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Abstract 

Background Attentional deficits are among the most common pain‑induced cognitive disorders. Pain disrupts 
attention and may excessively occupy attentional resources in pathological states, leading to daily function impair‑
ment and increased disability. However, the neural circuit mechanisms by which pain disrupts attention are incom‑
pletely understood.

Methods We used a three‑choice serial reaction time task (3CSRTT) to construct a sustained‑attention task model 
in male C57BL/6J mice. Formalin or complete Freund’s adjuvant was injected into a paw to establish an inflammatory 
pain model. We measured changes in 3CSRTT performance in the two inflammatory pain models, and investigated 
the neural circuit mechanisms of pain‑induced attentional deficits.

Results Acute inflammatory pain impaired 3CSRTT performance, while chronic inflammatory pain had no effect. 
Either inhibition of the ascending pain pathway by blockade of the conduction of nociceptive signals in the sciatic 
nerve using the local anesthetic lidocaine or chemogenetic inhibition of  Ca2+/calmodulin‑dependent protein kinase 
IIα (CaMKIIα) neurons in the lateral parabrachial nucleus (LPBN) attenuated the acute inflammatory pain‑induced 
impairment of 3CSRTT performance, while chemogenetic activation of CaMKIIα neurons in the LPBN disrupted 
the 3CSRTT. Furthermore, the activity of CaMKIIα neurons in the LPBN was significantly lower on Day 2 after complete 
Freund’s adjuvant injection than on the day of injection, which correlated with the recovery of 3CSRTT performance 
during chronic inflammatory pain.

Conclusions Activation of excitatory neurons in the LPBN is a mechanism by which acute inflammatory pain disrupts 
sustained attention. This finding has implications for the treatment of pain and its cognitive comorbidities.
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Background
Pain is a signal warning of actual or potential threats and 
demands high attentional resources [1]. Due to the lim-
ited attentional resources of individuals, pain may dis-
rupt essential attention-demanding tasks, leading to daily 
functional impairment and increased disability [2, 3]. 
Attentional deficits are among the most common pain-
induced cognitive disorders [4, 5]. Clinical studies have 
found that both acute and chronic pain affect attentional 
performance. Experimentally-induced acute pain draws 
attention away from assigned tasks, and attentional def-
icits have been found in several chronic pain disorders, 
and clinical studies have shown an increased incidence 
of patient-reported attention deficits with chronic pain 
[6–10]. Similarly, in animal experiments, both acute and 
chronic pain have been observed to interrupt attention-
demanding tasks [11–14]. However, the neural circuit 
mechanisms by which pain disrupts attention remain 
inadequately understood.

Functional magnetic resonance imaging studies 
showed that acute pain could modulate a frontoparietal 
attention network mobilized by salience detection pro-
cesses [15], providing evidence for the allocation of atten-
tional resources to pain. Other investigators identified 
alterations in brain regions that jointly regulate pain and 
attention in chronic pain; these include the anterior cin-
gulate cortex, insula, and amygdala [16–18]. The overlap 
between the ascending pain pathways and the neural cir-
cuits regulating attention involves mechanisms through 
which pain disrupts attention.

The lateral parabrachial nucleus (LPBN) is a crucial 
component of the ascending pain pathways [19]. Excita-
tory neurons in the LPBN are hyperactivated in several 
rodent acute and chronic pain models [20–22]. Recent 
animal studies revealed that the LPBN alerts to threat-
ening stimuli, including painful and non-painful noxious 
stimuli, inducing negative emotions, coping behaviors, 
and defensive behaviors [23, 24]. These findings suggest 
that the LPBN detects the salience of stimuli and attracts 
attentional resources to respond to threats. Moreo-
ver, several brain regions receiving projections from the 
LPBN, including the central amygdala, the bed nucleus 
stria terminalis, and the mediodorsal thalamus, are 
directly or indirectly involved in attentional processing 
[25–28]. These findings suggest that the increased activ-
ity of excitatory neurons in the LPBN participates in the 
interruptive effect of pain on attention.

In the present study, we used a three-choice serial 
reaction time task (3CSRTT) to construct a sustained-
attention task model in mice. We found that acute inflam-
matory pain induced by intraplantar injection of formalin 
or complete Freund’s adjuvant (CFA) impaired 3CSRTT 
performance, while chronic inflammatory pain induced 

by CFA injection exerted no effect. We also found that 
activation of excitatory neurons in the LPBN was one of 
the critical mechanisms by which acute inflammatory 
pain impairs sustained attention performance. Finally, 
activation of excitatory neurons in the LPBN was signifi-
cantly lower in the chronic inflammatory pain state than 
in the acute inflammatory pain state, which may account 
for the absence of significant impairment in 3CSRTT 
performance in the chronic inflammatory pain state.

Methods
Animals
Experiments were performed in male C57BL/6 mice (25–
30 g, supplied by the Animal Center of Peking University) 
that were housed in a 12/12-h light/dark cycle and pro-
vided food and water ad  libitum. A total number of 297 
mice were recruited for this study. During 3CSRTT, mice 
were maintained at 85–90% of their respective baseline 
free feeding weights. All experimental procedures com-
plied with the guidelines of the Animal Care and Use 
Committee of Peking University.

Stereotactic surgery
Mice were anesthetized with pentobarbital (0.05%, 100 
mg/kg i.p.), and the head was fixed onto a mouse stereo-
tactic apparatus (Cat#68,030, RWD Life Science, China). 
Based on the Allen Mouse Brain Atlas (Paxinos & Frank-
lin, 2001) and previous histological verifications, the ster-
eotaxic coordinates for injections/implantations into the 
LPBN were as follows: AP − 5.20 mm, ML ± 1.30 mm, DV 
− 3.90 mm. Virus was injected with a microlitre syringe 
(Cat# 80,135, Hamilton, Switzerland) at a flow rate of 
30  nL/min, the syringe was withdrawn 5 min after the 
end of the injection. Mice were isolated on a heating pad 
until fully-awake and were returned to their home cages. 
Penicillin was subcutaneously injected for 3 consecutive 
days post-surgery to prevent infection. To ensure the 
full expression of the virus and full recovery of the mice, 
behavioral experiments were performed 2 weeks after 
surgery. The expression and site of the virus were histo-
logically verified following behavioral experiments, and 
any individual mice with inadequate expression or unver-
ifiable injection sites were excluded.

For chemogenetic experiments, 60–80  nL of adeno-
associated virus (AAV) 2/9-CaMKIIα-hM4D(Gi)-
mCherry-WPRE-hGH (BrainVTA Technology, China) 
or AAV2/9-CaMKIIα-hM3D(Gq)-mCherry-WPRE-hGH 
(BrainVTA Technology, China) was injected bilaterally 
while AAV2/9-CaMKIIα-mCherry-WPRE-hGH (OBiO 
Technology, China) was injected as a control.

For in  vivo imaging experiments, 150  nL of AAV2/9-
CaMKIIα-GCaMP6s -WPRE-hGH (BrainVTA 
Technology, China) was injected unilaterally while 
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AAV2/9-CaMKIIα-EGFP -WPRE-hGH (BrainVTA Tech-
nology, China) was injected as control. After virus injec-
tion, a single fiber implant (200 μm, diameter = 1.25 mm, 
NA = 0.37) was placed 0.2 mm above the injection site, 
and was secured to the skull with two screws and dental 
cement.

Behavioral assays
All behavior tests were conducted during the light cycle 
(7:00–19:00). Mice were habituated to investigator han-
dling for 5 min per day on 3 consecutive days. One hour 
prior to each test, mice were transported to the behav-
ior room to habituate. Data were analysed by researchers 
blinded to the experimental groups.

For chemogenetic experiments, either clozapine 
N-oxide (CNO, diluted with saline, Cat# S6887, Selleck, 
China) or saline was injected intraperitoneally (2.5 mg/kg 
CNO) 30 min before each behavior test.

3CSRTT 
The 3CSRTT protocol was modified as described [29]. 
Mice were required to direct their attention to the loca-
tion of a visual stimuli to obtain a food reward in an 
operant chamber. The operant chamber (Harvard Appa-
ratus, USA) had a house light on the top and nine holes 
with internal light-emitting diodes (LED lights) on the 
front wall. Three of these holes were used to present the 
visual stimuli (cues), and each hole was equipped with an 
infrared sensor to detect nose pokes by the mouse into 
the hole. There was also a reward magazine on the back 
wall that dispensed food pellets and was equipped with 
an infrared sensor to detect retrieval of the food rewards 
by mice. During the whole task, mice were maintained at 
85%-90% of their original body weight to maintain their 
desire for food rewards. Each mouse was trained in the 
same operant chamber every time. The training protocol 
included pretraining and four training stages with gradu-
ally increasing difficulty (Additional file 1: Fig. S1).

Before the pre-training stage began, mice were firstly 
allowed to habituate the operant chamber for one day, 
food pellets were placed in various holes and the reward 
magazine. For the pre-training stage, mice were allowed 
to explore the operant chamber and learn to poke the 
hole with nose when the LED light of the hole was on. 
During pre-training, one of three LED lights was illumi-
nated for 15 min, once the nose poke was detected, which 
represented a correct response, mice received a food pel-
let from the reward magazine. The training stage began 
when the number of correct responses exceeded 15 times 
within 15 min in the pre-training test (Additional file 1: 
Fig. S1D).

In the training test, mice were trained in four consecu-
tive training stages, each with a specific criterion. The 

criteria of each stage needed to be met for two consecu-
tive days before the mice could progress to the next stage. 
During the training test, one of three LED lights was 
illuminated within a limited duration (gradually from 
30 s down to 2 s as training progressed through differ-
ent stages) as a visual cue, followed by a limited hold 
time (gradually from 10 s down to 5 s) for mice to make 
a decision. The timepoint from trial start to cue onset 
was defined as the inter-trial interval. A nose-poke into 
the illuminated hole within the limited hold period was 
counted as a correct response, and mice would receive a 
food reward. Mice might also exhibit three types of error 
responses: an incorrect response (a nose poke into a non-
illuminated, or LED-off, hole), an omission response (a 
failure to respond within the limited hold period), or a 
premature response (a nose poke during the inter-trial 
interval). These error responses triggered a 2-s timeout 
period as a punishment (with house light on). The next 
trial started automatically 12 s after a correct response or 
a timeout period. The number of correct responses and 
error responses as well as the correct response latency 
(the time from cue onset to the correct response) and 
reward latency (the reaction time to collect the food 
reward in a correct trial) were recorded. A training ses-
sion ended either after completing 50 trials or continuing 
for 30 min.

In the testing stage, sessions lasted for 50 trials or 60 
min according to experimental demands. The cue dura-
tion was reduced to 2 s. ITIs of 3, 4, or 5 s were presented 
pseudo-randomly on a trial-to-trial basis to prevent self-
pacing strategies for the prediction of cue onset (Addi-
tional file 1: Fig. S1E–I).

The raw data of the 3CSRTT were recorded by PACK-
WIN V2.0 software (Harvard Apparatus, USA), and the 
calculation methods for the main parameters were as 
follows:

1. Correct response rate = number of correct responses/
total number of trials * 100%

2. Incorrect response rate = number of incorrect 
responses/total number of trials * 100%

3. Omission response rate = number of omission 
responses/total number of trials * 100%

4. Premature response rate = number of premature 
responses/total number of trials * 100%

5. The correct response latency and reward latency 
were directly recorded by the software (average data 
for each mouse).

Formalin test
Mice were subcutaneously injected with 20 μL of 2% for-
malin into a hind paw; control mice were injected with an 
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equal amount of 0.9% saline, and the subsequent spon-
taneous nociceptive behaviour (licking the injected paw) 
was recorded for 60 min using an infrared camera.

Chronic inflammatory pain model
To induce chronic inflammatory pain, 30 μL of complete 
Freund’s adjuvant (CFA; Cat# F5881, Sigma‒Aldrich, 
USA) was subcutaneously injected into a hind paw. Con-
trol mice were injected with an equal amount of 0.9% 
saline.

Mouse sciatic nerve blockade model
The experimental method was mainly referred to [30, 
31]. Before the experiment started, the mice were taught 
to walk normally on a wire grid mesh with mesh holes 
approximately 5 mm in diameter. All mice were able to 
use all four limbs to hang off and crawl when placing 
them on inverted mesh before treatments. Mice were 
slightly restrained and the injection was administered 
into the sciatic nerve area inside the popliteal fossa of 
the left hind limb, with a constant volume of 50  μL for 
all drugs. The primary endpoint was the time to loss of 
ability to hang on to the inverted mesh with the injected 
hind limb, which was tested at 1, 5, 10, 20, 30, 40, 50 and 
60 min after injection.

Hargreaves test
The Hargreaves test was used to assess paw withdrawal 
latencies in response to radiant heat. Prior to the test, 
mice were placed inside a transparent organic glass cover 
(18 cm × 8 cm × 8 cm) on an elevated glass platform and 
were allowed to adapt for 20 min until their groom-
ing and exploratory activities subsided. The radiant heat 
source was adjusted to a range of 10–15 s for mice as 
the baseline latencies. During the test, the radiant heat 
source under the glass platform was adjusted to point 
at the plantar surface of the mouse hind paw. When the 
mice quickly removed their hind paw from the heating 
spot, the radiant heat source was immediately turned off, 
and the time interval of the on–off switch was recorded. 
If there was no positive response after 30  s of heating, 
then the radiant heat source was switched off immedi-
ately to prevent tissue damage. Each mouse underwent 
three repeated tests, and the average was taken; there was 
a minimum 5-min interval between tests.

Spatial working memory test
A Y-maze (Cat# 63,006, RWD Life Science, China) was 
used to measure spatial working memory. The appara-
tus consisted of three enclosed arms with dimensions of 
50  cm × 8  cm × 15  cm (length × width × height) arranged 
at a 120° angle. Each arm had a movable partition on the 
centre side, and different geometric shaped stickers were 

pasted on the inside wall of each arm as visual cues. Dur-
ing the test, each mouse was randomly placed in one of 
the three arms of the Y-maze and was allowed to explore 
freely for 5 min while spontaneous alternation behav-
iours were recorded and analysed. A consecutive entry 
into three different arms was counted as one alternation 
event. Spontaneous alternation (%) = [(number of alter-
nations)/(total number of arm entries−2)] × 100.

Short‑term spatial memory test
The Y-maze (Cat# 63,006, RWD Life Science, China) 
was used to measure short-term spatial memory. The 
test consisted of a learning phase, a retention phase and 
a testing phase. In the learning phase, each mouse was 
placed in the starting arm with one of two other arms 
closed and was allowed to freely explore for 5 min. The 
retention phase lasted for 2 min, during which mice were 
moved back to their home cages. In the testing phase, the 
previously closed arm (designated herein as the “New 
Arm”) was open, and each mouse was placed in the start-
ing arm and allowed to freely explore for 5 min. The per-
centage of time spent in the new arm was recorded and 
analysed.

Conditioned place aversion (CPA) test
The experimental method mainly referred to [24]. The 
CPA apparatus (Cat#63,020, RWD Life Science, China) 
(56  cm × 25  cm × 25  cm) consisted of two chambers 
distinguished by visual cues on the wall and a central 
connecting corridor (8  cm × 5  cm). On Day 1 (pre-con-
ditioning), mice were placed in the central corridor of the 
apparatus and were allowed to freely explore for 20 min, 
while the time spent in each area was recorded and 
analysed.

On Days 2 and 3 (conditioning), mice were placed in 
one chamber (conditioned chamber) of the apparatus for 
20  min each morning and afternoon. For the hM3Dq-
induced CPA paradigm, mice received intraperitoneal 
injection (i.p.) 30 min before conditioning started: 0.09% 
saline i.p. in the morning, followed by clozapine N-oxide 
(CNO, 2.5 mg/kg) i.p. in the afternoon. For the formalin-
induced CPA paradigm, mice did not receive any treat-
ment in the morning but received 10  μL subcutaneous 
injection of 2% formalin into either the contralateral or 
ipsilateral hind paw in the afternoon. For the hM4Di 
rescue paradigm, mice received CNO (2.5 mg/kg) i.p. 
30 min prior to formalin administration.

On Day 4 (post-conditioning), mice were placed in the 
central corridor of the apparatus and were allowed to 
freely explore for 20  min, while the time spent in each 
area was recorded and analysed.
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Brain slice preparation and immunohistochemistry
Mice were anesthetized by pentobarbital (0.05%, 100 
mg/kg i.p.) and underwent transcardial perfusion with 
phosphate-buffered saline (PBS) followed by 4% para-
formaldehyde (PFA). Brains were extracted and post-
fixed with 4% PFA overnight, followed by dehydration 
with 20% sucrose in PBS for 24 h and then 30% sucrose 
in PBS for 24  h. Each brain was embedded in Opti-
mum Cutting Temperature (OCT, Tissue Tek) in a 
1.5 cm × 1.5 cm × 1.5 cm capacity folded with aluminum 
foil paper, and sectioned into 30 μm coronal slices using a 
cryostat (CM3050, Leica, GER). Slices were mounted on 
a slide (2–6 slices per slide) and 37  °C dried overnight, 
and finally were covered with mounting medium (anti-
fading, with DAPI, Solarbio Life Science, China) under 
glass coverslips. Images were observed using confocal 
microscope (TCS-SP8 DIVE, Leica, GER).

For immunohistochemistry, brain slices on the slides 
were placed at room temperature for 10 min before 
washing with PBS 3 times (5 min each) and were incu-
bated with blocking buffer (3% bovine serum albumin 
and 0.3% Triton X-100 dissolved in PBS) for 1 h at room 
temperature. Brain slices were incubated with primary 
antibody in antibody dilution buffer (1% BSA and 0.1% 
Triton X-100 dissolved in PBS) for 24 h at 4 °C and were 
washed 3 times (5 min each) with PBS before overnight 
incubation with secondary antibody. After 3 washes 
(5  min each) with PBS, the slides were dried and then 
covered with mounting medium under glass coverslips.

The antibodies used for staining were as follows: rab-
bit anti-cFos (1:500, RRID: AB_2247211, Cell Signaling 
Technology, USA), anti-rabbit Alexa-488 (1:1000, Cat# 
A11034, Invitrogen, USA), mouse anti-CaMKIIα (1:1000, 
RRID: AB_2721906, Cell Signaling Technology, USA) and 
anti-mouse Alexa-594 (1:1000, RRID: AB_141633, Invit-
rogen, USA).

Calcium imaging in vivo
Stereotactic injection of AAV-GCaMP6s and fibre 
implantation in LPBN were conducted. After 2 weeks of 
recovery, mice were habituated for 3 consecutive days 
with the optical fibre connected. Before each record-
ing, mice with the optical fibre connected were allowed 
to adapt for 30 min. Recording during behaviour experi-
ments was conducted using a monochromatic single 
channel optical fibre recording system (Thinker Tech, 
China), and the behaviour of mice was collected using 
an infrared camera. Calcium signal acquisition and video 
recordings were manually synchronized.

For recording during the formalin test, 5-min baseline 
calcium signals were collected as controls before forma-
lin injection into the contralateral hind paw, followed by 
calcium imaging and behavioural recording for 60 min. 

For recording under CFA-induced pain, 10-min baseline 
calcium signals were collected as controls before 30-min 
calcium imaging, and behavioural recordings were col-
lected as event-related periods on the day before injec-
tion (-1 d), the day of injection (0 d), and Day 2 after 
injection (2 d).

ΔF/F refers to the relative change in the fluorescent 
signal, which was calculated as follows: ΔF/F =  (FT−F0)/
(F0−Foffset), with  FT representing the mean value of the 
fluorescent signal during the event-related period;  F0 
representing the mean value of the fluorescent signal 
during baseline; and  Foffset representing the background 
fluorescent signal. The results were analysed using MAT-
LAB 2017a and are presented as a peri-event plot and 
heatmap.

For recording during the formalin test, the timepoint of 
the formalin injection was set as the event starting point 
(zero point), and the calcium signal data from -300 s to 
3600 s were selected and analysed in MATLAB. In addi-
tion, the mean ΔF/F in phase 1, interphase and phase 2 
were calculated. For recording under CFA-induced pain, 
10 min after recording was set as the zero point, and the 
calcium signal data from – 600 s to 1800 s were selected 
and analysed in MATLAB. The area under the curve dur-
ing 0–1800 s was calculated using the trapz function.

Data analysis
Statistical analyses were performed using Graph-
Pad Prism 8 software. All data are presented as the 
mean ± standard error of the mean (mean ± SEM). To 
test statistical significance, unpaired t test, paired t test, 
one-way analysis of variance (ANOVA) followed by the 
Tukey multiple comparison test, and two-way ANOVA 
with repeated measures followed multiple comparisons 
with the Sidak correction were performed when appro-
priate. A P value less than 0.05 referred to significant 
differences, which are presented in all figure legends as 
follows: *p < 0.05; **p < 0.01; ***p < 0.001. All statistical 
analyses are presented in Additional file 2: Table S1.

Results
Formalin‑induced acute inflammatory pain impairs 3CSRTT 
performance
We investigated the effect of acute inflammatory pain on 
attention. A 3CSRTT was used to assess sustained atten-
tion in mice. In the task, animals were required to orient 
to an array of stimulus-presentation holes and to direct 
their attention to the location of a brief visual stimulus 
(cue) presented pseudorandomly in one of three pres-
entation holes (Additional file  1: Fig. S1A, B) [29]. The 
mice were trained using a four-step training schedule 
defined by specific criteria to learn the task (Additional 
file  1: Fig. S1C–F). Intraplantar formalin injection was 
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used to induce acute inflammatory pain. Two-percent 
formalin paw injection induced two distinct phases of 
pain response characterized by spontaneous paw-licking 
behavior. The early phase occurred within 5 min (phase 
1) following formalin injection, and a late phase (phase 
2) lasted from 15 to 45 min (Fig.  1A, B). 3CSRTT was 
performed immediately after saline or formalin injec-
tion for 60 min (Fig. 1C). Intraplantar formalin injection 
decreased the correct rate and increased the omission 
rate during phases 1 and 2, while there were no signifi-
cant differences in interphase and 45–60 min after phase 
2 (Fig. 1D, E, H and I). Formalin injection did not affect 
the rate of incorrect and premature responses (Fig. 1F–
K). Formalin injection increased the correct response 
latency but did not affect reward latency (Fig.  1L, M). 
These results suggest that formalin-induced acute inflam-
matory pain disrupts sustained-attention performance 
in the 3CSRTT, since if increases in omissions are not 
accompanied by changes in reward latency, the increased 
omissions may well be due to gross impairments in atten-
tion [32].

To investigate whether inflammatory pain induced 
by formalin injection led to a long-term impairment of 
3CSRTT performance, we tested the 3CSRTT perfor-
mance one day after saline or formalin injection. No sig-
nificant change was observed between the saline-injected 
and formalin-injected mice (Additional file  1: Fig. S2). 
These findings suggest that formalin-induced acute 
inflammatory pain impaired performance on sustained-
attention tasks only in phases 1 and 2.

According to clinical studies, intraplantar injec-
tion induces transient pain that interrupts attention 
within 1500  ms [33]. To investigate whether the tran-
sient pain caused by intraplantar injection had effects 
on the 3CSRTT, we compared the 3CSRTT performance 
between naive mice and saline-injected mice. No sig-
nificant change was found between the saline and naive 
groups in the 3CSRTT (Additional file 1: Fig. S3).

If memory and appetite are affected by pain, their 
alteration can interfere with attentional performance. 
To exclude the effect of memory on attentional perfor-
mance, we investigated the effect of intraplantar forma-
lin injection on spatial working memory and short-term 

spatial memory using a Y-maze in phases 1 and 2. For-
malin-injected mice showed no significant deficit in 
spatial working memory or short-term spatial memory 
in the Y-maze tests measured by spontaneous altera-
tion (Additional file 1: Fig. S4A–C) or times in the new 
arm (Additional file 1: Fig. S4D–F). To exclude the effect 
of food desire, we measured food intake over 1  h after 
saline or formalin injection. No significant difference 
was observed between the saline-injected and formalin-
injected mice (Additional file 1: Figs. S5A–C).

CFA‑induced acute inflammatory pain but not chronic 
inflammatory pain impairs 3CSRTT performance
The CFA-induced inflammatory pain model is com-
monly used because the resulting hyperalgesia can last 
for a relatively long time (14 to 21 days) (Fig. 2A, B). To 
investigate the effect of CFA-induced acute and chronic 
inflammatory pain on sustained attention, we measured 
changes in 3CSRTT performance in CFA-injected mice 
(Fig.  2C). CFA-injected mice showed a decreased rate 
of correct responses and an increased rate of omissions 
immediately after CFA injection (CFA 0 d) compared 
with saline-injected mice (Fig. 2D, E and H), while there 
were no significant differences in the rate of incorrect or 
premature responses, the correct response latency, or the 
reward latency (Fig.  2F–I). However, there were no sig-
nificant differences in 3CSRTT performance between 
the CFA-injected and saline-injected groups from 1 to 22 
days after injection (Fig.  2). These findings suggest that 
CFA-induced acute inflammatory pain impairs 3CSRTT 
performance, while CFA-induced chronic inflammatory 
pain has no effect.

To exclude the effect of memory on attentional per-
formance, we investigated the effect of intraplantar CFA 
injection on spatial working memory and short-term spa-
tial memory using a Y-maze. CFA-injected mice showed 
no significant deficit in spatial working memory or short-
term spatial memory function in the Y-maze tests meas-
ured by spontaneous alternation or times in the new arm 
(Additional file  1: Fig. S4G, H). Taken together, these 
findings suggest that acute inflammatory pain but not 
chronic inflammatory pain impairs performance on the 
sustained-attention task.

(See figure on next page.)
Fig. 1 Formalin‑induced acute inflammatory pain impairs 3CSRTT performance. A Schematic of the formalin test. Paw injection of 2% formalin 
was administered at 0 min; the time spent licking the paw was measured for 60 min. B The time spent licking the paw following saline (n = 5 
mice) or formalin (n = 7 mice) injection displayed in 5‑min time bins. C Experimental design. 3CSRTT was performed immediately after formalin 
injection for 60 min. D–G Effects of saline or formalin injection on correct (D), omission (E), incorrect (F), and premature (G) responses in the 3CSRTT 
over the 60‑min testing period. Data points are displayed in 5‑min time bins. H–K Effects of saline or formalin injection on correct (H), omission (I), 
incorrect (J), and premature (K) responses in the 3CSRTT in phases 1 and 2. L, M Effects of saline or formalin injection on correct response latency 
(L) and reward latency (M) in the 3CSRTT (n = 7 mice per group). Data are mean ± SEM. *p < .05, **p < .01, ***p < .001. Two‑way ANOVA followed 
by the Sidak’s multiple comparisons test in B, D–G. Two‑tailed unpaired t test in H–M 
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Fig. 1 (See legend on previous page.)
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Fig. 2 The effect of CFA‑induced inflammatory pain on 3CSRTT performance. A Schematic of CFA paw injection. B Withdrawal latency 
of the ipsilateral hind paws after saline or CFA injection (n = 8 mice per group). C Experimental design. The 3‑CSRTT training (50 trials per day) 
was performed from Day ‑28 to Day ‑2 and the 3‑CSRTT testing was performed from Day ‑1 (baseline) to Day 22. CFA was injected on Day 0. D–I 
Effects of saline or CFA injection on correct rate (D), omission rate (E), incorrect rate (F), premature rate (G), correct response latency (H) and reward 
latency (I) in the 3CSRTT. Data are mean ± SEM. *p < 0.05, ***p < 0.001. Two‑way ANOVA followed by the Sidak’ s multiple comparisons test
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Blockage of ascending pain pathways attenuates 
formalin‑induced impairment of 3CSRTT performance
Clinical studies suggest an overlap between neuro-ana-
tomical cerebral circuits of pain and attention [15], and 
acute pain may disrupt attention by activating these cir-
cuits when activating ascending pain pathways. To deter-
mine whether activation of the ascending pain pathway 
is necessary for the interruptive effect of acute inflam-
matory pain on attention, we used the lidocaine-induced 
sciatic nerve blockade model to block the ascending pain 
pathway [30]. We injected 50  μL of lidocaine into the 
popliteal space to inhibit voltage-gated  Na+ channels in 
the sciatic nerve (Fig. 3A). The effect of lidocaine injec-
tion-induced sciatic nerve motor block, which prevented 
mice from using the injected hind limb to hang on to an 
inverted mesh, lasted for approximately 10  min; 5, 10, 
and 15 mg/ml lidocaine showed no significant differences 
in the offset of the sciatic nerve motor block (Fig. 3B). In 
the formalin test, injection of 5 mg/ml lidocaine into the 
popliteal space attenuated paw-licking behavior in phase 
1 but did not affect phase 2 because of the limited reten-
tion time (Fig. 3C, D). This finding suggests that lidocaine 
injection blocked the sensory conduction of the sciatic 
nerve.

To investigate whether sciatic nerve blockade attenu-
ated formalin-induced impairment of 3CSRTT perfor-
mance, we first assessed the effect of 5 mg/ml lidocaine 
injection on 3CSRTT under physiological conditions; 
there was no significant change in 3CSRTT perfor-
mance in lidocaine-injected mice (Additional file 1: Fig. 
S6). Then, we assessed the effect of 5 mg/ml lidocaine 
injection on 3CSRTT in formalin-induced acute inflam-
matory pain (Fig. 3E). Lidocaine-injected mice showed 
an increased correct rate and decreased omission rate 
in phase 1, while there were no significant differences 
in phase 2 (Fig. 3F, G, J and K). No significant correct 

response or reward latency change was observed in 
lidocaine-injected mice. (Fig.  3H, I). However, lido-
caine-injected mice showed slightly increased incorrect 
and premature rates (Additional file  1: Fig. S7). These 
findings suggest that the activation of ascending pain 
pathways is necessary for formalin-induced impairment 
of sustained-attention performance.

Formalin‑induced acute inflammatory pain activates 
CaMKIIα neurons in the LPBN
The LPBN is a crucial component of the ascending 
pain pathways and may participate in the interruptive 
effect of pain on attention. In the LPBN,  Ca2+/calmod-
ulin-dependent protein kinase IIα (CaMKIIα) neurons 
can represent most of the excitatory neurons [20]. We 
determined whether CaMKIIα neurons in the LPBN 
were activated by formalin-induced acute inflammatory 
pain. Immunostaining of c-Fos at 1.5  h after formalin 
injection revealed a dramatic increase in the density 
of c-Fos-positive cells co-expressing CaMKIIα in the 
LPBN (Fig.  4A, B). Approximately 43% of CaMKIIα 
neurons were activated (co-localized with c-Fos) in for-
malin-injected mice compared to 13% in saline-injected 
mice (Fig.  4C). After formalin injection, we measured 
the activities of CaMKIIα neurons in the LPBN using 
in  vivo calcium imaging. We injected the AAV2/9-
CaMKIIα-GCaMP6s virus or AAV2/9-CaMKIIα-EGFP 
virus as a control into the LPBN of naive mice (Fig. 4C–
E), and fluorescence signals were measured three weeks 
after injection. Significant  Ca2+ elevations in CaMKIIα 
neurons were detected in phases 1 and 2 following for-
malin injection (Fig. 4F–H). These results suggest that 
CaMKIIα neurons in the LPBN are involved in acute 
inflammatory pain and that the activity of CaMKIIα 
neurons in the LPBN increases after formalin injection.

(See figure on next page.)
Fig. 3 Lidocaine‑induced sensory blockade attenuates the impairment of 3CSRTT performance induced by acute inflammatory pain. A 
Schematic of lidocaine injection into the popliteal space and representative images of the sciatic nerve region after injection of 50 μL fast green. B 
Concentration‑dependent time‑to‑event survival curves for offsetting mouse sciatic nerve motor block due to lidocaine injection. The offset time 
was defined as when the animal regained its ability to use the treated hind limb to hang on to the inverted mesh. (n = 10 per group). C Experimental 
design. Mice were pretreated with either saline or lidocaine in the popliteal space and then injected with 2% formalin. The time spent licking 
the injected paw was measured for 60 min after formalin injection (n = 5 mice per group). D Time spent licking the paw following saline/formalin 
or lidocaine/formalin injection displayed in 5‑min time bins. E–K The effect of lidocaine‑induced sciatic nerve blockade on formalin‑induced 
impairment of 3CSRTT performance. E Experimental design. Mice were pretreated with either saline or lidocaine into the popliteal space and then 
injected with 2% formalin (saline/formalin group or lidocaine/formalin group), and a 60‑min 3CSRTT was performed following formalin injection. 
F, G Correct (F) and omission (G) in the 3CSRTT of each group over the 60‑min testing period. Data points are displayed in 5‑min time bins. H, I 
Correct response latency (H) and reward latency (I) in the 3CSRTT of each group over the 60‑min testing period. J, K Correct (J) and omission (K) 
in the 3CSRTT of each group in phases 1 and 2 (n = 7 mice per group). Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Survival fractions were 
calculated using the product limit (Kaplan–Meier) method; the survival curves were compared with the log‑rank test (C). Two‑way ANOVA followed 
by the Sidak’s multiple comparisons test in D, F and G and two‑tailed unpaired t test in H–K 
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Chemogenetic inhibition of CaMKIIα neurons in the LPBN 
attenuates the impairment of 3CSRTT performance 
induced by acute inflammatory pain
To illustrate the correlation between hyperexcitation 
of CaMKIIα neurons in the LPBN and the interrup-
tive effect of pain on attention, we measured the effect 
of chemogenetic inhibition of CaMKIIα neurons in the 

LPBN on 3CSRTT performance following formalin injec-
tion. We induced repetitive pharmacogenetic inhibition 
of CaMKIIα neurons in the LPBN by intraperitoneal 
injection of CNO (2.5  mg/kg) 30  min before behavior 
tests in naive mice with the bilateral injection of AAV-
CaMKIIα-hM4Di-mCherry (CaMKIIαhM4Di) or AAV-
CaMKIIα-mCherry (CaMKIIαmCherry) into the LPBN. 

Fig. 3 (See legend on previous page.)
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CaMKIIαhM4Di mice showed significantly increased cor-
rect and decreased omission rates in Phase 2 (Fig. 5E, F, 
I and J). There were no significant differences in correct 
response latency, reward latency, incorrect response rate 
or premature response rate between CaMKIIαmCherry 
mice and  CaMKIIahM4Di mice (Fig.  5G, H; Additional 
file  1: Fig. S8). We demonstrated that chemogenetic 
inhibition of CaMKIIα neurons in the LPBN did not 
affect 3CSRTT performance in the physiological state 
(Additional file  1: Fig. S9). These findings suggest that 
inhibition of CaMKIIα neurons in the LPBN attenuates 
formalin-induced impairment of sustained-attention 
performance.

Chemogenetic activation of CaMKIIα neurons in the LPBN 
mimics the acute inflammatory pain‑induced impairment 
of 3CSRTT performance
To further illustrate the effect of activation of CaMKIIα 
neurons in the LPBN on 3CSRTT performance, we 
injected AAV-CaMKIIα-hM3Dq-mCherry virus 
bilaterally into the LPBN of naive mice to selectively 
activate LPBN CaMKIIα neurons (CaMKIIαhM3Dq) or AAV-
CaMKIIα-mCherry as the control (CaMKIIαmCherry) 
(Fig.  5K, L). The 3CSRTT was performed 30 min after 
intraperitoneal injection of saline or CNO (Fig.  5M). 
We found that CaMKIIαhM3Dq mice showed significantly 
increased omission rates and decreased correct rates. 
Six of seven of CaMKIIαhM3Dq mice lost their ability to 
complete even a single trial of the 3CSRTT (Fig. 5N–Q). 
These findings suggest that activation of CaMKIIα neu-
rons in the LPBN successfully mimics acute pain-induced 
impairment of 3CSRTT performance.

CaMKIIα neurons in the LPBN mediate pain responses 
and pain‑related aversion
Formalin induced acute inflammatory pain leads to 
paw-licking behavior and pain-related aversion [24, 34]. 
To investigate whether CaMKIIα neurons in the LPBN 
modulated the 3CSRTT by influencing pain-related 
behaviors, we modulated CaMKIIα neurons in the 

LPBN by chemogenetics and assessed these behaviors. 
CaMKIIαhM4Di mice showed significantly decreased paw-
licking times during phase 2 following formalin injection 
(Fig. 6A). This alteration is consistent with the changes in 
3CSRTT performance.

We then assessed whether CaMKIIα neurons in the 
LPBN modulated formalin-induced aversive memory 
using the conventional conditioned place aversion (CPA) 
behavioral paradigm. In the CPA test, CaMKIIαmCherry 
mice showed CPA to a noxious stimulus while 
CaMKIIαhM4Di mice attenuated learning this negative 
association (Fig.  6B–D). In the CNO-induced CPA test, 
CaMKIIαhM3Dq mice showed CPA for the CNO-paired 
chamber while CaMKIIαmCherry mice were unaffected 
by CNO administration (Fig.  6E–G). To investigate the 
effect of aversion on sustained-attention performance, 
an intraperitoneal injection of lithium chloride (LiCl, 
0.15  mol/L, 2% body weight) was used to induce non-
noxious aversion before 3CSRTT [35]. LiCl-injected mice 
showed a decreased rate of correct and an increased rate 
of omission in 3CSRTT and increased c-Fos expression 
in the LPBN (Additional file  1: Fig. S10). These results 
show that CaMKIIα neurons in the LPBN mediated 
pain-related aversion, and aversion itself can disrupt 
sustained-attention performance, suggesting that chemo-
genetic inhibition of CaMKIIα neurons in the LPBN may 
improve 3CSRTT performance under acute inflamma-
tory pain by attenuating pain-related aversion.

Insufficient activation of CaMKIIα neurons in the LPBN 
is correlated with the recovery of 3CSRTT performance 
during chronic inflammatory pain
The impairment of 3CSRTT performance was accom-
panied by increasing activity of CaMKIIα neurons in 
the LPBN in formalin-induced phases 1 and 2; however, 
both returned to normal during the interphase (Figs. 1D, 
E, 4F–H). Thus, we speculated that the different excit-
ability of CaMKIIα neurons in the LPBN under acute 
or chronic inflammatory pain might correlate with the 
performance in the 3CSRTT. To test this hypothesis, we 

Fig. 4 The activity of CaMKIIα neurons in the LPBN is increased after formalin injection. A‑C Immunofluorescence staining of c‑Fos and CaMKIIα 
in the LPBN after formalin injection. A Representative image of co‑labeling of CaMKIIα‑positive neurons (red) and c‑Fos immunoreactivity (green) 
in the LPBN 1.5 h after saline or formalin injection. B Density of c‑Fos‑positive cells in the LPBN. C Proportions of CaMKIIα‑positive cells co‑expressing 
c‑Fos in the LPBN (n = 6 sections from three mice per group). D–H In vivo calcium imaging of CaMKIIα neurons in the LPBN after formalin 
injection. D Schematic of unilateral LPBN stereotaxic injection of AAV‑CaMKIIα‑EGFP or AAV‑CaMKIIα‑GCaMP6s in naive mice and representative 
image of expression of the GCaMP6s in the CaMKIIα neurons of LPBN. The arrow indicates the implant location. Scale bar, 100 μm. E Schematic 
of the recording system for the  Ca2+ signal in the CaMKIIα neurons of LPBN with fiber photometry in naive mice. F Average fluorescence signals 
(ΔF/F) of GCaMP6s (red) and EGFP (grey) recorded from CaMKIIα neurons in the LPBN after formalin injection; baseline was a 5 min period 
before formalin injection. G Mean ΔF/F of GCaMP6s and EGFP fluorescence signals from CaMKIIα neurons in the LPBN in phase 1 (0–5 min), 
interphase (5–15 min) and phase 2 (15–45 min). H Heatmap of ΔF/F for all individual mice with GCaMP6s (n = 5). Data are mean ± SEM. *p < 0.05. 
Two‑tailed unpaired t test in B, C, and two‑way ANOVA followed by the Tukey’s multiple comparisons test in E 

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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first investigate the difference in excitability of CaMKIIα 
neurons in the LPBN on the day of CFA injection (CFA 0 
d) and on Day 2 after CFA injection (CFA 2 d) by meas-
uring the calcium signals of CaMKIIα neurons in the 
LPBN (Fig. 7A). The  Ca2+ responses at CFA 0 d were sig-
nificantly higher than at the baseline (1 day before CFA 
injection), and returned to the baseline level at CFA 2 d, 
indicating significant increase activities of CaMKIIα neu-
rons in the LPBN only on CFA 0 d (Fig. 7B–E). We then 
measured c-Fos expression in the LPBN following saline 
or CFA injection on the day of injection (0 d) and Day 2 
after injection; c-Fos expression was more significant in 
CFA-injected mice on 0 d than in saline-injected mice, 
while c-Fos expression at CFA 2 d was significantly less 
than that at CFA 0 d but still higher than that at saline 2 
d (Fig. 7F, G). The activation of CaMKIIα neurons in the 
LPBN is associated with formalin-induced paw-licking 
behavior (Fig. 6A). Therefore, we measured the duration 
of paw-licking behavior following saline or CFA injec-
tion on the day of injection and Day 2 after injection. The 
licking duration in the CFA-injected mice was much sig-
nificant on 0 d than with saline-injected mice but almost 
disappeared on Day 2 after injection (Fig.  7H, I). These 
findings suggest that the excitability of CaMKIIα neurons 
in the LPBN at CFA 2 d was lower than at CFA 0 d.

To verify the correlation between the increased activ-
ity of CaMKIIα neurons in the LPBN and impairment of 
3CSRTT performance, the 3CSRTT was initiated 30 min 
after i.p. injection of either 0.1, 0.3, or 0.5 mg/kg CNO in 
CaMKIIαhM3Dq mice. With increasing CNO concentra-
tions, the correct rate of 3CSRTT decreased significantly, 
accompanied by an increasing omission rate, while there 
were no significant differences in incorrect or premature 
rates (Fig.  8A–D). Together, these findings suggest that 
the reduced activation of CaMKIIα neurons in the LPBN 
is correlated with the recovery of 3CSRTT performance 
in the chronic phase of inflammatory pain.

Discussion
We showed that acute inflammatory pain impairs sus-
tained-attention performance measured by the 3CSRTT, 
while chronic inflammatory pain has no significant effect. 
The hyperexcitation of CaMKIIα neurons in the LPBN 
contributes to the acute inflammatory pain-induced 
impairment of sustained attention performance in 
3CSRTT. Insufficient activation of CaMKIIα neurons in 
the LPBN under chronic inflammatory pain mediates the 
recovery of performance on the sustained-attention task 
(Fig. 9).

Clinical studies show that sustained attention is vulner-
able to acute pain [16]. Sustained-attention impairment 
has also been observed in patients with chronic pain [36]. 
However, recent studies have demonstrated that chronic 
pain is more likely to preserve performance on sustained 
tasks while impairing dual-task performance by orient-
ing subjects to one task or the other without being able to 
maintain both [3]. These findings suggest that the effect 
of acute pain on attention differs from that of chronic 
pain. Our results confirm that acute nociceptive input 
leads to impaired performance on a sustained-attention 
task, but a chronic inflammatory pain state does not, 
providing behavioral evidence for the conclusions of the 
clinical studies.

Human studies suggest an overlap between the neuro-
anatomical cerebral circuits of pain and attention. Our 
results show that acute inflammatory pain impairs 
3CSRTT performance in phases 1 and 2 but does not 
affect performance in the interphase. The interphase of 
the formalin test is caused by the hyperpolarization of 
peripheral nociceptor TRPA1, suggesting that nocicep-
tive input is paused during this period [37]. Therefore, 
our results suggest that the changes in 3CSRTT behavior 
are highly dependent on ascending pain pathways. Fur-
thermore, our findings show that blocking the ascending 
sensory signal of the sciatic nerve can attenuate the effect 

(See figure on next page.)
Fig. 5 CaMKIIα neurons in the LPBN mediate the disruption of acute inflammatory pain on 3CSRTT performance. A–J The effect of chemogenetic 
inhibition of CaMKIIα neurons in the LPBN on acute inflammatory pain‑induced 3CSRTT performance impairment. A Schematic of bilateral 
LPBN stereotaxic injection of AAV‑CaMKIIα‑mCherry or AAV‑CaMKIIα‑hM4Di‑mCherry in naive mice. B Representative image of the restricted 
expression of AAV‑CaMKIIα‑hM4Di‑mCherry in the bilateral LPBN. Scale bar, 800 μm. C Higher magnifications of the specified region in (B). Scale 
bar, 200 μm. D Experimental design. Mice were i.p. injected with CNO (2.5 mg/kg) 30 min before formalin intraplantar injection, and 3CSRTT 
was performed immediately after formalin injection for 60 min. E, F Correct (E) and omission (F) over the 60‑min testing period in CaMKIIαmCherry 
and CaMKIIαhM4Di mice. Data points are displayed in 5‑min time bins. G, H Correct response latency (G) and reward latency (H) in CaMKIIαmCherry 
and CaMKIIαhM4Di mice. I, J Correct (I) and omission (J) in phases 1 and 2 in CaMKIIαmCherry and CaMKIIαhM4Di mice (n = 7 mice per group). K–Q 
The effect of chemogenetic activation of CaMKIIα neurons in the LPBN on 3CSRTT performance. K Schematic of bilateral LPBN stereotaxic 
injection of AAV‑CaMKIIα‑mCherry or AAV‑CaMKIIα‑hM3Dq‑mCherry in naive mice. L Representative image of the restricted expression 
of AAV‑CaMKIIα‑hM3Dq‑mCherry in LPBN and CNO‑evoked c‑Fos expression in virally labelled neurons. M Experimental design. 3CSRTT (50 
trials) was performed 30 min after saline i.p. injection on the first day. The next day, 3CSRTT was performed 30 min after CNO i.p. injection. N–Q 
Correct (N), omission (O), incorrect (P), and premature (Q) in the 3CSRTT in CaMKIIαmCherry and CaMKIIαhM3Dq mice (n = 7 mice per group). Data 
are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Two‑way ANOVA followed by the Sidak’s multiple comparisons test in E, F and N–Q. Two‑tailed 
unpaired t test in G–J 
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Fig. 5 (See legend on previous page.)
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of acute inflammatory pain on 3CSRTT, confirming the 
critical role of ascending pain pathways in the interrup-
tive effect of pain on attention. However, the limited 
retention time of lidocaine is insufficiently long to cover 
phases 1 and 2, which is a limitation of this experiment. 
Our findings suggest that the neuro-anatomical cerebral 
circuits of pain and attention overlap in ascending pain 
pathways.

The LPBN is a crucial component of the ascending 
pain pathway. The LPBN sends projections to several 
brain regions, and some of these regions are directly or 
indirectly involved in attention regulation, such as the 
amygdala, the ventral tegmental area and the mediodor-
sal thalamus [21, 24, 28, 38–40]. Therefore, pain-induced 
hyperexcitation of excitatory neurons in the LPBN may 
directly impair performance on attentional tasks. Our 
findings suggest that the increased activity of CaMKIIα 
neurons in the LPBN impairs 3CSRTT performance 
through an increase in omissions, and inhibition of this 
neuronal cluster attenuates the impairment of 3CSRTT 
performance, demonstrating that the increased activ-
ity of CaMKIIα neurons in the LPBN induced by acute 
inflammatory pain is sufficient for disrupting the perfor-
mance of attentional tasks. We also found that inhibition 
of CaMKIIα neurons in the LPBN significantly attenu-
ated the impairment of 3CSRTT performance in phase 
2 but not phase 1, suggesting that other neural circuits 
mediate the conduction of pain in phase 1, and providing 
evidence that acute pain may consume more attentional 
resources.

Previous studies demonstrated that the activity of excit-
atory neurons in the LPBN correlates with the intensity 
of noxious stimuli [41]. Our results demonstrate that the 
excitability of CaMKIIα neurons in the LPBN was lower 
in interphase and 45–60 min than in phases 1 and 2 fol-
lowing formalin injection, consistent with the changes 
in 3CSRTT performance in those periods. Therefore, we 
suppose that the intensity of spontaneous noxious stimuli 
input from the injured area is less under chronic inflam-
matory pain than with acute inflammatory pain; there-
fore, the LPBN will not be sufficiently activated to attract 

excessive attentional resources. A previous study has 
shown that pinch-induced  Ca2+ responses in LPBN excit-
atory neurons are elevated in chronic pain states com-
pared to the normal state [20]. However, pinch-induced 
acute nociceptive input cannot reflect inflammation-
evoked spontaneous nociceptive input. Our findings sug-
gest that the activation of CaMKIIα neurons in the LPBN 
was significantly lower on Day 2 after CFA injection than 
immediately after CFA injection, and the insufficient 
activation of CaMKIIα neurons in the LPBN correlated 
with the recovery of 3CSRTT performance. These find-
ings support our hypotheses, suggesting that the spon-
taneous excitability of excitatory neurons in the LPBN is 
lower under chronic inflammatory pain than under acute 
inflammatory pain. Further studies are needed to eluci-
date the mechanisms of the difference in the excitability 
of excitatory neurons in the LPBN between acute and 
chronic pain states in the CFA model.

Clinical studies have shown that non-painful aversive 
stimuli, such as aversive white noise or money loss, can 
also produce similar attentional bias effects as painful 
stimuli [42]. In agreement, we have demonstrated the 
interruptive effect of non-painful aversive stimuli on 
attentional performance by LiCl injection. This finding 
suggests that acute inflammatory pain-induced aversion 
may participate in the disruption of sustained-attention 
performance. It should be noted that our findings dem-
onstrate that the effects of chemogenetic regulation of 
CaMKIIα neurons in the LPBN on 3CSRTT performance 
are correlated with changes in pain-related aversion. 
Therefore, the effects of CaMKIIα neurons in the LPBN 
on attention may be exerted through downstream brain 
regions involved in the regulation of aversion.

Conclusions
In summary, our findings indicate that the mechanisms 
by which acute inflammatory pain disrupts sustained 
attention are in part mediated by activation of ascending 
pain pathways and excitatory neurons in the LPBN, and 
insufficient activation of CaMKIIα neurons in the LPBN 
is correlated with the absence of significant impairment 

Fig. 6 CaMKIIα neurons in the LPBN modulate pain responses and aversion. A Duration of licking in CaMKIIαmCherry and CaMKIIαhM4Di mice 
following formalin intraplantar injection. B–D The effect of chemogenetic inhibition of CaMKIIα neurons in the LPBN on CPA induced by intraplantar 
formalin injection. B Experimental design for CPA. CNO (i.p., 2.5 mg/kg) was given 30 min prior to 2% intraplantar formalin on Days 2 and 3, 
which was paired with one side of a two‑chambered box differentiated by visual cues. C, D Examples of tracking maps and quantification of time 
spent in the stimulated side in the CPA before (Pre) (C) and after (Post) (D) injection of CNO into CaMKIIαmCherry mice and CaMKIIαhM4Di mice. E, G 
Chemogenetic activation of CaMKIIα neurons in the LPBN induced CPA. E Experimental design for CPA. CNO (i.p., 2.5 mg/kg) was given 30 min prior 
to training on Days 2 and 3, which was paired with one side of a two‑chambered box differentiated by visual cues. F, G Examples of tracking maps 
and quantification of time spent in the stimulated side in the CPA before (Pre) (F) and after (Post) (G) injection of CNO into CaMKIIαmCherry mice 
and CaMKIIαhM3Dq mice. Data are mean ± SEM. *p < .05. Two‑way ANOVA followed by the Sidak’s multiple comparisons test in A. Two‑tailed unpaired 
t test in C, D, F and G 

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Fig. 7 Insufficient activation of CaMKIIα neurons in the LPBN on Day 2 after CFA injection. A–E In vivo calcium imaging of CaMKIIα neurons 
in the LPBN at different time points. A Experimental design. AAV‑CaMKIIα‑GCaMP6s was injected into the LPBN 21 days before in vivo calcium 
imaging, and 40‑min in vivo calcium imaging was performed 1 day before CFA injection (baseline), the day of CFA injection (CFA 0 d) and Day 2 
after CFA injection (CFA 2 d) in awake mice. The recording was continued for 40 min at the same time each day and the recording began 10 min 
before the start of CFA injection on CFA 0 d. B Quantification of GCaMP6s signals at baseline, CFA 0 d and CFA 2 d in awake mice via AUC of ΔF/F 
during 0–30 min. C–E Average GCaMP6s signal and heatmap of ΔF/F (%) for all individual mice at baseline, CFA 0 d and CFA 2 d (n = 4 mice). F, G 
Graphs depicting quantification of c‑Fos+ neurons in the LPBN and representative images following saline or CFA injection on the day of injection 
(0 d) and 2 d post injection (n = 9 sections from three mice per group). H Time spent licking the paw following saline or CFA injection on the day 
of injection (0 d) and 2 d post injection. The recording was continued for 30 min at the same time each day and was immediately performed 
following CFA injection on CFA 0 d. I Time spent licking paw following CFA injection CFA 0 d and CFA 2 d displayed in 5‑min time bins. Data are 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One‑way ANOVA followed by the Tukey’s multiple comparisons test in B. Two‑way ANOVA followed 
by the Sidak’s multiple comparisons test in G‑I 
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Fig. 8 Activity of CaMKIIα neurons in the LPBN is correlated with the impairment of 3CSRTT performance. A–D Correct (A), omission (B), incorrect 
(C), and premature (D) in the 3CSRTT started 30 min after i.p. injection of either saline, 0.1, 0.3 or 0.5 mg/kg CNO (n = 5 mice per group). Data are 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One‑way ANOVA followed by the Tukey’s multiple comparisons test in A–D 

Fig. 9 Schematic representation of the working model. Acute inflammatory pain impairs sustained attention performance as measured 
by the 3CSRTT, while chronic inflammatory pain has no significant effect. The hyperexcitation of CaMKIIα neurons in the LPBN contributes 
to the acute inflammatory pain‑induced impairment of sustained attention performance in 3CSRTT. Insufficient activation of CaMKIIα neurons 
in the LPBN is correlated with the recovery of performance on the sustained‑attention task during chronic inflammatory pain
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in 3CSRTT performance during chronic inflammatory 
pain. This finding has implications for the treatment of 
pain and its cognitive comorbidities.
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