effects or the consideration of recently discovered DREADD 

agonists with improved selectivity such as DCZ and J60 (Nagai et al. 2020, Bonaventura et al. 

2019) although off-target effects may still be present and relevant controls are still required 

(Lawson et al. 2023).  

In addition, we used fluorescent cFos expression for all projection region automated analysis 

however in the RVM (a key region we wanted to investigate) it was unable to be detected. Thus, 

we used a standard colorimetric immunohistochemistry protocol that was used earlier for our 

initial PAG study (Assareh et al 2023, Appendix 1). This change in protocol between other 

regions could contribute to the non-significant result in cFos expression in the RVM and future 

experiments should optimise fluorescent cFos expression in the RVM to be comparable with 

the rest of the brain (i.e. using a different cFos primary antibody such as the guinea pig anti-

cFos from Synaptic Systems) (Teng et al. 2022, Zhang et al. 2025, Wojick et al. 2025).  

 

Conclusion 

In conclusion, a small subpopulation of glycinergic neurons in the vlPAG is involved in the pain 

circuitry shift between a naïve and persistent inflammatory pain state. By understanding the 

role of different subpopulations of neurons and their outputs, we can further understand the 

complexity of how the central nervous system can compute a range of behaviours. Thus, this 

novel study reveals new insights into the complexity of chronic pain circuits in the midbrain.  
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5.7 Supplementary Data 

 

 

Supplementary Figure 1: AAV5 viral vector expression. Schematic showing viral vector expression 

of across all male (A) and female (B) mice for control (mCherry; green), hM3Dq (blue) and hM4Di (red) 

groups, with 10% opacity for expression spread per bregma section for each animal.  
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Supplementary Figure 2: Chemogenetic modulation of PAGGlyT2 neurons does not alter 

nociceptive responses in the CFA model of persistent inflammatory pain at PID 2. (A) von Frey 

testing at baseline, PID2 and PID 7 (before vehicle or CNO), confirmed mechanical hypersensitivity in 

females at PID2 and PID7, and males at PID7. At PID2, there were no significant differences in paw 

withdrawal threshold, number of responses to acetone or paw withdrawal latency between vehicle and CNO 

for male (closed circle) and female (open circle) mice (B-M). Individual animals presented with bars 

representing mean ±	SEM. n=7-11/group. Dotted line represents average of baseline values for the groups 

presented. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplementary Figure 3: Chemogenetic modulation of PAGGlyT2 neurons does not alter 

nociceptive responses in the CFA model of persistent inflammatory pain. At PID 2 and 7, there 

were no significant differences there were no significant differences in paw withdrawal threshold, number of 

responses to acetone or paw withdrawal latency between CNO injected groups for male (closed circle) and 

female (open circle) mice (B-M). Individual animals presented with bars representing mean ±	SEM. n=7-

11/group. Dotted line represents average of baseline values for the groups presented. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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Supplementary Figure 4: Chemogenetic modulation of PAGGlyT2 neurons does not alter 

locomotor behaviours in males but does in females. Track plot of the centre point of male (A) and 

female (B) mice during the 20-minute open field test. Chemogenetic modulation resulted in no significant 

difference in mobility time, number of entries into the centre zone, rearing and jumping in the open field for 

males (closed circles; C-F). In females, chemogenetic activation resulted in significantly increased mobility, 

number of centre zone entries and rearing and jumping compared to other CNO groups (open circles; G-I). 

Chemogenetic modulation resulted in no significant differences in jumping responses when compared to 

other CNO groups (J). Individual animals presented with bars representing mean ±	SEM. n=7-11/group. 

Dotted line represents average of baseline values for the groups presented. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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Supplementary Figure 5: Chemogenetic modulation of PAGGlyT2 neurons alters anxiety-like 

behaviours in only male mice, when compared to mCherry-CNO control group. Chemogenetic 

modulation of PAGGlyT2 neurons resulted in a significant decrease in time spent in the light zone in the light 

dark test in hM4Di-CNO male mice compared to mCherry-CNO (closed circles; A). In females, 

chemogenetic modulation did not change time spent in the light zone compared to the mCherry-CNO group 

(open circles; B). Individual animals presented with bars representing mean ±	SEM. n=7-11/group. Dotted 

line represents average of baseline values for the groups presented. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

 

 

Supplementary Figure 6: Fibre and injection placement for in vivo fibre photometry 

experiment. Representative microscope image showing middle of injection expression and fibre optic 

cannula placement for fibre photometry experiment. n=1 animal unable to obtain image. Scale bar= 500𝜇m. 

Magnification: 2.5X. Aq: Cerebral aqueduct.  
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Supplementary Figure 7: The PAG is engaged following a CFA induced persistent 

inflammatory pain state. (A) Schematic showing experimental timeline of GlyT2::Cre reporter animals 

(Ai14 x GlyT2::Cre) receiving a von Frey test before and after saline or CFA hind paw injection, followed by 

perfusion on the 7th day post CFA injection. (B) Animals injected with CFA had significantly reduced paw 

withdrawal thresholds when compared to saline injected animals on PID6. (C) Representative microscope 

images of cFos and TdTomato expression in the vlPAG of saline and CFA injected mice, scale bar= 500𝜇m. 

(D) Total number of cFos+ cells in the vlPAG of saline and CFA injected mice. (E) Percentage of cFos+ cells 

colocalised with TdTom expression in the vlPAG of saline and CFA injected mice. PID: post injection day. 

Individual animals presented with bars representing mean ±	SEM. Saline: n=3 females, CFA: n=2-4 

females. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Supplementary Table 1: Statistical analysis details 

Figure Experiment Sex n/group mean +/- SEM Test 
Main 
effect F (DFn, DFd) p value Post-hoc 

Multiple 
comparison p value 

2A 
von Frey-PID 
comparison 

Male 
and 
female 7-11 mice   

RM two-way 
ANOVA with 
Geisser 
Greenhouse 
correction 

Time x 
Treatment 

F (5.612, 56.12) = 
4.005 P=0.0026 Bonferroni 

PID2: Male- 
Saline vs 
Male- CFA 0.9303 

       Time 
F (1.871, 56.12) = 
19.54 P<0.0001  

PID2: Female- 
Saline vs 
Female- CFA 0.0122 

       Treatment F (3, 30) = 13.66 P<0.0001  

PID7: Male-
Saline vs 
Male-CFA <0.0001 

                    

PID7: Female-
Saline vs 
Female-CFA 0.0449 

2B 
von Frey-
hM3D Male 

9 vehicle, 10 
CNO 

Vehicle (0.05 ± 0) CNO 
(0.05 ± 0) 

N/A *all 
values are 
identical             

2C 
von Frey-
hM3D Male 

9 vehicle, 8 
CNO 

Vehicle (0.3144 ± 
0.1051) CNO (0.08875 ± 
0.03003)  

Unpaired t-
test   t=1.955, df=15 0.0694       

2D 
von Frey-
hM4D Female 

10 vehicle, 
11 CNO 

Vehicle (0.1050 ± 
0.03160) CNO (0.07182 
± 0.02182)  

Unpaired t-
test   t=0.8778, df=19 0.391       

2E 
von Frey-
hM4D Female 

11 vehicle, 8 
CNO 

Vehicle (0.07818 ± 
0.02211) CNO (0.1425 ± 
0.06535)  

Unpaired t-
test   t=1.055, df=17 0.3064       
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2F 
acetone-
hM3D Male 

9 vehicle, 10 
CNO 

Vehicle (4.444 ± 0.5860) 
CNO (3.850 ± 0.5776)  

Unpaired t-
test   t=0.7209, df=17 0.4807       

2G 
acetone-
hM4D Male 

9 vehicle, 8 
CNO 

Vehicle (3.500 ± 0.4859) 
CNO (3.250 ± 0.6682)  

Unpaired t-
test   t=0.3075, df=15 0.7627       

2H 
acetone-
hM3D Female 

10 vehicle, 
11 CNO 

Vehicle (5.55 ± 0.1893) 
CNO (6.091 ± 0.8029)  

Unpaired t-
test   t=0.6267, df=19 0.5383       

2I 
acetone-
hM4D Female 

11 vehicle, 8 
CNO 

Vehicle (4.727 ± 0.6006) 
CNO (5.125 ± 0.8059)  

Unpaired t-
test   t=0.4047, df=17 0.6908       

2J 
hotplate-
hM3D Male 

9 vehicle, 10 
CNO 

Vehicle (8.037 ± 0.6900) 
CNO (7.593 ± 1.035)  

Unpaired t-
test   t=0.3482, df=17 0.7319       

2K 
hotplate-
hM4D Male 

9 vehicle, 8 
CNO 

Vehicle (8.644 ± 1.211) 
CNO (8.917 ± 1.170)  

Unpaired t-
test   t=0.1607, df=15 0.8745       

2L 
hotplate-
hM3D Female 

10 vehicle, 
11 CNO 

Vehicle (8.117 ± 0.8965) 
CNO (6.455 ± 0.4851)  

Unpaired t-
test   t=1.673, df=19 0.1107       

2M 
hotplate-
hM4D Female 

11 vehicle, 8 
CNO 

Vehicle (7.773 ± 0.6725) 
CNO (7.304 ± 0.8323)  

Unpaired t-
test   t=0.4419, df=17 0.6641       
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S2-B 
von Frey-
hM3D Male 

9 vehicle, 10 
CNO 

Vehicle (0.05778 ± 
0.007778) CNO 
(0.05000 ± 0.000) 

Unpaired t-
test   t=1.058, df=17 0.3051       

S2-C 
von Frey-
hM3D Male 

9 vehicle, 8 
CNO 

Vehicle (0.2678 ± 
0.06493) CNO (0.1513 ± 
0.06415)  

Unpaired t-
test   t=1.271, df=15 0.2231       

S2-D 
von Frey-
hM4D Female 

10 vehicle, 
11 CNO 

Vehicle (0.05000 ± 
0.000) CNO (0.07182 ± 
0.02182)  

Unpaired t-
test   t=0.9512, df=19 0.3535       

S2-E 
von Frey-
hM4D Female 

11 vehicle, 8 
CNO 

Vehicle (0.1473 ± 
0.06036) CNO (0.05000 
± 0.000)  

Unpaired t-
test   t=1.363, df=17 0.1906       

S2-F 
acetone-
hM3D Male 

9 vehicle, 10 
CNO 

Vehicle (6.722 ± 0.8462) 
CNO (5.800 ± 1.088)  

Unpaired t-
test   t=0.6581, df=17 0.5193       

S2-G 
acetone-
hM4D Male 

9 vehicle, 8 
CNO 

Vehicle (4.444 ± 0.8915) 
CNO (4.063 ± 0.6228)  

Unpaired t-
test   t=0.3426, df=15 0.7366       

S2-H 
acetone-
hM3D Female 

10 vehicle, 
11 CNO 

Vehicle (6.600 ± 0.3712) 
CNO (7.455 ± 0.5699)  

Unpaired t-
test   t=1.229, df=19 0.2341       

S2-I 
acetone-
hM4D Female 

11 vehicle, 8 
CNO 

Vehicle (5.455 ± 0.2974) 
CNO (6.188 ± 0.4719)  

Unpaired t-
test   t=1.380, df=17 0.1853       
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S2-J 
hotplate-
hM3D Male 

9 vehicle, 10 
CNO 

Vehicle (11.83 ± 1.172) 
CNO (14.37 ± 1.918)  

Unpaired t-
test   t=1.099, df=17 0.2871       

S2-K 
hotplate-
hM4D Male 

9 vehicle, 8 
CNO 

Vehicle (11.24 ± 1.621) 
CNO (15.31 ± 1.433)  

Unpaired t-
test   t=1.861, df=15 0.0825       

S2-L 
hotplate-
hM3D Female 

10 vehicle, 
11 CNO 

Vehicle (11.14 ± 0.8669) 
CNO (10.71 ± 0.9349)  

Unpaired t-
test   t=0.3409, df=19 0.737       

S2-M 
hotplate-
hM4D Female 

11 vehicle, 8 
CNO 

Vehicle (12.74 ± 1.404) 
CNO (10.99 ± 1.625)  

Unpaired t-
test   t=0.8154, df=17 0.4261       

S3-A 
PID7 von Frey-
CNO groups Male 

7 mCherry, 
10 hM3D, 9 
hM4D 

mCh (0.09429 ± 
0.03408), hM3D 
(0.05000 ± 0.000), 
hM4D (0.08875 ± 
0.03003) 

One-way 
ANOVA Treatment F (2, 22) = 1.149 P=0.3354 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.3892 

                    

  mCh-
CNO vs. hM4D
i-CNO >0.9999 

S3-B 
PID7 von Frey-
CNO groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (0.2478 ± 0.1038), 
hM3D (0.07182 ± 
0.02182), hM4D (0.1425 
± 0.06535) 

One-way 
ANOVA Treatment F (2, 25) = 1.801 P=0.1860 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.1394 
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  mCh-
CNO vs. hM4D
i-CNO 0.6086 

S3-C 
PID2 von Frey-
CNO groups Male 

7 mCherry, 
10 hM3D, 9 
hM4D 

mCh (0.06000 ± 
0.01000), hM3D 
(0.05000 ± 0.000), 
hM4D (0.1513 ± 
0.06415) 

One-way 
ANOVA Treatment F (2, 22) = 2.425 P=0.1118 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCh-
CNO vs. hM4D
i-CNO 0.2038 

S3-D 
PID2 von Frey-
CNO groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (0.08111 ± 
0.01230), hM3D 
(0.07182 ± 0.02182), 
hM4D (0.05000 ± 0.000) 

One-way 
ANOVA Treatment F (2, 25) = 0.8479 P=0.4403 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCh-
CNO vs. hM4D
i-CNO 0.4295 

S3-E 
PID7 acetone-
CNO groups Male 

7 mCherry, 
10 hM3D, 9 
hM4D 

mCh (4.286 ± 0.8227), 
hM3D (3.850 ± 0.5776), 
hM4D (3.250 ± 0.6682) 

One-way 
ANOVA Treatment F (2, 22) = 0.5386 P=0.5910 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO >0.9999 
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  mCh-
CNO vs. hM4D
i-CNO 0.6307 

S3-F 
PID7 acetone-
CNO groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (4.667 ± 0.6180), 
hM3D (6.091 ± 0.8029), 
hM4D (5.125 ± 0.8059) 

One-way 
ANOVA Treatment F (2, 25) = 0.9872 P=0.3867 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.369 

                    

  mCh-
CNO vs. hM4D
i-CNO >0.9999 

S3-G 
PID2 acetone-
CNO groups Male 

7 mCherry, 
10 hM3D, 9 
hM4D 

mCh (4.143 ± 0.5948), 
hM3D (5.800 ± 1.088), 
hM4D (4.063 ± 0.6228) 

One-way 
ANOVA Treatment F (2, 22) = 1.334 P=0.2839 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.402 

                    

  mCh-
CNO vs. hM4D
i-CNO >0.9999 

S3-H 
PID2 acetone-
CNO groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (5.722 ± 0.8462), 
hM3D (7.455 ± 0.5699), 
hM4D (6.188 ± 0.4719) 

One-way 
ANOVA Treatment F (2, 25) = 2.032 P=0.1522 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.1302 
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  mCh-
CNO vs. hM4D
i-CNO >0.9999 

S3-I 
PID7 hotplate-
CNO groups Male 

7 mCherry, 
10 hM3D, 9 
hM4D 

mCh (7.581 ± 0.9229), 
hM3D (7.593 ± 1.035), 
hM4D (8.917 ± 1.170) 

One-way 
ANOVA Treatment F (2, 22) = 0.5055 P=0.6100 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCh-
CNO vs. hM4D
i-CNO 0.8226 

S3-J 
PID7 hotplate-
CNO groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (8.219 ± 0.9626), 
hM3D (6.455 ± 0.4851), 
hM4D (7.304 ± 0.8323) 

One-way 
ANOVA Treatment F (2, 25) = 1.467 P=0.2498 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.1986 

                    

  mCh-
CNO vs. hM4D
i-CNO 0.839 

S3-K 
PID2 hotplate-
CNO groups Male 

7 mCherry, 
10 hM3D, 9 
hM4D 

mCh (11.07 ± 0.7377), 
hM3D (14.37 ± 1.918), 
hM4D (15.31 ± 1.433) 

One-way 
ANOVA Treatment F (2, 22) = 1.724 P=0.2015 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO 0.3218 
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  mCh-
CNO vs. hM4D
i-CNO 0.1802 

S3-L 
PID2 hotplate-
CNO groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (11.79 ± 1.475), 
hM3D (10.71 ± 0.9349), 
hM4D (10.99 ± 1.625) 

One-way 
ANOVA Treatment F (2, 25) = 0.1886 P=0.8293 Bonferroni 

  mCh-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCh-
CNO vs. hM4D
i-CNO >0.9999 

3C 
open field-
mobility-hM3D Male 

9 Vehicle, 10 
CNO 

Vehicle (1019 ± 10.52) 
CNO (1046 ± 31.55)  

Unpaired t-
test   t=0.7880, df=17 0.4415       

3D 
open field-
mobility-hM4D Male 

9 Vehicle, 8 
CNO 

Vehicle (946.3 ± 27.83) 
CNO (891.0 ± 28.76)  

Unpaired t-
test   t=1.378, df=15 0.1883       

3E 
open field-
mobility-hM3D Female 

10 Vehicle, 
11 CNO 

Vehicle (976.6 ± 18.38) 
CNO (1110 ± 13.37)  

Unpaired t-
test   t=5.967, df=19 <0.0001       

3F 
open field-
mobility-hM4D Female 

11 Vehicle, 8 
CNO 

Vehicle (912.7 ± 34.82) 
CNO (905.7 ± 31.72)  

Unpaired t-
test   t=0.1432, df=17 0.8878       

3G 
open field-
centre-hM3D Male 

9 Vehicle, 10 
CNO 

Vehicle (85.11 ± 6.791) 
CNO (73.40 ± 7.037)  

Unpaired t-
test   t=1.192, df=17 0.2498       
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3H 
open field-
centre-hM4D Male 

9 Vehicle, 8 
CNO 

Vehicle (62.44 ± 5.826) 
CNO (58.63 ± 4.468)  

Unpaired t-
test   t=0.5101, df=15 0.6174       

3I 
open field-
centre-hM3D Female 

10 Vehicle, 
11 CNO 

Vehicle (57.80 ± 3.826) 
CNO (89.36 ± 5.198)  

Unpaired t-
test   t=4.807, df=19 0.0001       

3J 
open field-
centre-hM4D Female 

11 Vehicle, 8 
CNO 

Vehicle (54.55 ± 4.450) 
CNO (60.25 ± 2.603)  

Unpaired t-
test   t=1.001, df=17 0.331       

3K 
open field-
rears-hM3D Male 

9 Vehicle, 10 
CNO 

Vehicle (108.6 ± 4.849) 
CNO (126.6 ± 11.74)  

Unpaired t-
test   t=1.224, df=15 0.2398       

3L 
open field-
rears-hM4D Male 

9 Vehicle, 8 
CNO 

Vehicle (133.6 ± 8.906) 
CNO (107.3 ± 10.73)  

Unpaired t-
test   t=1.902, df=15 0.0765       

3M 
open field-
rears-hM3D Female 

10 Vehicle, 
11 CNO 

Vehicle (94.20 ± 3.820) 
CNO (152.6 ± 10.78)  

Unpaired t-
test   t=4.911, df=19 <0.0001       

3N 
open field-
rears-hM4D Female 

11 Vehicle, 8 
CNO 

Vehicle (109.5 ± 8.272) 
CNO (113.3 ± 8.300)  

Unpaired t-
test   t=0.3081, df=17 0.7618       

3O 
open field-
jumps-hM3D Male 

9 Vehicle, 10 
CNO 

Vehicle (13.14 ± 5.422) 
CNO (14.80 ± 8.161)  

Unpaired t-
test   t=0.1532, df=15 0.8803       
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3P 
open field-
jumps-hM4D Male 

9 Vehicle, 8 
CNO 

Vehicle (9.889 ± 4.234) 
CNO (11.38 ± 3.035)  

Unpaired t-
test   t=0.2787, df=15 0.7843       

3Q 
open field-
jumps-hM3D Female 

10 Vehicle, 
11 CNO 

Vehicle (2.600 ± 1.267) 
CNO (10.73 ± 3.137)  

Unpaired t-
test   t=2.315, df=19 0.032       

3R 
open field-
jumps-hM4D Female 

11 Vehicle, 8 
CNO 

Vehicle (1.727 ± 0.7639) 
CNO (3.250 ± 1.346)  

Unpaired t-
test   t=1.050, df=17 0.3085       

S4-C 

open field-
mobility-CNO 
groups Male 

7 mCherry, 
10 hM3D, 8 
hM4D 

mCh (927.5 ± 36.80), 
hM3D (1046 ± 31.55), 
hM4D (891.0 ± 28.76) 

One-way 
ANOVA Treatment F (2, 22) = 6.820 P=0.0050 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO 0.0519 

                    

  mCherry-
CNO vs. hM4D
i-CNO >0.9999 

S4-D 

open field-
centre-CNO 
groups Male 

7 mCherry, 
10 hM3D, 8 
hM4D 

mCh (66.00 ± 8.330), 
hM3D (73.40 ± 7.037), 
hM4D (58.63 ± 4.468) 

One-way 
ANOVA Treatment F (2, 22) = 1.262 P=0.3028 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCherry-
CNO vs. hM4D
i-CNO >0.9999 
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S4-E 

open field-
rears-CNO 
groups Male 

7 mCherry, 
10 hM3D, 8 
hM4D 

mCh (100.3 ± 7.289), 
hM3D (126.6 ± 11.74), 
hM4D (107.3 ± 10.73) 

One-way 
ANOVA Treatment F (2, 22) = 1.693 P=0.2070 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO 0.2958 

                    

  mCherry-
CNO vs. hM4D
i-CNO >0.9999 

S4-F 

open field-
jumps-CNO 
groups Male 

7 mCherry, 
10 hM3D, 8 
hM4D 

mCh (8.429 ± 2.192), 
hM3D (14.80 ± 8.161), 
hM4D (11.38 ± 3.035) 

One-way 
ANOVA Treatment F (2, 22) = 0.2797 P=0.7587 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCherry-
CNO vs. hM4D
i-CNO >0.9999 

S4-G 

open field-
mobility-CNO 
groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (867.7 ± 32.95), 
hM3D (1110 ± 13.37), 
hM4D (905.7 ± 31.72) 

One-way 
ANOVA Treatment F (2, 25) = 27.86 P<0.0001 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO <0.0001 

                    

  mCherry-
CNO vs. hM4D
i-CNO 0.9879 

S4-H 

open field-
centre-CNO 
groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (57.22 ± 6.666), 
hM3D (89.36 ± 5.198), 
hM4D (60.25 ± 2.603) 

One-way 
ANOVA Treatment F (2, 25) = 12.10 P=0.0002 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO 0.0005 
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  mCherry-
CNO vs. hM4D
i-CNO >0.9999 

S4-I 

open field-
rears-CNO 
groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (97.78 ± 10.02), 
hM3D (152.6 ± 10.78), 
hM4D (113.3 ± 8.300) 

One-way 
ANOVA Treatment F (2, 25) = 8.449 P=0.0016 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO 0.0017 

                    

  mCherry-
CNO vs. hM4D
i-CNO 0.9378 

S4-J 

open field-
jumps-CNO 
groups Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (10.89 ± 3.576), 
hM3D (10.73 ± 3.137), 
hM4D (3.250 ± 1.346) 

One-way 
ANOVA Treatment F (2, 25) = 1.935 P=0.1654 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO >0.9999 

                    

  mCherry-
CNO vs. hM4D
i-CNO 0.297 

4A 
lightdark-
hM3D Male 

9 Vehicle, 10 
CNO 

Vehicle (119.6 ± 6.508) 
CNO (136.2 ± 6.636)  

Unpaired t-
test   t=1.778, df=17 0.0933       

4B 
lightdark-
hM4D Male 

9 Vehicle, 8 
CNO 

Vehicle (125.9 ± 11.94) 
CNO (103.4 ± 12.66)  

Unpaired t-
test   t=1.297, df=15 0.2142       

4C 
lightdark-
hM3D Female 

10 Vehicle, 
11 CNO 

Vehicle (86.08 ± 8.636) 
CNO (118.9 ± 5.978)  

Unpaired t-
test   t=3.171, df=19 0.005       
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4D 
lightdark-
hM4D Female 

11 Vehicle, 8 
CNO 

Vehicle (118.0 ± 7.321) 
CNO (91.50 ± 11.19)  

Unpaired t-
test   t=2.067, df=17 0.0543       

4F 
epm-entries-
hM3D Male 

10 Vehicle, 
10 CNO 

Vehicle (22.00 ± 3.134) 
CNO (26.10 ± 3.361)  

Unpaired t-
test   t=0.8921, df=18 0.3841       

4G 
epm-time-
hM3D Male 

10 Vehicle, 
10 CNO 

Vehicle (64.95 ± 10.38) 
CNO (84.08 ± 6.665)  

Unpaired t-
test   t=1.551, df=18 0.1382       

4I 
epm-entries-
hM3D Female 

12 Vehicle, 
11 CNO 

Vehicle (25.00 ± 1.938) 
CNO (32.45 ± 1.826)  

Unpaired t-
test   t=2.786, df=21 0.0111       

4J 
epm-time-
hM3D Female 

12 Vehicle, 
11 CNO 

Vehicle (49.91 ± 5.077) 
CNO (79.21 ± 5.352)  

Unpaired t-
test   t=3.974, df=21 0.0007       

S5-A lightdark-CNO Male 

7 mCherry, 
10 hM3D, 8 
hM4D 

mCh (157.2 ± 5.622), 
hM3D (136.2 ± 6.636), 
hM4D (103.4 ± 12.66) 

One-way 
ANOVA Treatment F (2, 22) = 8.603 P=0.0017 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO 0.3268 

                    

  mCherry-
CNO vs. hM4D
i-CNO 0.0015 

S5-B lightdark-CNO Female 

9 mCherry, 
11 hM3D, 8 
hM4D 

mCh (110.5 ± 7.626), 
hM3D (118.9 ± 5.978), 
hM4D (91.50 ± 11.19) 

One-way 
ANOVA Treatment F (2, 25) = 2.918 P=0.0726 Bonferroni 

  mCherry-
CNO vs. hM3D
q-CNO >0.9999 
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  mCherry-
CNO vs. hM4D
i-CNO 0.3711 

5E 
gcamp-
baseline Male 4 mice   

RM two-way 
ANOVA with 
Geisser 
Greenhouse 
correction Time F (1, 3) = 24.00 P=0.0163 Bonferroni 

Ipsilateral: 
pre-post 0.0255 

       Paw F (1, 3) = 2.248 P=0.2308  
Contralateral: 
pre-post 0.0099 

            
Time x 
Paw F (1, 3) = 2.258 P=0.2300       

5H 
gcamp-
baseline Male 4 mice   

RM two-way 
ANOVA with 
Geisser 
Greenhouse 
correction Time F (1, 3) = 6.067 P=0.0906 Bonferroni 

Ipsilateral: 
pre-post 0.0449 

       Paw F (1, 3) = 2.541 P=0.2092  
Contralateral: 
pre-post 0.0142 

            
Time x 
Paw F (1, 3) = 2.520 P=0.2106       

S7-B vonfrey Female 
3 Saline, 4 
CFA   

RM two-way 
ANOVA with 
Geisser 
Greenhouse 
correction 

Treatment 
x Time F (1, 5) = 9.225 P=0.0288 Bonferroni 

Baseline: 
saline-CFA >0.9999 

       Treatment F (1, 5) = 2.479 P=0.1762  
PID 6: saline-
CFA 0.0377 

            Time F (1, 5) = 17.53 P=0.0086       
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S7-D cFos count Female 
3 Saline, 4 
CFA 

Saline (25.33 ± 12.35) 
CFA (93.75 ± 8.557)  

Unpaired t-
test   t=4.730, df=5 0.0052       

S7-E 

% 
cFos+/TdTom
+ Female 

3 Saline, 2 
CFA 

Saline (2.139 ± 1.163) 
CFA (10.88 ± 1.076)  

N/A *sample 
size too small             

6C 
%mCherry+/c
Fos+ Naïve 

Male 
and 
female 

vehicle=3 
females, 2 
males, 
CNO= 3 
females, 2 
males 

Vehicle (32.79 ± 2.091) 
CNO (75.66 ± 3.542)  

Unpaired t-
test   t=10.42, df=8 <0.0001       

6E 
%mCherry+/c
Fos+ CFA 

Male 
and 
female 

CFA: 
vehicle=3 
females, 2 
males, 
CNO= 1 
female, 4 
males 

Vehicle (46.99 ± 6.707) 
CNO (70.86 ± 3.673)  

Unpaired t-
test   t=3.122, df=8 0.0142       

7B 
cFos Naïve 
and CFA 

Male 
and 
female See above                 

  RVM-naïve     
Vehicle (42.19 ± 9.284) 
CNO (58.86 ± 7.665)  

Unpaired t-
test   t=1.399, df=9 0.1955       

  RVM-CFA     
Vehicle (47.89 ± 7.117) 
CNO (55.58 ± 12.94)  

Unpaired t-
test   t=0.5209, df=8 0.6166       

  LC-naïve     
Vehicle (39.61 ± 6.324) 
CNO (395.0 ± 81.61)  

Unpaired t-
test   t=4.342, df=8 0.0025       



 

 234 

  LC-CFA     
Vehicle (152.5 ± 33.95) 
CNO (376.1 ± 56.14)  

Unpaired t-
test   t=3.409, df=8 0.0092       

  lPBN-naïve     
Vehicle (73.56 ± 27.05) 
CNO (86.50 ± 32.33)  

Unpaired t-
test   t=0.3068, df=8 0.7668       

  lPBN-CFA     
Vehicle (261.2 ± 65.16) 
CNO (120.5 ± 16.61)  

Unpaired t-
test   t=2.093, df=8 0.0697       

  LH-naïve     
Vehicle (162.7 ± 35.94) 
CNO (291.0 ± 40.47)  

Unpaired t-
test   t=2.371, df=8 0.0452       

  LH-CFA     
Vehicle (148.2 ± 32.35) 
CNO (170.8 ± 20.81)  

Unpaired t-
test   t=0.5877, df=8 0.573       

  PVT-naïve     
Vehicle (649.9 ± 83.30) 
CNO (1335 ± 203.8)  

Unpaired t-
test   t=3.110, df=8 0.0145       

  PVT-CFA     
Vehicle (591.3 ± 142.3) 
CNO (480.3 ± 45.84)  

Unpaired t-
test   t=0.7427, df=8 0.4789       

7D 
pPDH Naïve 
and CFA 

Male 
and 
female See above                 
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  RVM-naïve     
Vehicle (4.611 ± 0.8114) 
CNO (2.566 ± 0.4616)  

Unpaired t-
test   t=2.191, df=8 0.0598       

  RVM-CFA   *4 CNO 
Vehicle (2.828 ± 0.4162) 
CNO (2.348 ± 0.5111)  

Unpaired t-
test   t=0.7371, df=7 0.485       

  LC-naïve     
Vehicle (11.77 ± 1.737) 
CNO (16.37 ± 2.046)  

Unpaired t-
test   t=1.711, df=8 0.1254       

  LC-CFA     
Vehicle (10.63 ± 1.316) 
CNO (9.887 ± 1.656)  

Unpaired t-
test   t=0.3524, df=8 0.7336       

  lPBN-naïve     

Vehicle (0.04490 ± 
0.04428) CNO (0.5876 ± 
0.2902)  

Unpaired t-
test   t=1.849, df=8 0.1017       

  lPBN-CFA     

Vehicle (0.1274 ± 
0.08537) CNO (0.8096 ± 
0.5552)  

Unpaired t-
test   t=1.214, df=8 0.2592       

  LH-naïve     
Vehicle (1.869 ± 0.4029) 
CNO (5.371 ± 1.642)  

Unpaired t-
test   t=2.072, df=8 0.0721       

  LH-CFA     
Vehicle (3.671 ± 0.9999) 
CNO (3.124 ± 0.8292)  

Unpaired t-
test   t=0.4210, df=8 0.6849       

  PVT-naïve     *No signal               
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  PVT-CFA     

Vehicle (0.2234 ± 
0.2234) CNO (0.009400 
± 0.006112)  

Unpaired t-
test   t=0.9576, df=8 0.3663       
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Chapter 6: General Discussion 
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6.1 Summary of findings 

As described in Chapter 1, chronic pain is a significant health issue and due to its complex 

nature, current pharmacotherapies are not helpful for many patients. One way to address this 

problem is to improve the current knowledge on brain circuits that contribute to pain signalling 

and their role in the development of chronic pain. The midbrain PAG is an established 

integrator of pain and related behaviours and the activity of glycinergic neurons in the PAG 

has been shown to bidirectionally modulate nociception. This thesis aimed to expand what is 

currently known about glycinergic signalling in the brain, and in particular the PAG, and its 

role in nociception and affective behaviours in both naïve and chronic pain states.  

Chapter 2 examined the current evidence supporting a role for glycine signalling in 

supraspinal pain modulation in the form of a scoping review. It is well established that 

glycinergic neurotransmission in the spinal cord plays a very important role in pain signalling, 

but the scoping review highlighted that glycinergic neurotransmission in the brain is also 

important. In addition, the newly discovered glycine receptors (mGlyR and eGlyR) expand the 

potential role of glycinergic neurotransmission. In addition to pain, the review also showed that 

glycinergic signalling in the brain has been implicated in a wide range of other behaviours, 

including cardiac function, hearing, orofacial movement and sleep. When thinking of brain 

circuitry, the review demonstrated that there is ample evidence that the role of glycinergic 

neurons should not be ignored.  

Chapter 3 defined the distribution of PAGGlyT2 neurons to the caudal vlPAG and found that 

around 80% of these neurons co-localise with GAD2. Unlike the classical characterisation of 

inhibitory neurons in the vlPAG as interneurons (Winters et al., 2022), we showed through 

electrophysiology and circuit tracing experiments that PAGGlyT2 neurons are projection 

neurons that project to many regions outside the PAG. They not only project to the DR and 

LC, but also to the LH, PVT, RVM, and lPBN. I then expanded what is known about the 

functional role of these neurons by carrying out fibre photometry and chemogenetic 

behavioural experiments. Not only do PAGGlyT2 neurons in the PAG modulate and sense 

nociception but also affective behaviours and non-noxious stimuli. We found they can modulate 

anxiety-like behaviours and aversion, contributing more broadly to the pain experience.  

I then wanted to investigate the role of PAGGlyT2 neurons in a chronic pain state, so first 

characterised the CFA-induced persistent inflammatory pain model in Chapter 4. My results 
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revealed that the model robustly mimics heightened nociceptive sensitivity but poorly 

encapsulates the affective dimension of chronic pain like anxiety-like behaviours.  

Lastly, in Chapter 5 I unexpectedly found that chemogenetic modulation of PAGGlyT2 

neurons in a chronic pain state is different to a naïve condition. I found that in the CFA model, 

PAGGlyT2 neurons are engaged during noxious stimuli but no longer can modulate nociceptive 

responses. This shift in their role between a naive and a chronic pain state is further supported 

by neuronal activity marking which suggests that their engagement of the PVT, LH and RVM 

is lost in a chronic pain state. However, the chemogenetic study also revealed that PAGGlyT2 

neurons continued to modulate locomotion and anxiety-like behaviours, but this was only the 

case in females and not males. This demonstrated that in a chronic pain state, the functional 

role of PAGGlyT2 neurons is sex specific.  

Overall, my thesis demonstrated that a small, sparse neuronal population can sense and 

modulate diverse behaviours and expanded the potential for pain circuitry in the brain. 

Previously it has been demonstrated that glycinergic neurons in the PAG can modulate 

nociception (Assareh et al., 2023), but the current study not only extended this but gives new 

insights into the complexity of PAG mediated circuits. Pain is not just a sensory experience, but 

is a complex biopsychosocial phenomenon, and my thesis establish that these neurons are 

contributing to that experience. In addition, we found that the role of these neurons in a chronic 

pain state is shifted, giving insight into how brain circuitry changes in a chronic pain state. 

Overall, this thesis reveals that PAGGlyT2 neurons are an important part of midbrain circuitry, 

with a complex role in integrating sensory inputs and modulating pain states.  

 

6.2 The implications for supraspinal glycinergic 

neurotransmission 

This thesis demonstrated for the first time that glycinergic neurotransmission in the brain can 

modulate affective and other pain associated responses like aversion. It is well established that 

glycinergic neurotransmission is important for homeostatic control, regulating cardiac function, 

respiration, pain and sleep (Fenech et al., 2024), but its ability to modulate complex behaviours, 

like emotion, is largely undefined. The development of the GlyT2::Cre model (Foster et al., 

2015), has allowed the behavioural integration of glycinergic neurotransmission in affective 

behaviours. Using this model, this thesis therefore expands the potential for supraspinal 
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glycinergic neurotransmission, demonstrating that it can interact with affective circuits and be 

an important contributor. The ability of PAGGlyT2 neurons to modulate anxiety-like behaviours 

also gives new insight into anxiety circuitry in the brain. The vlPAG is already implicated in 

modulating anxiety behaviours (Lowery-Gionta et al., 2018; Taylor et al., 2019; Tovote et al., 

2016; Yan & Liu, 2024; Yin et al., 2020; Zhang et al., 2021) but the involvement of PAGGlyT2 

neurons in anxiety behaviour is a novel finding.   

 

6.3 Glycinergic neurons are not just GABAergic neurons 

In the adult mammalian brain, the neurotransmitter glycine is often co-released with GABA, 

due to the expression of the vesicular inhibitory amino acid transporter (VIAAT; Aubrey et al., 

2007; Jonas et al., 1998; Vaaga et al., 2014), which concentrates both GABA and glycine into 

synaptic vesicles. Thus, we initially hypothesised that the role of PAGGlyT2 neurons would 

mostly resemble GABAergic neurons in the PAG. However, this thesis shows they are 

somewhat unique.  

Firstly, PAGGlyT2 neurons are not just interneurons. Indeed, the circuit tracing data 

demonstrates they make local connections; however, the electrophysiology experiments suggest 

they are mainly projection neurons (although this result may reflect sampling bias rather than 

the population). The descending analgesic pathway is classically characterised by inhibitory 

interneurons which can directly inhibit noxious information at the spinal cord via the RVM 

(Lau & Vaughan, 2014). Originally it was hypothesised that PAGGlyT2 neurons also act via this 

pathway, whereby they can modulate nociception and analgesia and was indeed supported in 

our previous study using chemogenetics (Assareh et al., 2023). However, this classic dogma of 

inhibitory interneurons has been challenged. Previously, data has suggested that there are 

inhibitory projection neurons in the PAG (Chen et al., 2022; Harding et al., 2024; Laurent et 

al., 2020; Reis et al., 2024; Waung et al., 2019; Zhong et al., 2024) and in fact, glycinergic 

neurons have been shown to project to the DR, LC and PVN (Rampon et al., 1999; Varga et 

al., 2019). This thesis expanded on these findings to show that PAGGlyT2 neurons project and 

engage not only descending pain pathway regions like the RVM and lPBN, but also ascending 

regions such as the LH and PVT. This extended role of inhibitory neurons in the PAG adds to 

the complexity of not only pain signalling, but also midbrain circuitry as a whole.   

In addition, the behavioural role of PAGGlyT2 neurons is different to what has been previously 

demonstrated for the GABAergic neuronal population in the vlPAG. Chemogenetic 
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modulation of vGAT-positive neurons in the vlPAG has been shown to modulate nociception 

(Samineni et al., 2017) and anxiety-like behaviours (Lowery-Gionta et al., 2018) similarly to 

PAGGlyT2 neurons, however others have shown no modulation of locomotor activity using 

optogenetic modulation of GABAergic neurons in the vlPAG (Hao et al., 2019; Reis et al., 

2024). The role of this small, sparse neuronal subpopulation may be unique to inhibitory 

neurons in the vlPAG and combined with the knowledge of glycine’s restricted distribution in 

the brain, compared to GABA, suggests its heightened potential as a drug target for future 

pharmacotherapies (Harvey & Yee, 2013; Vandenberg et al., 2014; Zeilhofer et al., 2005, 

2018). 

 

6.4 A novel PAG-mediated circuit 

The behavioural and circuit discoveries made about PAGGlyT2 neurons in this thesis expand 

the potential of PAG-mediated circuitry. One major finding is that the role of PAGGlyT2 neurons 

can separately modulate nociception and anxiety behaviours. Previously it has been 

demonstrated that analgesia and anxiety can be separated, but this was through separate 

neuronal populations in the vlPAG (dopaminergic and glutamatergic; Taylor et al., 2019). This 

thesis showed that the same neuronal subpopulation, PAGGlyT2 neurons, in female mice, can 

modulate nociception and anxiety-like behaviours in a naïve state but loses the ability to 

modulate nociception in a chronic pain state. Neuronal activity marking suggests that this may 

be due to differential engagement of projection regions, although this needs to be investigated 

in separate male and female cohorts to strengthen this conclusion. This study adds to the idea 

that pain and anxiety can be uncoupled in the brain, and therefore, PAGGlyT2 neurons, in 

females, becomes a potential novel anxiolytic target in a chronic pain state.  

This thesis also provides more evidence of the PAG’s ability to be context dependent. We know 

that it can adapt behaviour based on its functional columns for different forms of stressors or 

threats, allowing us to react by ‘flight, fight or freeze’ when appropriate (Keay & Bandler, 2008). 

With this framework, vlPAG activation induces a quiescence response and thus activation of 

the PAGGlyT2 neurons should induce quiescence and immobility. However, these findings were 

a result of bulk activation of the columns, and now with discoveries into vlPAG subpopulations 

it’s more appropriate to categorise the PAG as this integrator of behaviour that tunes different 

neuronal subpopulations and their connections to adapt complex behaviour in a meaningful 

way.  
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It has also been established that the signalling of the PAG changes following chronic pain states, 

such as endogenous cannabinoid signalling (Bouchet et al., 2023; Wilson-Poe et al., 2021). Our 

findings demonstrate that the role of PAGGlyT2 neurons is changed following a CFA state, and 

we also found that PAGGlyT2 neurons are unable to modulate visceral pain responses (Appendix 

2). This may be due to a differential engagement of projection regions, or a change in PAGGlyT2 

neuronal properties (by opioids or cannabinoids), or a combination of the two. We also found 

that there are sex differences in PAGGlyT2 neurons following a CFA state, and cannabinoid 

receptors and GABAA signalling in the PAG has been shown previously to be sex specific (Jiang 

et al., 2022; Tonsfeldt et al., 2016). The current hypothesis is that there may be different 

neuronal subpopulations present within the PAGGlyT2 neuronal population, aiding the PAG’s 

ability to adapt to different contexts.  

 

6.5 Future directions 

This thesis expands the current knowledge of the potential of glycinergic neurotransmission 

and PAG mediated circuitry, but there are additional gaps in knowledge that could be explored. 

Firstly, Chapter 4 demonstrates that the CFA persistent inflammatory pain model does not 

robustly model chronic inflammatory pain in humans, and although many preclinical models 

also share this problem, investigating how the role of PAGGlyT2 neurons shifts in different 

chronic pain contexts such as neuropathic pain could be interesting. As posed previously, the 

evidence suggests that PAGGlyT2 neurons are made up of different neuronal subpopulations, 

this could be further investigated by using a two-photon miniscope and seeing if there separate 

neuronal populations engaged during different behaviours. Another future direction would aim 

to define the projection-specific behavioural function of PAGGlyT2 neurons using circuit specific 

expression of chemo- or optogenetic channels and an expanded array of sensory and emotional 

behavioural tests. Additionally, the signalling mechanisms of PAGGlyT2 neuronal projections 

could be further investigated using optogenetic activation, anterograde transsynaptic tracing 

and slice electrophysiology. It would also be interesting to see the molecular signatures of these 

projection neurons, and this could be achieved by tagging each projection population with 

newly developed retrograde-TAG vectors, extracting nuclei and performing single-nuclei RNA 

sequencing. All of these future directions could be with different chronic pain models and in 

both males and females as we have established that PAGGlyT2 neurons are sex specific in a 

chronic pain state.  



 

 243 

 

6.6 Conclusion 

In conclusion, this thesis uncovered the role of glycinergic neurons in the periaqueductal grey. 

We discovered a novel PAG circuit, that modulates nociception and anxiety-like behaviours, 

expanding what is currently known about pain circuitry and overall midbrain circuitry. By 

understanding how the brain computes behaviour and how it shifts in chronic pain states, more 

effective and safer therapies can be designed to help people suffering from chronic pain and 

other conditions.  
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Abstract

The midbrain periaqueductal gray (PAG), particularly its ventrolateral column (vlPAG), is part of a key descend-
ing pathway that modulates nociception, fear and anxiety behaviors in both humans and rodents. It has been
previously demonstrated that inhibitory GABAergic neurons within the vlPAG have a major role in this nocicep-
tive modulation. However, the PAG contains a diverse range of neuronal subtypes and the contribution of dif-
ferent subtypes of inhibitory neurons to nociceptive control has not been investigated. Here, we employed a
chemogenetic strategy in mice that express Cre recombinase under the promotor for the glycine transporter 2
(GlyT2::cre) to modulate a novel group of glycinergic neurons within the vlPAG and then investigate their role in no-
ciceptive control. We show that activation of GlyT2-PAG neurons enhances cold and noxious heat responses and
increases locomotor activity (LMA) in both male and female mice. In contrast, inhibition of GlyT2-PAG neurons
reduced nociceptive responses, while locomotor behaviors were unaffected. Our findings demonstrate that GlyT21

neurons in the vlPAG modulate nociception and suggest that strategies targeting GlyT2-PAG neurons could be
used to design novel analgesic therapies.

Key words: chemogenetics; glycinergic neurotransmission; GlyT2::Cre mice; nociception; supraspinal glycine;
vlPAG

Significance Statement

Neuronal circuits are composed of diverse collections of cell types, each with a distinct set of synaptic con-
nections that determine their role in specific functions. One challenge in neuropharmacology is to design
drugs that interact with the brain circuits required to have the desired therapeutic effect and limit their activ-
ity at nearby circuits, thus reducing side effects. The current study shows that a genetically identified subpo-
pulation of GlyT21 neurons that are concentrated in the ventrolateral periaqueductal gray (vlPAG) can
bidirectionally modulate nociceptive responses and alter locomotion behaviors in mice. These findings pro-
vided novel insights into the organization of the nociceptive circuitry of the PAG and identify GlyT2-PAG
neurons as a potential target for analgesic drug design.

Introduction
Responding appropriately to pain (or the possibility

of pain) requires the integration of nociceptive inputs
with motor, autonomic and affective brain circuits

(Behbehani, 1995; Benarroch, 2012). A detailed
understanding of how each subpopulation of neurons
within these regions contributes to shaping different
pain aspects is needed to enhance our understanding
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of the cells involved and to develop effective new therapies
for pain.
The midbrain periaqueductal gray (PAG) has extensive

efferent and afferent connections that help it coordinate
behavioral responses to various stressors and threats, in-
cluding pain (Cameron et al., 1995a,b). A wealth of tracing
and neurochemical analyses have demonstrated that the
PAG is functionally subdivided into four columns, dorsome-
dial (dm), dorsolateral (dl), lateral (l), and ventrolateral (vl),
each characterized by distinct afferent and efferent connec-
tions, molecular profiles, and associated behavior (Brandão
et al., 1982; Zhang et al., 1990; Fanselow, 1991; Carrive,
1993; Bandler and Shipley, 1994; K.A. Keay and Bandler,
2015; Vaughn et al., 2022). Electrical and chemical stimula-
tion studies indicate that the vlPAG drives antinociception
and is involved in passive behavioral responses (e.g., quies-
cence and immobility), whereas the dlPAG and lPAG col-
umns are involved in antinociception coupled with active
responses (e.g., flight and defensive behaviors; M. Morgan
et al., 1998; K.A. Keay et al., 2001; M.M. Morgan and
Clayton, 2005; K. Keay and Bandler, 2008). The ability of the
vlPAG to modulate nociception is primarily mediated by a
key descending pathway that projects through the rostro-
ventromedial medulla to suppress nociceptive transmission
in the dorsal horn of the spinal cord (Vaughan and Christie,
1997; Lau and Vaughan, 2014). This descending pathway is
also an important target for both endogenous and exoge-
nous opioids (Mohrland and Gebhart, 1980; Cheng et al.,
1986; Bagley and Ingram, 2020). Thus, the vlPAG helps
shape complex behavioral responses to stressors, contrib-
utes to nociceptive control and can drive profound analgesia.
The vlPAG is made up of a diverse array of cell types

characterized by their genetic and neurochemical profiles,
and more broadly whether they release inhibitory or exci-
tatory neurotransmitters. The distinct nociceptive roles of
excitatory and inhibitory signaling within the vlPAG have
been investigated using microinjection of specific GABA-
or glutamate receptor agonists and antagonists (Moreau
and Fields, 1986; Depaulis et al., 1987; Sandkühler et al.,
1989). More recently genetic technologies in combination
with chemogenetics or optogenetics have examined the
specialized roles of vlPAG neuronal cell types (Tovote et
al., 2016; Capelli et al., 2017; Samineni et al., 2017, 2019;
Hao et al., 2019; Yin et al., 2020; Yu et al., 2021).
Collectively, these studies confirm that activating gluta-
matergic neurons, or suppressing inhibitory GABAergic

neurons is antinociceptive, consistent with disinhibition of
the descending pain modulatory pathway (Lau and Vaughan,
2014). However, inhibitory neurotransmission can also be
mediated by glycinergic neurons (Zeilhofer et al., 2018),
although if and how glycinergic neurons contribute to dif-
ferent vlPAG-mediated behaviors is unknown.
Here, we investigate the behavioral outcome of che-

mogenetically modulating a subpopulation of inhibi-
tory vlPAG neurons identified by their expression of
the SLC6A5 gene, encoding the glycine transporter 2
(GlyT2). GlyT2 is an established marker of inhibitory
glycinergic neurons and is responsible for accumulat-
ing glycine into presynaptic terminals (Zafra et al., 1995;
Rampon et al., 1996; Zeilhofer et al., 2005; Aubrey et al.,
2007). GlyT21 neurons are found throughout the mam-
malian spinal cord and hindbrain (brainstem, cerebellum,
and limited populations in the thalamus), but absent from
forebrain regions (Rampon et al., 1996; Zeilhofer et al.,
2005; Miranda et al., 2022) and in the adult CNS, they
often corelease glycine with GABA (Chéry and De Koninck,
1999; Nabekura et al., 2004; Rousseau et al., 2012; Otsu
and Aubrey, 2022). While their role in spinal nociceptive cir-
cuits have been intensely investigated, little is known about
the involvement of glycinergic neurons in supra-medullary
brain regions such as the midbrain PAG.
Previous reports have reported that a minority of inhibi-

tory neurons in the vlPAG express GlyT2 (GlyT2-PAG neu-
rons; Rampon et al., 1996; Tanaka and Ezure, 2004;
Zeilhofer et al., 2005), but their functional role has never
been investigated. Given the importance of the vlPAG in
nociceptive responses, we hypothesise that GlyT2-PAG
neurons may form part of a PAG microcircuit involved in
nociceptive processing.

Materials and Methods
Animals
All experiments were conducted in accordance with the

Australian Code for the care and use of animals for scien-
tific purposes. A total of 65 adult transgenic mice with
Cre-recombinase expressed under the promoter of the
glycine transporter, GlyT2 (GlyT2::Cre mice, a gift from H.
U. Zeilhofer; Foster et al., 2015) were used in this study.
Seventy percent of these animals are included in the anal-
ysis after removal of those with a misplaced or lack of
AAV delivery. In addition, n=5 cre-negative littermates
were used in control experiments to confirm that there
were no behavioral effects of AAV5-DIO-hM3Dq cre-inde-
pendent leak (Botterill et al., 2021). All protocols were ap-
proved by the Institutional Animal Ethics committee (Protocol
no. RESP 19/66). Animals were bred and housed in the
Institute Animal Facility in ventilated cages with a maximum
of four mice/cage. Animals were maintained on a 12/12 h
light/dark cycle (23°C, 70% humidity) and were provided
food and water ad libitum. Cages were enriched with a house
igloo, tissues for nesting, and straws or paddle pop sticks on
alternate weeks.

Viral constructs and surgery
Stereotaxic injections were performed on adult mice (8–

12weeks; 226 3 g) under anesthesia (1.5–3% isoflurane
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and 1 l/min O2) using a stereotactic apparatus (Kopf
Instruments). Cre dependent expression of control or che-
mogenetic products was achieved using AAV5-hSyn-
DIO-mCherry (8.4e12 vg/ml, Addgene #50459), AAV5-
hSyn-DIO-hM3D(Gq)-mCherry (2.3e13 vg/ml, Addgene
#44361) and AAV5-hSyn-DIO-hM4D(Gi)-mCherry (2.5e13
vg/ml, Addgene #44362). Vectors were a kind gift from
Brian Roth (Addgene catalog #44362, #44361, #50459).
The following coordinates were used to target the

vlPAG: bregma Anterior-Posterior (AP), �4.7 to �4.9 mm;
Medial-Lateral (ML), 60.3–0.4 mm; Dorsal-Ventral (DV),
2.7–2.9 mm (Samineni et al., 2017). Injections were made
with a motorized microinjector (UMP3T-2 with SMARTouch,
WPI) and 200 nl of the vector was infused at the speed of
100 nl/min. Then, the nanovolum needle (SEG Syringe, vol-
ume 1 nl, 0.63 mm OD, part #000500) was kept in place for
5min, retracted 0.1 mm and left for a further 3min before
complete withdrawal. 6–0 black braided silk sutures and io-
dine sterilization were used to aid in wound healing, and
pain relief was administered (buprenorphine 0.05–0.1mg/g
mice, s.c). Following surgery, the mice were individually
housed until recovery from the procedure (max 2d) before
being returned to their home cage.

Chemogenetic manipulation
Three to four weeks after viral injection, mice underwent

baseline behavioral testing and were then injected intra-
peritoneally with clozapine-N-oxide (CNO; diluted in 10%
DMSO and saline, 3–5mg/kg; Sigma-Aldrich) or vehicle
control (10% DMSO and saline) and 60 min later behav-
ioral experiments commenced. We used a within-subjects
crossover design and animals had a 2-d rest period be-
tween CNO and vehicle treatments to ensure complete
washout of CNO (Fig. 1). CNO was injected at 3mg/kg
and 5mg/kg for animals expressing hM3D (Gq) activation
and hM4D(Gi) inactivation vectors respectively as previ-
ously described (Alexander et al., 2009). Control animals
expressing mCherry were administrated 5mg/kg CNO.
Each animal underwent two (locomotor) or three (noci-

ception) periods of testing following either: baseline (no

treatment, nociceptive tests only), CNO or saline treatment.
The baseline was determined before the first treatment and
the order of CNO, and saline administration was counterbal-
anced. The researcher was blinded to the treatment group
during the behavioral experiments and analysis.
We confirmed that AAV-Cre-independent leak of vec-

tors (Botterill et al., 2021) does not contribute to the CNO-
stimulated behavioral changes measured in our model as
CNO (3mg/kg, i.p) had no functional effect (acetone, hot-
plate, open field tests) in cre-negative littermates injected
with AAV5-hSyn-DIO-hM3Dq–mCherry (n=5; Extended
Data Fig. 3-1).

Nociceptive tests
Acute nociception was evaluated by measuring re-

sponses to cold (acetone) and hot (hotplate) stimuli applied
to the left hind paw (.5min between tests to ensure results
are independent; Anderson et al., 2014; François et al.,
2017; Samineni et al., 2017; Mitchell et al., 2021). For the ac-
etone test (Yoon et al., 1994), mice were habituated to adja-
cent individual testing chambers with a wire-mesh floor for
30min before testing started. The response to rapid cooling
was measured by application of acetone (20ml) to the plan-
tar surface of the left hind paw with a pipette fitted with a
customized tip. The number of licking responses was
counted over 20 s and averaged over two trials (5 min be-
tween trials). For the hotplate test (Hunskaar et al., 1986;
Vermeirsch and Meert, 2004), mice were individually placed
in a cylindrical enclosure on a metal surface hotplate at 50°C
(for a maximum of 45 s). The time taken to display a nocicep-
tive response, such as licking or shaking of the hind paw,
was averaged over three trials (5-min interval between trials).
In mice where there was.4-s difference between the three
trials, up to two extra trials were conducted and the average
response was calculated from the three closest responses
(Espejo et al., 1994).

Locomotor activity
Locomotor activity (LMA) was assessed one week after

the sensory testing using the open field test. Mice were

Figure 1. Experimental protocol. A, B, Viral vectors AAV5-hSyn-DIO-hM3Dq–mCherry, AAV5-hSyn-DIO-hM4Di–mCherry, and
AAV5-hSyn-DIO-mCherry were bilaterally injected into the vlPAG of GlyT2::Cre mice three to fourweeks before behavioral tests.
C, Behavioral schematic. CNO or vehicle injection (intraperitoneal) took place 1 h before behavioral testing. Test were conducted
using a within-subjects crossover design and a 2-d rest period between CNO and vehicle to ensure complete CNO washout.

Research Article: New Research 3 of 15

June 2023, 10(6) ENEURO.0069-23.2023 eNeuro.org

252

https://doi.org/10.1523/ENEURO.0069-23.2023.f3-1


placed in an enclosed open-top arena (50� 50 � 50 cm)
and an overhead camera recorded the behavior of the
mice for 20min (light level = 45 lux). This period allowed
for the monitoring of locomotion and anxiety-like behav-
iors (Bailey and Crawley, 2009). The following characteris-
tics of locomotion were scored; total distance moved,
average speed, total time of im/mobility, total line cross-
ing, and total time, distance in the center zone, rearing,
and jumping.

Perfusion and fixation
On the day of perfusion, all mice received a saline or

CNO injection (intraperitoneally). Two hours later, mice
were deeply anaesthetized with an overdose of Lethabarb
(200mg/kg), and depth of anesthesia was verified by a
lack of righting response or paw withdrawal in response
to a foot pinch. Then, they were transcardially perfused
with 0.9% saline containing 72.5 mM NaNO2 and 3 IU/ml
heparin (Sigma), followed by 4% paraformaldehyde (PFA)
in 0.13 M PBS (pH 7.4). Brains were removed, postfixed,
and refrigerated overnight in the same fixative solution
(4% PFA, 4°C). The tissue was washed in PBS and cryo-
protected in 30% sucrose in PBS (pH 7.4 at 4°C) for 2 d
before being stored at �80°C until cryo-sectioning.

Viral placement andmCherry/cFos
immunohistochemistry
A cryostat (�20°C, Leica Microsystems; Leica 1080) was

used to collect serial 40-mm coronal sections of the PAG.
These sections were collected in a 1:4 series in 24-well
plates as free-floating sections and preserved in 0.1 M phos-
phate buffer (PB) saline containing 0.1% sodium azide at
4°C. The PAG slices from one series were mounted onto ge-
latinized glass slides with ProLong mounting media (Thermo
Fischer Scientific) and a glass coverslip, allowed to dry, and
imaged to confirm stereotaxic AAV-vector placement by vis-
ualizing mCherry expression (without amplification).
In a second series of tissue from mice expressing

hM3Dq who received either saline or CNO before perfu-
sion, the colocalization of cFos and mCherry was meas-
ured by combining cFos DAB-immunohistochemistry
(IHC) with immunofluorescent (IF) labeling of mCherry.
Sections were washed in 1� Envision FLEX wash buffer
(DAKO, catalog #K800721-2, pH 7.6) followed by 50%
ethanol and 50% ethanol with 3% hydrogen peroxide in
DAKO FLEX wash buffer for 30min each. Then, sections
were incubated in c-Fos (1:5000, New England Biolabs,
catalog #2250S) and mCherry primary antibodies (1:1000,
Abcam, catalog #ab205402) in DAKO wash buffer for two
nights at 4°C. Following washing in DAKO wash buffer,
sections were incubated with Envision1 system-HRP-la-
beled polymer anti-rabbit (DAKO, catalog #K400311-2) at
room temperature (RT) for 2 h and peroxidase activity was
revealed using liquid DAB1 (DAKO, catalog #K346811-2) for
10min. The reaction was stopped by the addition milliQ
water. Finally, the sections were incubated for 2 h at RT with
the secondary antibody for mCherry (goat anti-chicken IgY
H1 L Alexa Fluor 568 in 1:500, Abcam catalog #Ab175477)
in DAKO wash buffer with 10% goat serum and DAPI

(1:2000). After a final wash period, slices were mounted on
slides using Epredia Lab Vision PermaFluor aqueous
mounting medium (Thermo Fisher Scientific, catalog #TA-
030-FM).

Fluorescent and light microscopy
PAG slices were imaged across the rostro-caudal axis

on a fluorescent microscope (Zeiss Axio M1) and cFos
was imaged using brightfield illumination. The bilateral lo-
calization of injection sites centered around the vlPAG
was confirmed according to Paxinos and Franklin (2001).
Mice with clear evidence of bilateral expression of the in-
jected vector in the PAG were included in the analyses. To
create Figures 2B and 6A, the highest level of viral expres-
sion per section was considered and schemed onto PAG
templates. In a few animals, sparse labeling of neurons in
the superior colliculus was noted near the injection tract.

Electrophysiology
Four to fiveweeks after viral infection of PAG neurons,

mice were deeply anesthetized with 2% isoflurane (as-
sessed by the rate of breathing, lack of righting reflexes,
and lack of response to paw squeeze) and transcardially
perfused with ice-cold N-methyl-D-glucamine solution
(NMDG) containing (in mM): 93 NMDG, 30 NaHCO3, 25
glucose, 5 N-acetyl-L-cysteine, 3 Na-pyruvate, 2.5 KCl,
1.2 NaH2PO4, 20 HEPES, 10 MgSO4, 0.5 CaCl2, 5 sodium
ascorbate (;300 mOsm), equilibrated with 95% O2-5%
CO2. Mice were then decapitated, 280-mm-thick coronal
brain slices (280 mm) including the PAG region were pre-
pared with a vibratome (Leica VT1200S) in the same ice-
cold NMDG solution, and then maintained in this solution for
10min at 34°C. After, they were transferred into the artificial
CSF (ACSF; in mM: 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2
MgCl2, 2.4 CaCl2, 11 glucose, and 25 NaHCO3, equilibrated
with 95% O2 and 5% CO2) and kept at RT until use. For re-
cording, slices were individually transferred to a chamber on
an upright fluorescence microscope (Olympus BX51) and
superfused continuously with ACSF (33°C, flow rate 2.5 ml
min�1). PAG neurons were visualized with a 40� water-im-
mersion objective using Dodt gradient contrast optics and
mCherry fluorescence was detected using epifluorescent il-
lumination. Whole-cell patch-clamp recordings were per-
formed in the current-clamp configuration. Patch pipettes
(3–4 MV) were filled with an intracellular solution composed
of (in mM): 130 K-gluconate, 0.5 EGTA, 10 HEPES, 10 Na2-
phosphocreatine, 5 MgATP, 0.4 NaGTP, and 0.1% biocytin,
pH 7.3 with KOH (290–295mOsm). The liquid junction poten-
tial was not corrected. Membrane potential was monitored in
the presence of the AMPA/kainate receptor antagonist, 2,3-
Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfon-
amide (NBQX; 5 mM), the NMDA receptor antagonist,
d-2-Amino-5-phosphonopentanoic acid (D-AP5; 25 mM),
and the GABAA receptor antagonist picrotoxin (PTX; 100
mM). Loose cell-attached recordings were made using 2–3
MV glass pipettes containing normal ACSF at a holding po-
tential at 0mV in the voltage-clamp configuration under nor-
mal ACSF perfusion. Pipettes were gently pushed against
the membrane of the mCherry-positive PAG cells (seal
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resistance: 5–20 MV). We used hM3Dq receptor-ex-
pressing cells which had ,3-Hz basal frequency to
avoid undetectable action potential (AP) currents after
the application of CNO. A cell that had 8.8 Hz basal AP
frequency reached.50 Hz 1 min after application of
CNO. After this time, the AP amplitude became smaller
and eventually stopped, presumably suggesting that
in cells with a higher baseline AP frequency and
a more depolarized membrane potential, that CNO-in-
duced membrane depolarization and inactivates so-
dium channels. All recordings were filtered (2- to 10-kHz
low pass filter) with Multiclamp 700B amplifier (Molecular
Device) and digitized at a sampling rate of 10 kHz with an
A/D converter (NI USB-6251, National Instruments), and
stored using a data acquisition program (AxographX,
Axograph Scientific Software). Off-line analysis was per-
formed using Clampfit10 (Molecular Device) and Igor Pro 6
(WaveMetrics).
To visualize cells filled with biocytin during electro-

physiology recording, brain slices were fixed in 10%
formalin solution (Sigma) and then incubated with
streptavidin Alexa-647 (1:1000, Abcam). Slices were
rinsed in PBS, mounted with PermaFluor (Epredia),
and stored at 4°C. The slices were imaged in a Leica
TCS SP5 confocal microscope using a 40� (NA 1.25)
objective.

Drug application
All other drugs were bath applied: NBQX and D-AP5

were from Abcam. Picrotoxin was from Alomone. All other
drugs were from Sigma-Aldrich. CNO was dissolved in
DMSO for stock solutions (30 mM).

Data analysis
The experimenter was blinded to the treatment group

during data analysis. Statistical analyses were performed
using GraphPad Prism (version 9, GraphPad Software).
For c-Fos/mCherry colocalization the Student’s t test was
used. For the nociception tests, one-way repeated meas-
ures (RM) ANOVA was used to consider interindividual
variability within mice in different groups, followed by
Bonferroni’s multiple comparison test. Normality was as-
sessed by the Shapiro–Wilk test, and outliers were identi-
fied by the ROUT method (Q=1%). If the data from one
treatment per group were identified as an outlier, all the
dataset for that mouse was removed from RM or Paired
analysis. Data that was not normal was analyzed by
Friedman ANOVA followed by Dunn’s multiple comparison
test. Locomotor behavior was analyzed with ANY maze
software (version 7.09), except for jumping and rearing be-
havior which was analyzed manually. Statistics were
conducted using paired t tests to consider interindividual

Figure 2. GlyT2-PAG neurons in the vlPAG expressed AAV-DREAADs-mCherry. A, Representative microscopic images of coronal
sections showing AAV5-hSyn-DIO-hM4D(Gi)-mCherry was largely restricted within the vlPAG: showing the expression of mCherry
fluorescence (red), brightfield (gray), and overlayed of mCherry and brightfield images. Scale bars: 500mm, Magnification: 2.5�. AP
coordinate: �4.72 mm. B, Placement map of AAV5 viral vector expression for all male mice included in the analyses in Figures 4, 5
showing 10% opacity for each animal.
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Figure 3. Functional characterization of hM3Dq and hM4Di in vlPAG neurons of GlyT2:Cre mice. A, B, c-Fos expression in GlyT2::
cre neurons expressing hM3Dq was enhanced following CNO injection. Representative images of coronal PAG sections showing c-
Fos (black spots) is strongly colocalized in DREADD-expressing neurons (mCherry1, red) following CNO (B, 3mg/kg) compared
with vehicle (A) injection (intraperitoneally). C, Bar graph of the % mCherry1 neurons that were co-labeled with c-Fos following vehi-
cle or CNO injection (246 16.63% vs 786 8.55%, n=5). D, Fluorescent image of vlPAG neurons expressing hM3Di-mCherry and a
whole-cell recorded cell. E, Enlarged images (mCherry, streptavidin, merged) of the square region in D. F, Examples of current-
clamp recording from hM3Dq, mCherry and hM3Di-expressing vlPAG neurons during bath application of 10 mM CNO. Dashed lines
indicated the membrane potential of the cells before CNO application. G, Quantification of the CNO effect on membrane potential
at 3 min after its application. H, Examples of action potential currents from loose-cell attached recordings from mCherry, hM3Dq
and hM3Di-expressing vlPAG neurons before and 5 min after 10 mM CNO application. I, Quantification of the CNO effect on action
potential frequency at 5 min after its application. Scale bars in D, E: 100 mM. *p, 0.05. All values are mean 6 SEM. A control experi-
ment in Cre-negative littermates is presented in Extended Data Figure 3-1.

Research Article: New Research 6 of 15

June 2023, 10(6) ENEURO.0069-23.2023 eNeuro.org

255

https://doi.org/10.1523/ENEURO.0069-23.2023.f3-1


Figure 4. Chemogenetic manipulation of vlPAG GlyT21 neurons bidirectionally modulates acute nociceptive behavior in male
mice. A, Schematic of the chemogenetic protocol for assessing acute nociceptive behaviors (acetone and hotplate) in male
GlyT2::cre mice. B, C, CNO (3mg/kg, i.p.) administration resulted in increased hind paw licking and decreased PWL in
GlyT2::cre male animals injected with hM3Dq (blue bars). CNO (5mg/kg, i.p.) administration resulted in decreased hind paw
licking and increased PWL in GlyT2::cre animals injected with hM4Di (red bars) compared with vehicle injection. CNO (5mg/
kg, i.p.) administration had no effect on hind paw licking and PWL in GlyT2::cre animals injected with control mCherry vector
(green bars). Individual animals are indicated on the graphs (n = 7–11) and values are presented as mean 6 SEM, and signifi-
cant results were determined when *p, 0.05.
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Figure 5. Chemogenetic activation of vlPAG GlyT21 neurons alters locomotion behavior in the open field test in male mice. A,
Schematic of the chemogenetic protocol for assessing locomotor behaviors (open field) in male GlyT2::cre mice. B, Plots show the
position of the animals’ center point for the entire duration of the test. C–F, CNO (3mg/kg, i.p.) administration resulted in increased
total distance moved, increased mobility time, and increased jumping behavior but did not alter the average speed of GlyT2::cre
male animals injected with hM3Dq compared with vehicle (blue bars). In contrast, no significant differences were observed in loco-
motion behavior when CNO (5mg/kg, i.p.) was administered to GlyT2::cre animals injected with hM4Di compared with vehicle (red
bars). In addition, CNO (5mg/kg, i.p.) had no effect on locomotion behaviors in GlyT2::cre animals injected with the control mCherry
vector (green bars). G, Pie charts representing the overall percentage changes in mobility versus immobility in both CNO and
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variability within mice in different groups. If the normality
assumption was violated Wilcoxon signed rank test was
used.
All data are presented as mean 6 SEM and statistically

significant results are indicated by an asterisk when
p, 0.05.A detailed statistical summary can be found in
Extended Data Table 1-1.

Ethics statement
This work was carried out in accordance with the

Australian code for the care and use of animals for scien-
tific purposes, and assessed and approved by the Royal
North Shore Animal Ethics committee. Genetically modi-
fied materials were used and disposed of with the ap-
proval of the Royal North Shore Hospital Institutional
Biosafety committee.

Results
Chemogenetic targeting of GlyT21 neurons in the PAG
The glycine transporter 2 (GlyT2) is expressed presynapti-

cally in inhibitory neurons that use glycine as a neurotransmit-
ter (McIntire et al., 1997; Sagné et al., 1997; Chaudhry et al.,
1998; Dumoulin et al., 1999; Wojcik et al., 2006). Previous re-
ports indicate that a population of GlyT21 neurons are found
in the midbrain PAG, and suggests that these neurons are
concentrated in vlPAG (Rampon et al., 1996; Tanaka and
Ezure, 2004; Zeilhofer et al., 2005), a region with well-estab-
lished roles in descending modulation of pain and opioid-
mediated analgesia (Behbehani, 1995; K.A. Keay and
Bandler, 2015). To better understand the functional role of
GlyT2-PAG neurons, we selectively expressed hM3Dq,
hM4Di, or control (mCherry) protein in GlyT2-PAG neurons
of male or female GlyT2::Cre mice (Foster et al., 2015).
Then, we conducted behavioral testing using a within-sub-
ject crossover design to deliver the selective DREADD ago-
nist clozapine N-oxide (CNO) or vehicle control (Fig. 1A–C).
Adeno-associated viral-vector (AAV5) mediated expres-

sion of transgenes in GlyT2::cre mice was strongly concen-
trated in the vlPAG (Fig. 2A,B), consistent with previous
reports. To confirm that CNO activation of hM3Dq receptor
enhanced the neuronal activity of GlyT2-PAG neurons, we
combined IHC detection of c-Fos, an immediate early gene
that is transiently expressed following neuronal activation
(Perrin-Terrin et al., 2016), with IF labeling of hSyn-DIO-
hM3Dq-mCherry neurons in mice that were injected with
CNO (3mg/kg, i.p.) or vehicle control 2 h before being
killed. c-Fos was strongly colocalized hM3Dq-mCherry ex-
pressing vlPAG neurons following CNO-injected compared
with vehicle-injected animals (CNO 786 8.55%, vehicle
246 16.63%, p=0.0002, students t test, n=5 animals per
group; Fig. 3A–C).
In addition, we used electrophysiology to directly re-

cord DREADD-mediated neuronal modulation in coronal

midbrain slices (Fig. 3D,E) from male and female mice in
whole-cell current clamp (Fig. 3F) and loose patch configu-
ration (Fig. 3G). We compared membrane potential and fir-
ing rates from hM3Dq/mCherry1, hM4Di/mCherry1 and
mCherry1 control PAG neurons. Bath application of CNO
(3–10 mM) had no significant effect on the membrane poten-
tial or firing rate in recordings from mCherry1 control neu-
rons (control vs CNO: �66.06 1.79 vs �66.36 2.10mV,
p=0.642; 3.256 0.85 vs 3.566 0.89Hz, p=0.249; two
tailed paired t test, n=7–8 cells; Fig. 3F–I). However, CNO
significantly depolarized and increased the action potential
firing rate of hM3Dq/mCherry1 expressing vlPAG neurons
(control vs CNO: �65.16 2.86 vs �54.26 2.48mV, p=
0.001; 1.876 0.35 vs 7.666 1.58Hz, p= 008; two tailed
paired t test, n= 6–7 cells; Fig. 3F–I) and significantly hy-
perpolarized and decreased the action potential firing
of hM4Di/mCherry1 vlPAG neurons (control vs CNO:
�60.96 2.23 vs �66.46 2.26mV, p = 0.001; 2.446 0.55
vs 0.066 0.04 Hz, p = 0.008; two tailed paired t test,
n = 6–7 cells; Fig. 3F–I). Together, these findings dem-
onstrate that functional DREADDs are expressed in the
vlPAG and that CNO increases and suppresses neuro-
nal excitation in mice expressing hM3Dq and hM4Di
respectively.

Bidirectional control of acute nociceptive behaviors
by GlyT2+ neurons in the vlPAG
To test the functional contribution of GlyT2-PAG neu-

rons in acute pain behaviors, we conducted behavioral
experiments three to four weeks after stereotaxic injection
of AAV5 vectors encoding hM3Dq-mCherry, hM4Di-
mCherry, or mCherry control mice (Fig. 4A).
Cold responses were measured using the acetone

test. In male GlyT2::Cre mice expressing the excitatory
DREADDs (hM3Dq; Fig. 4B, blue bars), CNO (3mg/kg,
i.p.) significantly increased the number of hind paw
licking (No. licking) responses compared with vehicle
injection (F(2,16) = 10.03, p, 0.01, n = 9; Fig. 4B). In
contrast, in GlyT2::Cre animals expressing the inhibi-
tory DREADDs (hM4Di; Fig. 4B, red bars), CNO (5mg/
kg, i.p.) significantly decreased the No. licking com-
pared with vehicle injection (F(2,20) = 22.52, p, 0.0001,
n=11; Fig. 4B). CNO (5mg/kg, i.p.) had no effect on No.
licking in the mCherry control group (F(2,14) = 0.54, p. 0.05,
n=8; Fig. 4B, green bars).
We also investigated the role of GlyT21 vlPAG neurons

on responses to noxious heat, using the hotplate test. In
male GlyT2::Cre mice expressing hM3Dq (Fig. 4C, blue
bars), CNO significantly decreased the paw withdrawal la-
tency (PWL) to noxious thermal stimulation compared
with vehicle injection (F(2,18) = 30.85, p,0.0001, n=10;
Fig. 4C). Whereas in the group expressing hM4Di (Fig. 4C,
red bars), CNO significantly increased the PWL to noxious

continued
vehicle-injected animals expressing control (mCherry), excitatory (hM3Dq) and inhibitory (hM4Di) DREADDS. Individual animals are
indicated on the graphs (n=7–11) and values are presented as mean 6 SEM and significant results were determined when
*p,0.05.
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Figure 6. Chemogenetic manipulation of vlPAG GlyT21 neurons has bidirectional effects on nociception and increases locomotion
in female mice. Female GlyT2::cre mice were tested with the same protocols as shown in Figures 4, 5. A, Placement map of AAV5
viral vectors expression in vlPAG with the injection represented at 10% opacity for each animal. Bar graphs showing the responses
to acetone (B) and hotplate (C) of mice expressing either excitatory (hM3Dq) or inhibitory (hM4Di) DREADDs and following injection
with either vehicle or CNO (3–5mg/kg, i.p., respectively) D–G, Bar graphs of relevant locomotion parameters: total distance (D),
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thermal stimuli compared with vehicle injection (F(2,18) =
14.22, p � 0.001, n=10; Fig. 4C). CNO had no effect on
the PWL in the mCherry control group (F(2,14) = 1.47 p.
0.05, n=8; Fig. 4C, green bars).
As vlPAG modulation of nociception has sex difference

(Loyd et al., 2007; Loyd and Murphy, 2014; Rosen et al.,
2017; Yu et al., 2021), we also conducted a parallel set of
experiments on female GlyT2::Cre mice expressing either
the excitatory or inhibitory DREADD under the same con-
ditions. In female GlyT2::Cre mice expressing hM3Dq
(Fig. 6B, blue bars), CNO significantly increased the No.
licking responses compared with vehicle injection (F(2,10) =
13.65, p, 0.01, n=6; Fig. 6B) and significantly decreased
the PWL to noxious thermal stimulation compared with vehi-
cle injection (F(2,10) = 10.91, p, 0.01, n=6; Fig. 6C). In fe-
male GlyT2::Cre animals expressing hM4Di (red bars), CNO
did not significantly decrease the No. licking compared with
vehicle injection (F(2,8) = 3.024, p.0.05, n=5; Fig. 6B) but
significantly increased the PWL to noxious thermal stimuli
compared with vehicle injection (F(2,8) = 7.221, p, 0.05,
n=6; Fig. 6C). Together, these data indicate that the activity
of GlyT21 neurons in the vlPAG exerts bidirectional nocicep-
tive control in both male and female mice.
Finally, we assessed the locomotor effects of GlyT21

vlPAG neuronal activity in the open field test over a 20min
test period (Fig. 5A). We scored behaviors including total
distance traveled, average speed, im/mobility, rearing,
jumping, line crossing, center zone entries and total time
spent in the center zone.
CNO injection in male GlyT2::cre mice expressing

hM3Dq (Fig. 5, blue bars) caused a significant increase in
the total distance moved (p,0.01, n=9;Fig. 5C), total
time of mobility (p,0.01, n=10; Fig. 5D), and an associ-
ated decrease in immobility time (p,0.01, n=10; Fig.
5G). In addition, the total number of line crossings (not
shown, p,0.05, n=10), total number of center entries
(not shown, p, 0.05, n=6), and center zone distance
traveled (not shown; p, 0.05, n=6), were increased and
a dramatic increase in jumping behavior (p, 0.05, n=7;
Fig. 5E) was observed. We did not detect a change in av-
erage speed (p. 0.05, n= 10; Fig. 5F), time spent in the
center zone (not shown, p.0.05, n=9) or rearing behavior
(not shown, p. 0.05, n=9) compared with vehicle control.
Comparable locomotor results were measured follow-

ing CNO injection in hM3Dq expressing female mice (Fig.
6, blue bars), with the exception of jumping behavior,
which was not significantly altered (p . 0.05, n=5; Fig.
6F) and average speed, which increased (p, 0.05, n=6;
Fig. 6G), a finding that is consistent with a previous report
(Capelli et al., 2017).
No alteration in locomotor behaviors were detected in

hM4Di expressing male or female mice [male: p.0.05,
n=10–11 (Fig. 5C–F, red bars); female: p. 0.05, n=5–6
(Fig. 6D–G, red bars)] or in mCherry control mice (p. 0.05,
n=7–8; Fig. 5C–F, green bars) injected with CNO compared
with their vehicle controls (p.0.05, n=7–11; Fig. 5C–F).

These data suggest that activation, but not inhibition of
GlyT21 vlPAG neurons exerts a stimulatory effect on explor-
atory locomotor behaviors in both male and female mice.

Discussion
GlyT21 neurons have a crucial role in pain modulation
The GlyT2::Cre mouse allows us to selectively manipu-

late a sparse subset of neurons concentrated primarily in
the ventrolateral subdivision of the PAG and to investigate
their functional role. We demonstrate that the activity of
GlyT2-PAG neurons bidirectionally modulate acute noci-
ceptive responses, and that their activation increases lo-
comotion. These findings can be directly compared with a
recent study that used viral vectors to express chemoge-
netic channels in the vlPAG of male vGAT-Cre mice
(Samineni et al., 2017) and monitored nociceptive (but not
any other) behaviors. Consistent with our findings, activa-
tion of vGAT-PAG neurons was pronociceptive and inhibi-
tion was antinociceptive. As the vesicular transporter
vGAT is responsible for concentrating both GAD-synthe-
sized GABA and GlyT2-supplied glycine into synaptic
vesicles (Burger et al., 1991; McIntire et al., 1997; Wojcik
et al., 2006; Aubrey et al., 2007), and because GlyT2 has
been shown to be strongly colocalized with GABAergic
neurons in the PAG (Tanaka and Ezure, 2004; Vaughn et
al., 2022), we consider that the GlyT2-PAG population are
a minority subset of all the inhibitory neurons manipulated
by Samineni et al. (2017). Thus, our study demonstrates
that the activity of a small population of inhibitory neu-
rons, whose cell bodies are confined within the vlPAG
(Figs. 2, 6; Rampon et al., 1996; Zeilhofer et al., 2005), can
effectively control acute nociceptive responses. Further,
as GlyT2-PAG neurons bidirectionally modulate acute
nociceptive responses, their baseline activity likely con-
tributes to setting heat and cold sensitivity thresholds.
Interestingly, we found that despite their relative scarcity,
the scale of the nociception change achieved by manipu-
lating GlyT2-PAG neurons was similar to that reported by
Samineni et al. (2017). For example, we report that inhibi-
tion of GlyT2-PAG neurons increased PWL (noxious heat)
by 130.2%, whereas inhibition of vGAT-PAG neurons led
to a 136.3% increase in PWL. Given the relative density of
GlyT2 neurons is small (Tanaka and Ezure, 2004; Vaughn
et al., 2022), this observation could be explained if GlyT2-
PAG neurons exert a more targeted control of the descend-
ing pain modulatory pathways than the vGAT1 population,
or that the net behavioral output measured following manip-
ulation of all vlPAG vGAT1 neurons reflect a composite be-
havioral output that is not maximal. In any case, these
findings demonstrate that GlyT2-PAG neurons can robustly
modulate acute nociception and suggests that treatments
designed to selectively inhibit GlyT2-PAG neurons may be
effective analgesics. An advantage of this type of modula-
tion is that it would preserve GABAergic inhibitory function
in the PAG and indeed in cortical regions, as there are no

continued
total time of mobility (E), jumping (F) and average speed (G). Individual animals are indicated on the graphs (n=5–6). Values are pre-
sented as mean 6 SEM and *p, 0.05.
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GlyT21 neurons in the cortex (Rampon et al., 1996;
Zeilhofer et al., 2005). Interestingly, we were also able to
detect significant changes in nociceptive responses in a
small group of animals that received a unilateral injection of
hM3Dq [data not shown; p = 0.02 (acetone), p=0.04 (hot-
plate), n=5], suggesting partial engagement of this neuro-
nal population is sufficient to alter behavior.

Interpretation of locomotor behaviors
The data show that activation of GlyT2-PAG neurons in-

creased locomotor activity in male and female mice. The
open-field test allows a systematic assessment of rodent
exploration and general locomotor behavior that can be
used for the initial screening of anxiety-like behaviors; as the
open-field environment is a novel, exposed, white-lit space
that temporarily isolates the animal from its cage mates
(Bailey and Crawley, 2009). In response to stress, animals
generally employ two main coping strategies that depend to
a large extent on their state and the environmental context.
Either an active (increases in mobility behavior, running or
jumping behavior) or a passive (increases in immobility or
freezing) fear response. Our finding that chemogenetic acti-
vation of GlyT2-PAG neurons expressing hM3Dq increased
total distance moved, mobility and jumping behavior in male
mice, and total distance moved, mobility and speed in fe-
male mice, are consistent with active fear-coping responses
that are beyond exploratory behavior. This suggests that
GlyT2-PAG neurons may influence neuronal circuits in-
volved in both nociception and anxiety-like behaviors. We
did not observe any changes in the time spent in the center
zone, which has been associated with increased anxiety/
stress in mice and increased locomotor activity in escapable
environments (Korte et al., 1999). However, mobility and
center zone times are not always correlated, and conclu-
sively determining a role for GlyT2-PAG neurons in anxiety
requires more specific tests such as the elevated plus maze
and the light dark test (Korte et al., 1999; Bourin and
Hascoët, 2003) .

The vlPAG contains several distinct effector circuits
In addition to the well-described descending pain mod-

ulatory pathway which connects the vlPAG to the dorsal
horn of the spinal cord via the RVM, the vlPAG houses
other descending and ascending projection neurons that
are involved in coordinating a host of other threat re-
sponses (Cameron et al., 1995b; K.A. Keay and Bandler,
2001). Recent studies have started to unravel the organi-
zation and describe distinct functions for these circuits
(De Luca-Vinhas et al., 2006; Tovote et al., 2015;
Koutsikou et al., 2017). For instance, both PAG-CCK ex-
pressing glutamatergic PAG neurons and low-dose
NMDA injections influence different aspects of defensive
behaviors and nociception (de Mello Rosa et al., 2022;
La-Vu et al., 2022). On the other hand, vlPAG neurons that
project to the medullary magnocellular nucleus (Mc) are
responsible for freezing, locomotion, and coordinating
defensive responses, but do not affect thermal nocicep-
tion (Tovote et al., 2016; Capelli et al., 2017). Our research
showing that activation of GlyT2-PAG neurons increases

locomotion, aligns with the proposed function of the vlPAG-
Mc pathway. However, GlyT2-PAG inhibition did not signifi-
cantly reduce locomotion as expected and their activation is
also linked with increased nociceptive behaviors, suggest-
ing that another independent pathway may be involved.

Glyt2-PAG neurons modulate nociception and
locomotion in male and female mice
It is clear that the anatomy and physiology of pain mod-

ulation in male and female animals are distinctive (Loyd
and Murphy, 2014; Rosen et al., 2017), and that signaling
in the vlPAG contributes to these differences (Loyd et al.,
2007; Capelli et al., 2017; Doyle et al., 2017; Yu et al.,
2021; Llorente-Berzal et al., 2022). We conducted experi-
ments in both male and female mice and found that GlyT2-
PAG neurons similarly modulate the nociceptive and loco-
motive behaviors tested. However, we found that the quality
of locomotor response triggered by GlyT2-PAG neuronal
activation was qualitatively different between the sexes, with
the increased mobility observed accompanied by jumping
behaviors in male mice, and increased speed in female
mice. These findings support a role for GlyT2-PAG neurons
in modulating pain responses in both sexes and highlight
the need to carefully consider and report appropriate behav-
ioral outcomes for mice of different sexes.

Technical considerations
The chemogenetic DREADDs approach provides a

powerful and precise technique to selectively manipulate
a particular subpopulation of neurons in neural circuits.
The advantage of this method is that it gives researchers
the possibility to modulate specific neuronal populations in
isolation and observe the resultant behavioral consequen-
ces. However, chemogenetic modulation of circuits is not
physiological, as it depolarizes or hyperpolarizes target neu-
rons over a sustained period (a few hours), and the effect of
prolonged DREADD activation on neuronal firing will be de-
termined by each neuron type, dependent on the types of
channels it expresses and its repolarisation capability (Smith
et al., 2016). Experiments using optogenetics to achieve a
faster and more phasic engagement of these cells will miti-
gate this problem and could potentially reveal a more
nuanced view of GlyT2-PAG modulation of nociception and
locomotion. Another advantage of optogenetics is that spe-
cific projection pathways can be targeted using precise ste-
reotaxic injection of the viral vector expressing opsin and
placement of the optic fiber or intersectional viral ap-
proaches strategies. As with all techniques that rely on viral
vectors and genetic technologies, alterations in circuit orga-
nization, synaptic transmission properties and axonal mor-
phology because of the use of vector-mediated protein
expression and foreign protein expression/activation must
also be considered (Miyashita et al., 2013; Jackman et al.,
2014; Owen et al., 2019).
CNO can have off-target biological effects (Goutaudier

et al., 2019). To minimize this possibility, we have used
low-medium doses of CNO, which do not cause demon-
strable off-target behavioral activity in control DIO-
mCherry mice (MacLaren et al., 2016; Gomez et al., 2017;
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Bærentzen et al., 2019). Furthermore, in our electrophysio-
logical experiments, changes in the membrane potential
and firing rate of vlPAG neurons expressing hM3Dq and
hM4Dq were always recorded in response to CNO applica-
tion, whereas no change was detected in mCherry-express-
ing midbrain neurons. Finally, in cre-negative littermates of
GlyT2::cre mice injected with AAV-DIO- hM3Dq vectors,
CNO had no measurable behavioral effect. For these rea-
sons, we are confident the reported effects are correlated
with the expected changes in GlyT2-PAG activity.

Future directions
Future studies should investigate how and with whom

GlyT2-PAG neurons communicate. Although the behavioral
outcomes of altering GlyT2-PAG neuron activity are consist-
ent with them being a subpopulation of inhibitory GABAergic
neurons, their potential to release glycine means that their
signaling mechanisms are likely to be distinct. Within the
PAG, glycine could alter network activity by interacting with
inhibitory glycine receptors or excitatory NMDA receptors
(Ahmadi et al., 2003; Lynch, 2009).
A possible role for postsynaptic glycine receptors is sug-

gested by experiments using electrophysiology to record
evoked IPSCs in the ventrolateral PAG, where inhibitory cur-
rents with a glycine receptor-mediated component are occa-
sionally detected. Indeed, this is the reason for the inclusion
of strychnine (the specific glycine receptor antagonist) in slice
recordings of the PAG (Tonsfeldt et al., 2016; Aubrey et al.,
2017;Winters et al., 2022; Natale et al., 2023). In addition, gly-
cine may be stimulating PAG activity. First, glycine activation
of presynaptic glycine receptors expressed on glutamate-re-
leasing neurons has been shown to increase the frequency of
spontaneous EPSCs in acutely dissociated PAG neurons
(Choi et al., 2013). Second, the modulation of nociceptive be-
havior by intra-PAG microinjections of glycine is sensitive to
the glycine-site NMDA receptor antagonist 7-Cl-kynurenic
acid (Palazzo et al., 2009). Determining the signaling mecha-
nism employed by GlyT2-PAG neurons with in the PAG will
permit a more complete understanding of how GlyT2-PAG
neurons fit into the PAG circuitry.
In conclusion, this study demonstrates that GlyT2-PAG

neurons effectively and bidirectionally modulate nociceptive
responses in mice and indicates they may also play a role in
anxiety-like behaviors. Until recently, our understanding of
vlPAG function has been primarily gleaned from global ma-
nipulations of all or most of the neurons in the area. To better
understand PAG function and nociceptive control, there is a
need to carefully investigate the function of subpopulations
of neurons in the vlPAG and to identify which microcircuits
within the PAG are active under a range of threatening situa-
tions (Yin et al., 2020; Yang et al., 2022). These types of
studies will continue to improve the functional frameworks
used to understand how this region coordinates dynamic
nociceptive responses and give insights into how common
comorbidities develop in chronic pain states.
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Extended Data Figure 3-1 

Control experiments in GlyT2:Cre negative mice confirm that AAV-Cre-independent leak of vectors did not 

contribute to the CNO-stimulated behavioral changes. AAV5-hSyn-DIO-hM3D(Gq)-mCherry was 

stereotaxically injected into the vlPAG of cre-negative littermates of GlyT2::cre mice. A, Low-level cre-

independent expression of mCherry was revealed following antibody amplification. Note: antibody 

amplification was not carried out in any of the injection site figures shown in the main text. B, Leak expression 

had no functional effect as CNO (3 mg/kg, i.p.) administration did not alter hind paw licking, PWL or 

locomotion of cre-negative animals injected with hM3Dq (blue bars) compared to vehicle controls. n = 5, 

values are presented as mean ± SEM 
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Appendix 2: A pain modality-specific neuronal 

population within the mouse midbrain ventrolateral 

periaqueductal grey  
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Abstract 

The ventrolateral periaqueductal grey (vlPAG) is a central node for the descending modulation 

of nociceptive signalling. In addition, it is involved in triggering both passive and active defence 

strategies associated with visceral and somatic pain respectively. However, it remains unclear 

whether distinct midbrain circuits within the vlPAG differentially process specific pain 

modalities. GlyT2-expressing neurons in the vlPAG represent a genetically defined inhibitory 

population previously shown to bidirectionally modulate thermal nociception. In this study, we 

employed a chemogenetic approach to selectively manipulate GlyT2 neurons in the vlPAG of 

male and female GlyT2::Cre mice, and assessed behavioural responses associated with acetic 

acid-induced visceral pain. Unlike thermal nociception, visceral nociceptive responses were 

unaffected by either activation or inhibition of GlyT2 neurons, although locomotor effects 

persisted. These findings provide first evidence for pain-modality-specific processing within the 

vlPAG and suggest that effective treatment of visceral pain requires targeted modulation of 

distinct neural circuits. 
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