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A B S T R A C T   

Many individuals with chronic pain report abnormal sensitivity to visual light, referred to as “photosensitivity” 
or “photophobia,” yet how processing of light and nociceptive information come together remains a puzzle. Pain- 
modulating neurons in the rostral ventromedial medulla (RVM) have been shown to respond to bright visual light 
in male rats: activity of pain-enhancing ON-cells is increased, while that of pain-inhibiting OFF-cells is decreased. 
Since the RVM is the output node of a well-known pain modulation pathway, light-related input to these neurons 
could contribute to photosensitivity. The purpose of the present study was to fully characterize RVM ON– and 
OFF-cell responses to visual light by defining stimulus–response curves in male and female rats across a range of 
intensities (30 to 16,000 lx). We also determined if light-evoked responses are altered in animals subjected to 
persistent inflammation. We found that ON– and OFF-cells responded to relatively dim light (<1000 lx in naïve 
animals), with no difference between the sexes in threshold for light-evoked changes in firing or the percentage 
of responsive cells. Second, light-evoked suppression of OFF-cell firing was enhanced in persistent inflammation, 
with no change in light-evoked activation of ON-cells. These data indicate that pain-modulating neurons can be 
engaged by dim light, even under normal conditions. Further, they suggest that decreased descending inhibition 
during light exposure could contribute to reduced nociceptive thresholds in chronic pain states, resulting in light- 
induced somatic discomfort and aversion to light. Lastly, our findings argue for differences in how light and 
somatic stimuli engage RVM, and suggest that light-related input acts as a “top-down” regulatory input to RVM.   

Introduction 

Many individuals with chronic pain report heightened sensitivity to 
multiple sensory modalities, including light. Increased sensitivity to 
light is best documented in migraine, but photosensitivity is prominent 
in patients with fibromyalgia, and strongly associated with the 
perceived impact of chronic pain in some populations (Gutrecht et al., 
1990; Woodhouse and Drummond, 1993; Main et al., 1997; Wilbarger 
and Cook, 2011; Martenson et al., 2016; Staud et al., 2021; Balba et al., 
2022). Dysfunction of central pain-transmission circuitry is argued to 
account for some of the observed photophobia, particularly in migraine 
(Woodhouse and Drummond, 1993; Digre and Brennan, 2012; Matynia 
et al., 2012; Noseda et al., 2018), but there is also evidence for changes 
in pain-modulating circuitry (Martenson et al., 2016). The output node of 
an important pain-modulating circuit is the rostral ventromedial 

medulla (Heinricher and Fields, 2013), which has been shown to contain 
a subset of neurons that respond to both noxious stimuli and bright vi
sual light (Martenson et al., 2016). 

The RVM amplifies or suppresses nociceptive transmission through 
two classes of neurons, termed “ON-cells” and “OFF-cells”, respectively. 
Activation of pain-facilitating ON-cells and suppression of pain- 
inhibiting OFF-cells together act as a positive feedback loop (Hernan
dez and Vanegas, 2001; Jinks et al., 2007), facilitating responses to 
subsequent inputs, and contributing to pathological pain (Ramirez and 
Vanegas, 1989; Heinricher et al., 2009; Cleary and Heinricher, 2013; 
Heinricher and Fields, 2013). Bright light exposure has been shown to 
modulate RVM cell activity in male rats, and also produces measurable 
thermal hyperalgesia (Martenson et al., 2016). Given that ON-cells exert 
a net pro-nociceptive effect, and that OFF-cells exert a net anti- 
nociceptive effect, activation of ON-cells and suppression of OFF-cell 

* Corresponding author at: Department of Neurological Surgery, 3181 SW Sam Jackson Park Road, Portland, OR 97239, USA. 
E-mail address: heinricm@ohsu.edu (M.M. Heinricher).  

Contents lists available at ScienceDirect 

Neurobiology of Pain 

journal homepage: www.sciencedirect.com/journal/neurobiology-of-pain 

https://doi.org/10.1016/j.ynpai.2022.100111 
Received 6 November 2022; Received in revised form 23 December 2022; Accepted 24 December 2022   

mailto:heinricm@ohsu.edu
www.sciencedirect.com/science/journal/2452073X
https://www.sciencedirect.com/journal/neurobiology-of-pain
https://doi.org/10.1016/j.ynpai.2022.100111
https://doi.org/10.1016/j.ynpai.2022.100111
https://doi.org/10.1016/j.ynpai.2022.100111
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Pain 13 (2023) 100111

2

firing by light would provide a means by which ambient light influences 
pain transmission. 

There are substantial sex differences in the prevalence and presen
tation of many functional pain disorders associated with photosensi
tivity (Fillingim et al., 2009; Buse et al., 2013). While we know that 
there are molecular and structural differences in pain-modulation cir
cuitry between the sexes (Loyd and Murphy, 2006; Loyd and Murphy, 
2014), potential differences in the functional output of this system have 
been understudied. We recently described RVM cell responses to somatic 
stimuli in male and female rats, finding them to be similar (Hryciw et al., 
2021). However, light likely engages RVM through non-somatic path
ways (Martenson et al., 2016). This makes it important to compare RVM 
responses to light in the two sexes to understand whether the funda
mental neural “machinery” is comparable, or distinct. In the present 
studies, we generated light-evoked stimulus response curves, and 
directly compared responses in males and females. 

In addition, although photosensitivity is commonly associated with 
chronic pain disorders, the initial report of RVM responses to light did 
not employ a chronic pain model. Therefore, the second goal of the 
present study was to test the effect of persistent inflammation on RVM 
cell responses to light. ON– and OFF-cells are “sensitized” to somatic 
inputs in animals subjected to nerve injury or persistent inflammation, 
demonstrating lowered thresholds for responses to cutaneous stimula
tion (Carlson et al., 2007; Cleary and Heinricher, 2013). Thus, it is 
reasonable to ask whether RVM cell responses to light are also enhanced 
during persistent inflammation. If photoresponsiveness of RVM pain- 
modulating neurons is heightened during persistent inflammation, 
light could further lower nociceptive thresholds, contributing to the 
widespread hypersensitivity observed in many chronic pain conditions. 

Materials and methods 

All experiments followed the guidelines of the National Institutes of 
Health and the Committee for Research and Ethical Issues of the Inter
national Association for the Study of Pain, and were approved by the 
Institutional Animal Care and Use Committee at the Oregon Health & 
Science University. Male and female rats from Charles River were used 
in all experiments. Rats were housed in 12 h light/12 h dark cycles, with 
food and water available ad libitum. Experiments were performed during 

the light phase. 

Inflammation 

A subset of male and female rats weighing < 315 and 200 g, 
respectively, were briefly anesthetized with isoflurane (4 %, 4–5 min), 
and saline (0.1 ml) or CFA (heat-killed Mycobacterium tuberculosis in 
mineral oil, 1 mg/ml, 0.1 ml, Sigma-Aldrich) was injected subcutane
ously into the plantar surface of the left hindpaw. Rats were returned to 
their home cage for 5 to 6 days to model persistent inflammation, since 
hypersensitivity peaks at this time (Ren, 1999; Ren and Dubner, 1999). 
Animals were randomly assigned to saline or CFA treatment. 

Lightly anesthetized preparation 

Following previously described methods (Cleary and Heinricher, 
2013; Martenson et al., 2016), animals were anesthetized (4 % iso
flurane, Piramal) and a catheter placed in the external jugular vein for 
subsequent infusion of methohexital (Par Pharmaceutical). Animals 
were then transferred to a stereotaxic apparatus and kept deeply anes
thetized while a small craniotomy posterior to the lambda suture was 
drilled to gain access to RVM. After surgery, anesthesia was adjusted so 
that noxious heat elicited a paw withdrawal, although there was no 
spontaneous movement. Animals were maintained at this stable anes
thetic plane for the duration of the experiment by infusion of metho
hexital at a constant rate. Heart rate and body temperature were also 
monitored. All testing was performed in low ambient light conditions 
(<5  lx) and the pupils were dilated (1 % atropine sulfate ophthalmic 
solution, 20 µl/eye, Akorn Pharmaceuticals) to eliminate differences in 
amount of light reaching the retina due to pupillary light reflexes. 

Electrophysiological recording 

A gold- and platinum-plated stainless-steel microelectrode was 
placed in the RVM to record cell activity. Signals were amplified and 
band-pass filtered (Neurolog, Digitimer ltd., Welwyn Garden City, UK) 
then transmitted to a computer for real-time spike detection and 
monitoring using Spike2 software (CED, Cambridge, UK). EMG activity, 
heart rate, and paw heat-stimulus temperature were also recorded using 

Fig. 1. Locations of ON–, OFF-, and NEUTRAL-cells 
recorded in males and females. Cells were recorded 
at sites ranging from − 1.32 mm to − 2.90 mm relative 
to the interaural line, with the majority of the cells 
recorded between − 1.80 mm and − 2.5 mm. Cells in 
males and females were evenly distributed across 
different rostro-caudal levels. There were 29 ON-cells, 
25 OFF-cells, and 10 NEUTRAL-cells recorded from 
49 male animals and 28 ON-cells, 26 OFF-cells, and 
10 NEUTRAL-cells recorded from 53 female animals. 
SO: superior olive; VII: nucleus of the facial nerve.   
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Spike2. Identified neurons were classified as ON–, OFF-, or NEUTRAL- 
cells, as originally defined based on changes in firing rate associated 
with withdrawal from noxious heat stimulation (Fields et al., 1983; 
Cleary and Heinricher, 2013; Martenson et al., 2016). ON-cells are 
defined by a burst in activity beginning just prior to withdrawal from a 
noxious stimulus. OFF-cells stop firing just prior to withdrawal. 
NEUTRAL-cell firing does not change in response to noxious stimuli. 

In the first set of experiments, naïve males and females were used. 
After isolating and identifying a cell, two heat trials were performed 
(2.5 min apart) to determine magnitude of response to noxious heat. The 
heat stimulus involved lightly resting a Peltier device (Yale Instruments, 
New Haven, CT) on the plantar surface of the paw, with surface tem
perature raised at a constant rate of 1.5 ◦C/s from 35 ◦C to a maximum of 
53 ◦C. To avoid damage to the paw, the Peltier device was removed 
when the paw moved (determined using EMG). Next, the neuronal 
response to light was tested by placing a fiber-optic light source (Dolan- 
Jenner Fiber-Lite; Dolan-Jenner Industries, Buxborough, MA) 5 cm from 
the left eye to deliver diffused light at a range of intensities in ascending 
order (330, 575, 900, 6,000, 10,500, and 16,000 lx). Each intensity was 
applied for 30 s at approximately 2.5-min intervals, with each intensity 
repeated two times. Some trials were delayed (approx. 1 min) in order to 
capture an ON-cell in a quiet state or an OFF-cell in an active state. A 

final heat trial was performed at the end of the experiment to confirm 
anesthetic stability. Males required a higher anesthetic rate than females 
(t(100) = 18.74, p < 0.0001, n = 102; M: 88.77 ± 7.85 mg/kg/h, F: 61.0 
± 7.07 mg/kg/h, mean ± SD to achieve a similar anesthetic depth based 
on nociceptive withdrawal (Merkel and Eger, 1963). A total of 64 cells 
were recorded from 49 males, and 64 cells from 53 females (1–3 cells per 
animal). 

In the second set of experiments testing the effect of persistent 
inflammation, male and female animals treated with CFA or saline 
(control) were used. After isolating and identifying a cell, spontaneous 
activity was recorded for 10 min during which time animals were not 
stimulated. Stimuli were subsequently delivered at approximately 2.5- 
min intervals, with some trials delayed in order to capture an ON-cell 
in a quiet state or an OFF-cell in an active state. Two thermal trials 

Fig. 2. Representative heat-evoked responses of ON-cells (top), OFF-cells 
(middle), and NEUTRAL-cells (bottom). Ratemeter records (1-s bins) with 
heat onset (H) and paw withdrawal (PW) show heat-related cell responses 
recorded from RVM in male (left) and female (right) rats. ON-cells exhibited a 
burst of activity while the OFF-cells showed a pause or suppression of ongoing 
activity just after heat onset and prior to paw withdrawal. NEUTRAL-cell firing 
rate was not changed in association with noxious stimulation. Sp/s: spikes 
per second. 

Fig. 3. Noxious somatic stimulus-related responses and ongoing activity of ON– 
and OFF-cells in male and female animals. Heat-evoked ON-cell burst (A) and 
OFF-cell suppression (B) were not significantly different between males and 
females. NEUTRAL-cell firing was not changed during noxious stimulation in 
either sex (E). Average ongoing firing rates of ON-cells (C), OFF-cells (D) and 
NEUTRAL-cells (F) during baseline (unstimulated) periods were also not 
significantly different between males and females. Sp/s: spikes per second. 
Analysis. A. Mann-Whitney U test, U = 395, p = 0.86. B. U = 292, p = 0.54. C. 
U = 334.5, p = 0.24. D. U = 311, p = 0.80. E. U = 32.5, p = 0.20. F. U = 45, p 
= 0.74. 
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were performed to determine the magnitude of the cell response to 
noxious heat and the latency to paw withdrawal. Next, cell responses to 
light were tested by placing a fiber-optic light source (Dolan-Jenner 
Fiber-Lite; Dolan-Jenner Industries, Buxborough, MA) 5 cm from the left 
eye to deliver diffused light at a range of intensities in ascending order 
(30, 140, 330, 900, and 6,000 lx). Each light trial lasted 30 s, with each 
intensity repeated three times. Intensities used in this set of experiments 
were lower than those employed in naïve animals to avoid the possibility 
of a floor effect. Inflammation was confirmed visually and paws were 
measured at the widest point across the dorsal-plantar surface. CFA in
jection did not significantly affect weight gain compared to saline 

injection (F(1,98) = 3.38, p = 0.069, n = 52 M, 50F; pre-CFA weight not 
obtained for some animals) or anesthetic requirement (F(1,111) = 0.21, 
p = 0.65, n = 115). However, as in the first set of experiments, males 
required a higher rate of anesthetic delivery (F(1,111) = 217.6, p <
0.0001, n = 115, males: 76.91 ± 8.04 mg/kg/h, females: 58.51 ± 4.93 
mg/kg/h) to achieve a similar anesthetic depth. A total of 147 ON– and 
OFF-cells were recorded from 115 animals (1–3 cells per animal). 
Twenty-three, 17, 20, and 18 ON-cells were recorded from CFA-treated 
males, saline-treated males, CFA-treated females, and saline-treated fe
males, respectively. Seventeen, 19, 14, and 20 OFF-cells were recorded 
from CFA-treated males, saline-treated males, CFA-treated females, and 
saline-treated females, respectively. 

Histology 

At the end of each experiment, the recording site was marked with an 
electrolytic lesion. Animals were euthanized by methohexital overdose 
and perfused transcardially with saline and 10 % formalin. Brains were 
removed, and brainstems were sectioned on a Leica CM3050 S cryostat 
(60 µm sections). RVM lesion was photographed with an Optronics 
Microfire camera attached to an Olympus BX51 microscope. The RVM 
was defined as the nucleus raphe magnus and adjacent reticular for
mation medial to the lateral boundary of the pyramids at the level of the 
facial nucleus (Paxinos and Watson, 2009). 

Data processing and analysis 

Action potential waveforms were individually examined to verify 
correct waveform sorting. Paw withdrawal latency was defined as the 
average time from heat onset until paw withdrawal based on EMG ac
tivity, and averaged across all trials for each animal. 

In the first set of experiments, spontaneous activity was found by 
taking the average firing rate over the 30-s periods prior to the heat 
trials. In the second set of experiments, spontaneous activity was found 
by taking the average firing rate during three 30-s periods 2.5 min apart 
during the 10-min baseline period. Heat-evoked, reflex-related neuronal 
activity for ON-cells was defined as the total number of spikes in the 
burst and the duration of the burst, where a “burst” was defined as 
beginning with the first action potential after heat onset until the last 
action potential that preceded a 2-s quiet period. If a cell was active prior 
to heat onset, then the number of action potentials in the 3-s period 
beginning 0.5 s prior to the paw withdrawal was used to define the 
number of spikes in the burst, and burst duration was not defined for this 
trial. Heat evoked reflex-related change in neuronal activity for OFF- 
cells was defined using the percent of baseline (using firing rate in the 
3-s period beginning 0.5 s prior to the paw withdrawal relative to the 
firing rate 10-s prior to heat onset) as well as the duration of the pause. A 
“pause” was considered to begin at the last spike after heat onset and to 
end when there were two action potentials within 2 s. Percent pre- 
stimulus firing was determined for NEUTRAL-cells based on the firing 
rate in the 3-s period around the paw withdrawal compared to the 10-s 
period preceding heat onset. 

Overall a cell was considered to be “light-responsive” if it had a 
positive response at the highest intensity tested, defined as a change of at 
least 50 % during light exposure relative to the 30-s period preceding 
light onset. In addition, we required a minimum of 10 action potentials 
during the light trial for ON-cells, and 10 action potentials preceding the 
light trial for OFF-cells for a response to be considered positive. The 
percentage of cells that responded at each light intensity was also 
determined using these criteria. 

For light-responsive cells, stimulus–response curves for light-related 
firing were generated based on the average of the light trials at each 
intensity. For ON-cells, the total number of action potentials in the burst 
was defined the same way as in heat trials. If an ON-cell was active prior 
to a light trial, then the total number of spikes during the light stimulus 
was used to define the number of spikes in the burst. For OFF-cells, we 

Fig. 4. Representative ON-cell (A) and OFF-cell (B) response to 330 lx (left) 
and 16,000 lx (right). Ratemeter records (1-s bins), with the time of the light 
stimulus application below each trace, show examples of light-evoked responses 
recorded from RVM in male and in female animals. There was a clear burst in 
ON-cell activity and suppression of OFF-cell activity during light exposure, even 
with the 330 lx stimulus. Sp/s: spikes per second. 
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calculated percent of baseline (firing rate during light exposure relative 
to the firing rate in the 30-s period preceding the light trial). 

Cell parameters with skewed distributions were analyzed using non- 
parametric statistics or log-transformed for analysis with a parametric 
test. In the first set of experiments, characterization of light-evoked re
sponses in males and females under basal conditions, spontaneous ac
tivity and magnitude of heat responses were compared using a Mann- 

Whitney U test. The proportion of light-responsive cells was compared 
between the sexes with Fisher’s exact test, and the stimulus–response 
relationship for the proportion of light-responsive cells was determined 
using a Chi-squared test for trend. The threshold for light-evoked re
sponses was determined as the mean lowest intensity required to evoke a 
response from light-responsive cells, and compared between the sexes 
using a Mann-Whitney U test. Area under the curve was determined for 

Fig. 5. Comparison of light-evoked re
sponses of ON– and OFF-cells in male and 
female animals. The overall proportion of 
light-responsive cells was not different in 
males and females, although there was a 
significant stimulus–response relationship 
within both cell classes (A,B, one-sample 
t-test, slope significantly > 0). There was 
no significant difference between males 
and females in response threshold (C,D), 
or in changes in firing during light (E,F). 
Analysis. A. Proportion of ON-cells 
responsive to light: Fisher’s exact test, p 
= 0.76; stimulus–response effect: Х2(1) =
10.83, p = 0.0010. B. Proportion of OFF- 
cells responsive to light: Fisher’s exact 
test, p = 0.38; stimulus–response effect: 
Х2(1) = 8.76, p = 0.0031. Proportion data 
is displayed as the percent cells with a 
positive response at each intensity. C. 
Threshold, ON-cells: Mann-Whitney U 
test, U = 167.5, p = 0.19. D. Threshold, 
OFF-cells: U = 127.5, p = 0.56. E. ON-cell 
burst (sex: t(41) = 0.29, p = 0.77; stim
ulus response: t(42) = 4.40, p < 0.0001). 
F. OFF-cell suppression (sex: t(32) = 1.99, 
p = 0.055; stimulus–response: t(33) =
3.40, p = 0.0018).   

Fig. 6. Locations of recorded neurons in males and females with persistent inflammation. ON–, OFF-, and NEUTRAL-cells were distributed between − 1.32 mm and 
− 2.90 mm relative to the interaural line, with the majority of the cells recorded between − 1.80 mm and –2.5 mm. Cells in males and females were evenly distributed 
across rostro-caudal levels. SO: superior olive; VII: nucleus of the facial nerve. 
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the magnitude of light-related cell activity responses. This, and duration 
of evoked responses were compared between the sexes with a t-test for 
independent means. A one-sample t-test was used to determine if the 
average slope of the stimulus–response curves were significantly 
different from zero. 

For the second set of experiments examining the effect of persistent 
inflammation on light-evoked cell responses, spontaneous firing and 
heat-evoked changes in cell activity, and paw withdrawal latency in 
CFA-treated and control animals were compared using a 2-factor 
ANOVA with sex and treatment as factors. The proportion of light- 
responsive cells was compared between the sexes with Chi-squared 
test, and the stimulus–response relationship for proportion of light- 
responsive cells was determined using a Chi-squared test for trend. 
Area-under-the-curve was determined for light-evoked response mag
nitudes and compared using a 2-factor ANOVA with sex and treatment 
as factors. If the overall ANOVA revealed significant differences, Sidak’s 

post-hoc test was used to compare between groups at each intensity. A 
stimulus–response relationship was considered significant if a one- 
sample t-test determined average slope was significantly different 
from zero. 

Data are presented as geometric mean ± 95 % confidence intervals 
unless otherwise indicated. For all tests, p < 0.05 was considered sta
tistically significant. 

Results 

Experiment 1. Light-evoked responses of RVM neurons in male and female 
rats 

Neurons were recorded in the RVM of male and female rats. ON–, 
OFF-, and NEUTRAL-cells were sampled at random, classified based on 
responses to noxious heat, and then tested for responses to a range of 
light intensities. Distribution of recording sites is shown in Fig. 1. 

No differences in RVM cell spontaneous firing or noxious stimulus-related 
responses in males and females 

Examples of ON–, OFF-, and NEUTRAL-cell responses associated 
with heat-evoked withdrawal in males and females are shown in Fig. 2. 
There were no differences between males and females in the ON-cell 
burst (Fig. 3A) or suppression of OFF-cell firing (Fig. 3B). The dura
tion of the ON-cell burst and OFF-cell pause were not significantly 
different (ON-cells: t(46) = 1.82, p = 0.075; OFF-cells: t(49) = 0.77, p =
0.45). Spontaneous activity of both classes was also not significantly 
different in the two sexes (Fig. 3C,D). NEUTRAL-cells, were observed in 
both males and females, with no difference in firing rates (Fig. 3E,F). 
These data are consistent with our recent report that spontaneous firing 
rates and noxious-evoked changes in firing rates of RVM neurons are not 
substantially different in male and female rats (Hryciw et al., 2021). 

RVM ON– And OFF-cell responses to light are graded with stimulus- 
intensity, and comparable in males and females 

Representative examples of ON– and OFF-cell responses to low (330 
lx) and high (16,000 lx) light intensities are shown in Fig. 4. Light- 
responsive ON-cells display a burst of activity, while firing of light- 
responsive OFF-cells is suppressed during light exposure. The percent
age of light-responsive cells was intensity-dependent in both sexes 
(Fig. 5A,B), with the proportions of responsive cells not significantly 
different in males and females. The mean threshold for activation for 
both cell classes was < 1000 lx, and this was true in both males and 
females (Fig. 5C,D). The magnitude of light-evoked changes in firing was 
also determined for light-responsive cells, and there was no difference 
between males and females in the number of evoked spikes (ON-cells, 
Fig. 5E) or the suppression of spontaneous activity (OFF-cells, Fig. 5F). 
There were no NEUTRAL-cells in either sex that responded to light. 

In sum, this first set of experiments demonstrates that many RVM 
pain-modulating neurons respond to light at intensities below 1000 lx, 
and that they respond in females as they do in males. 

Experiment 2. Effect of persistent inflammation on light-evoked responses 
of RVM neurons 

Persistent inflammation following CFA injection does not produce thermal 
hypersensitivity or change the thermal stimulus-related responses of ON– or 
OFF-cells 

The second set of experiments was designed to determine whether 
light-evoked stimulus–response curves for RVM neurons are altered in 
the CFA model of persistent inflammation. Animals were treated with an 
injection of CFA or saline (control) in one hindpaw 5–6 days prior to 
recording. The injected paw of CFA-treated animals was significantly 
larger than that of saline-treated animals (F(1,111) = 506.9, p < 0.0001, 
n = 115; M SAL: 6.71 ± 0.45; M CFA: 8.90 ± 0.48 mm; F SAL: 6.06 ±
0.68; F CFA: 8.78 ± 0.69 mm) on the day of recording. Recording sites 

Fig. 7. Responses during heat-evoked withdrawal and ongoing activity of RVM 
OFF-and ON-cells recorded in males and females with and without persistent 
inflammation. Heat-evoked ON-cell burst (A) and OFF-cell suppression (B) were 
not significantly affected by sex or persistent inflammation. Average ongoing 
firing rates of ON-cells (C) and OFF-cells (D) were also not significantly affected 
by sex or persistent inflammation. Sp/s: spikes per second. Analysis. A. ON-cell 
burst. No significant effect of treatment (F(1,74)=0.59, p = 0.45), sex (F 
(1,74)=1.88, p = 0.17), or sex X treatment interaction (F(1,74)=0.085, p =
0.77). B. OFF-cell suppression. No significant effect of treatment (F(1,66)=3.42, 
p = 0.069), sex (F(1,66)=0.14, p = 0.71), or sex X treatment interaction (F 
(1,66)=0.061, p = 0.80). C ON-cell ongoing activity. No significant effect of 
treatment (F(1, 74)=0.079, p = 0.78), sex (F(1,74)=0.77, p = 0.38), or sex X 
treatment interaction (F(1,74)=0.44, p = 0.51). D. OFF-cell ongoing activity. 
No significant effect of treatment (F(1,66)=2.04, p = 0.16), sex (F(1,66)=2.98, 
p = 0.089), or sex X treatment interaction (F(1,66)=0.000094, p = 0.99). 
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are shown in Fig. 6. 
While it was shown previously that males with persistent inflam

mation exhibit hyperalgesia to mechanical but not thermal stimulation 
of the inflamed paw, and that RVM neurons are sensitized to mechani
cal, but not thermal stimuli (Pinto-Ribeiro et al., 2008; Almarestani 
et al., 2011; Cleary and Heinricher, 2013), we used noxious heat as a 
rapid and reliable way to characterize RVM cells. Consistent with these 
prior reports, there was no effect of CFA-treatment on cell response 
during withdrawal from noxious thermal stimulation (Fig. 7A,B) or 
spontaneous firing rate (Fig. 7C,D). There was also no effect of CFA- 
treatment (F(1,111) = 0.016, p = 0.90) or sex (F(1,111) = 0.60, p =
0.44) on withdrawal latency. 

Light-evoked stimulus–response curves of RVM pain-inhibiting OFF-cells, but 
not ON-cells, are shifted in animals with persistent inflammation 

We next quantified light-evoked changes in firing in animals with 
and without persistent inflammation. Fig. 8 shows representative re
sponses recorded simultaneously from a light-responsive ON-cell and 
OFF-cell in a male CFA-treated rat during exposure to 30, 140, and 
6,000 lx. The ON-cell shows a characteristic “burst”, while the OFF-cell 
exhibits a “pause” in activity to visual light stimulation, with the re
sponses graded with light intensity. When considering group data, we 
first compared the overall proportions of cells that were photo
responsive, and defined stimulus–response curves for each class, in both 
males and females with and without CFA treatment. 

The proportion of OFF-cells responding to light was altered in ani
mals with inflammation (Fig. 9A), with a significant increase in the 
proportion of cells responding to a low intensity (140 lx) stimulus, 
indicating that OFF-cell activity is inhibited by lower light intensities 
during inflammation, although mean threshold for the population was 
not altered (Fig. 9B). Among light-responsive OFF-cells, stim
ulus–response curves for light-evoked suppression of firing were also 
left-shifted (Fig. 9C), with a significant greater suppression at 140 lx in 
CFA-treated animals of both sexes. 

By contrast with the increased sensitivity to relatively dim light 
exhibited by OFF-cells in animals with persistent inflammation, light- 
evoked changes in ON-cell firing were not altered. There was no sig
nificant effect of inflammation on the proportion of ON-cells that 
responded to light of any intensity (Fig. 10A), ON-cell response 
threshold (Fig. 10B), or on the magnitude of the light-evoked activity in 

light-responsive ON-cells (Fig. 10C). 
In sum, the second experiment demonstrates a shift in the light- 

evoked stimulus–response curve for OFF-cells, but not ON-cells, after 
CFA. 

Discussion 

A recent report that exposure to bright visual light evokes a response 
in a substantial proportion of RVM pain-modulating neurons (Martenson 
et al., 2016) raised the possibility that recruitment of the RVM con
tributes to photosensitivity in some common pain states. However, that 
initial study employed a single, relatively bright stimulus in animals 
under basal conditions. Moreover, only male animals were used. In the 
present study, we established stimulus–response curves for light-evoked 
changes in activity of RVM pain-modulating neurons in males and fe
males, under basal conditions and in a persistent inflammatory state. We 
determined that RVM neurons show graded responses to light stimuli 
across a broad range, and that stimulus–response curves for light-evoked 
changes in firing of these neurons are not different in males and females. 
Additionally, the proportion of OFF-cells responding to dim light is 
increased and these neurons exhibit an enhanced response to dim light 
following CFA treatment, whereas the ON-cell response to light is not 
altered. 

Characterization of light-evoked responses in RVM pain-modulating 
neurons 

RVM pain-modulating neurons responded even to dim levels of light 
as reflected by approximately 50 % of cells responding to 330 lx, the 
lowest light intensity tested in naïve animals. These low intensities are 
well below the threshold shown to activate trigeminal nociceptive 
pathways in rats (Okamoto et al., 2010) and are generally well tolerated 
by healthy human subjects (Woodhouse and Drummond, 1993; Kowacs 
et al., 2001; Martenson et al., 2016). Additionally, the RVM response to 
light, even bright light, is independent of the trigeminal ganglion and 
posterior thalamus, and is instead dependent on the olivary pretectal 
nucleus (Martenson et al., 2016). Thus, although the simplest mecha
nism to explain the RVM cell response to light would be that light is 
acting as a noxious stimulus and evoking a response in RVM cells via the 
trigeminal nociceptive system, this seems unlikely. Rather, these 

Fig. 8. Representative RVM OFF-cell (top) and ON-cell (bottom) responses to visual light. Rate meter records (1-s bins) from an OFF- and ON-cell recorded 
simultaneously in RVM in a male CFA-treated animal, with 30-s light stimulus denoted below the traces. Examples show clear light-evoked suppression of OFF-cell 
activity and activation of ON-cell activity during exposure to light at 30, 140, and 6000 lx. Sp/s: spikes per second. 
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findings indicated that light and noxious somatic stimulation access 
RVM via different pathways. 

Additional support for differing pathways is that the responses to 
somatic and visual inputs are qualitatively different. We found that the 
RVM ON– and OFF-cell response to light is graded with stimulus in
tensity. The graded response to light, and the response to dim levels of 
light, are in contrast with the response to somatic stimulation, in which 
RVM cells respond in an all-or-nothing manner and only to stimuli that 
evoke a nocifensive withdrawal (Fields et al., 1983; Cleary and Hein
richer, 2013). Noxious somatic input forms a recurrent loop with RVM in 
which noxious somatic stimuli act as a bottom-up input to RVM, causing 
a change in RVM cell activity that in turn modulates nociceptive 
transmission, and ultimately influences the behavioral response 
threshold (Hernandez et al., 1994; Chen and Heinricher, 2022). The 
present data suggest that light instead acts as a top-down input that can 
influence the excitability of the pain-modulation system through graded 
changes in RVM cell activity. Engagement of RVM pain-modulating 
neurons has the potential to produce widespread changes in nocicep
tive sensitivity, because individual RVM neurons project diffusely to 
multiple spinal levels (Huisman et al., 1981; Skagerberg and Björklund, 
1985). Indeed, nociceptive withdrawal threshold is lowered during light 
exposure even in lightly anesthetized animals, and prolonged exposure 

to red light has been reported to produce RVM-mediated hyperalgesia 
(Martenson et al., 2016; Khanna et al., 2019). 

The pathways through which light engages RVM remain to be fully 
elucidated. As noted above, light-evoked responses in RVM require the 
olivary pretectal nucleus, a relay in the pupillary light reflex that is part 
of the irradiance detection system, and does not contribute to pattern 
vision (Clarke and Ikeda, 1985a; Clarke and Ikeda, 1985b; Martenson 
et al., 2016). A direct connection from the olivary pretectal nucleus to 
RVM has not been documented, but intervening circuits such as through 
centrally-projecting Edinger-Westphal nucleus or the parabrachial 
complex area are reasonable possibilities (Kozicz et al., 2011; Dos Santos 
Júnior et al., 2015; Roeder et al., 2016; Chen et al., 2017; Chiang et al., 
2019; Cano et al.v 2021). It is possible that this irradiance input to RVM 
contributes to the modest but measurable circadian variations in pain 
that have been reported (Bumgarner et al. 2021). 

RVM OFF-cells are “sensitized” to light in persistent somatic inflammation 

RVM pain-modulating neurons in both males and females develop 
enhanced responses to somatic mechanical stimuli in models of persis
tent pain (Carlson et al. 2007; Cleary and Heinricher 2013; Hryciw et al. 
2021). The second experiment demonstrated that OFF-cells are also 
“sensitized” to low intensity light in a persistent inflammatory state. 
Although responses to relatively bright light stimuli were unchanged, 
the proportion of OFF-cells responding to dim light was increased in 
animals subjected to inflammation, as was the degree to which OFF-cell 
firing was suppressed. This parallels the effect of persistent inflamma
tion on responses to somatic tactile stimulation (Montagne-Clavel and 
Oliveras 1994; Cleary and Heinricher 2013; Hryciw et al. 2021), in that 
there are no differences observed at higher intensities or in the 

Fig. 9. RVM OFF-cell response to light is enhanced during persistent inflam
mation. There was a significant effect of inflammation on the proportion of 
OFF-cells that respond to dim light (A), but no effect on response threshold (B). 
There was also a significant effect of inflammation on the magnitude of OFF-cell 
response to dim light (C). There was no effect of sex on any parameter. Analysis. 
A. Percent of OFF-cells responsive to light of different intensities. Significant 
effect of inflammation on the percent of OFF-cells that responded to 140 lx 
(Fisher’s exact test, p = 0.0043 compared to saline in both sexes). Additionally, 
there was a significant stimulus–response relationship (SAL: Х2(1) = 21.71, p <
0.0001; CFA: Х2(1) = 20.19, p < 0.0001). B. OFF-cell response threshold. No 
significant effect of treatment (F(1,49) = 2.15, p = 0.15), sex (F(1,49) = 0.22, p 
= 0.64), or sex X treatment interaction (F(1,49) = 1.90, p = 0.17). C. Light- 
evoked OFF-cell suppression. Significant effect of treatment (F(1,49) = 6.64, 
p = 0.013), but no significant effect of sex (F(1,49) = 0.99, p = 0.32), or group 
X intensity interaction (F(1,49) = 0.044, p = 0.83). Post hoc testing revealed a 
significant effect of treatment at 140 lx (Sidak’s multiple comparisons, p =
0.0027). Additionally, there was a significant stimulus–response relationship 
(CFA: t(24) = 7.96, p < 0.0001; SAL: t(27) = 8.70, p < 0.0001), displayed as 
mean +/- SEM. 

Fig. 10. RVM ON-cell response to light is not altered in persistent inflamma
tion. There was no effect of inflammation on the proportion on ON-cells 
responding to light (A), response threshold (B), or magnitude of ON-cell 
response (C). There was also no effect of sex. Analysis. A. Percent of ON-cells 
responsive to light of different intensities. There was a significant stim
ulus–response relationship Х2(1)=21.67, p < 0.0001, but no differences be
tween groups. B. No significant effect of treatment (F(1,45) = 0.79, p = 0.38), 
sex (F(1,45) = 0.27, p = 0.61), or sex X treatment interaction (F(1,45) = 0.79, 
p = 0.38) on ON-cell response threshold. C. Light-evoked ON-cell burst. No 
significant effect of treatment (F(1,45)=0.47, p = 0.50), sex (F(1, 45) = 2.89, p 
= 0.096), or sex X treatment interaction (F(1,45) = 1.28, p = 0.26). There was a 
significant stimulus–response relationship (t(48) = 9.18, p < 0.0001). 
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maximum evoked-response, but the response to lower intensities is 
enhanced. Interestingly, within the light-responsive population, there 
was no effect of inflammation on the ON-cell stimulus–response curve. 
This latter finding is in contrast to the effects of persistent inflammation 
on mechanically-evoked responses, since ON-cells, as well as OFF-cells, 
are sensitized to innocuous cutaneous probing. These findings suggest 
that any RVM contribution to photosensitivity in chronic pain reflects a 
decrease in descending inhibition rather than increased light-evoked 
facilitation. 

A further distinction between the sensitized RVM response to so
matic versus light stimuli in persistent inflammation comes from the fact 
that with somatic stimuli, the RVM neurons demonstrate increased re
sponses only to stimulation of the inflamed paw (Cleary and Heinricher 
2013), and do not show enhanced responses to stimulation of normal 
tissues. This further supports the notion that light engages RVM through 
a “top-down” pathway separate from the somatosensory system. 

One implication of the present findings is that even dim light could 
have behavioral effects, given that a not insignificant portion of RVM 
pain-modulating neurons respond to light intensities <300 lx. Particu
larly after injury, very low levels of light could diminish descending 
inhibition and have net effects on behavior. Moreover, given that RVM 
neurons are sensitized to innocuous somatic stimuli in persistent and 
chronic pain models, behavioral experiments in such models would be 
useful to determine if light can interact with somatic stimuli in an ad
ditive or even multiplicative fashion. Consistent with this idea, pressure- 
pain thresholds are reported to be further lowered during exposure to 
light in some chronic pain disorders (Kowacs et al., 2001). 

RVM pain-modulating neurons respond to light in female as well as male 
rats 

Finally, this study included female animals and explicitly compared 
the response properties of RVM neurons in female animals with those 
recorded in males. Although there are likely few sex differences in basal 
pain threshold in humans, chronic pain disorders disproportionately 
impact women (Fillingim et al., 2009; Mogil, 2012; Racine et al., 2012). 
Indeed, women reporting chronic pain are more likely to report photo
phobia (Buse et al., 2013). The present data indicate that the physio
logical properties and responsiveness of RVM pain-modulating neurons 
are unlikely to explain these sex differences, since stimulus–response 
functions for light-evoked changes in activity of pain-modulating neu
rons were comparable in males and females, and since the effects of 
persistent inflammation were also similar in the two sexes. Thus, as with 
responses to somatic inputs (Hryciw et al., 2021), the responses to light 
are not fundamentally different between males and females. Although 
this system may very well be differentially recruited in males and fe
males in chronic pain, the present data support the idea that the same 
fundamental “machinery” for descending control of pain is in place in 
females as well as males. 

Conclusions 

The present experiments demonstrate that pain-modulating neurons 
in the RVM respond to visual light with a graded, stimulus-related 
response that is distinct from the response to somatic noxious stimuli, 
but comparable in males and females. At the same time, OFF-cells 
exhibit a sensitized response to light in animals subjected to persistent 
inflammation. These data also provide a framework through which 
photosensitivity, or aversion to light, could be produced by a conver
gence of somatic and visual inputs in the RVM. 
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