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Abstract

We tested the hypothesis that the cognitive impairment associated with inflammatory pain may
result from dysregulation of the top-down control of locus ceruleus’s (LC) activity by the medial
prefrontal cortex (mPFC). Injection of complete Freund’s adjuvant (CFA) served as a model for
inflammatory pain. The CFA injection decreased the thermal thresholds in both sexes but only the
male mice showed increased anxiety-like behavior and diminished cognition, while the females
were not affected. Increased calcium fluorescence, a marker for neuronal activity, was detected by
photometry in the mPFC of males but not in females with CFA. Next, while chemogenetic
inhibition of the projections from the mPFC to the LC improved the object recognition memory of
males with pain, the inhibition of the mPFC to LC pathway in female mice produced anxiolysis
and spatial memory deficits. The behavior results prompted us to compare the reciprocal
innervation of mPFC and LC between the sexes. We used an anterograde transsynaptic tagging
technique, which relies on postsynaptic cre transfer, to assess the innervation of LC by mPFC
efferents. The males showed a higher rate of post-synaptic cre transfer into LC neurons from
mPFC efferents than the females. And vice versa, a retrograde tracing experiment demonstrated
that LC to mPFC projection neurons were more numerous in females when compared to males. In
conclusion, we provide evidence that subtle differences in the reciprocal neuronal circuit between
LC and mPFC may contribute to sex differences associated with the adverse cognitive effects of
inflammatory pain.
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Introduction

Pain is a multidimensional experience characterized by sensory, affective and cognitive
components. The different pain modalities are conveyed and regulated through different but
interacting CNS circuits and pain induced changes in the activity of these circuits may lead
to pain-associated anxiety, depression and cognitive impairment (1). The central role of the
mPFC for development of mental comorbidity associated with pain is well known (2). Pain
drives the reorganization of local connectivity, alters the neuronal activity and affects the
mPFC top-down regulation of lower brain centers, including loss of control over the
descending pain inhibitory system (2-4). The descending modulation of pain relies on
serotonin and norepinephrine (NE) for suppression of ongoing pain at spinal level and
maladaptive changes in the system bring about pain chronification and pain-associated
comorbidities (3-5).

In addition to pain inhibition, the NE modulatory functions include an array of specific
adaptive behaviors, such as arousal, attention, mood, learning and memory (6-8). NE also
modulates a range of autonomic functions namely heart rate, blood pressure and stress
response (9-11). The main source for NE in the CNS is LC, which supplies NE not only to
forebrain structures but also sends projections to the dorsal horn of the spinal cord for
control of the nociceptive sensory input into CNS (12). The present view of LC organization
is that the nucleus consists of discrete functional units that respond to a diverse range of
stimuli and send out their efferents in region-specific arraignment (13-16). Different pain
models in animals showed that while increased nociceptive input to the nucleus activates
LC, protracted chronic pain tends to deactivate the nucleus in male rodents (17-20).
Interestingly, detailed analysis of the LC anatomy and functions found an array of sexually
dimorphic features such as cell number, dendritic length and complexity, and cell response
to stimulation (21). The LC receives ample innervation from a number of brain structures,
such as hypothalamus, amygdala, dorsal raphe and tegmentum to name a few but the mPFC
is the only cortical region with projections to LC (22).

The mPFC is considered the main hub for cognitive functions including memory processes,
goal-oriented behavior and impulse control (23) but it is also a control center for autonomic
regulation (24, 25) and pain processing (26). The mPFC projections to brain stem structures
including LC are essential for an array of cortical functions. Electrophysiological studies
describe the direct mPFC projections to LC as excitatory (27) or as inhibitory via local
interneuronal input (28). The mPFC to LC pathway is implicated in effort-related arousal,
which finds expression in the pupil dilation during intense memorization (29). Additionally,
the mPFC projections to the ventrolateral periaqueductal gray (VIPAG) are integrative part of
the descending pain modulatory system and inhibition of the mPFC to vIPAG projections by
pain causes decrease of NE and serotonin release in the spinal cord, thus augmenting the
nociceptive input (30). There are noticeable similarities between the effects of different pain
models on the activity of both mPFC and LC. While acute pain tends to activate the mPFC
(31), chronic pain leads to inhibition of the mPFC (30). Similarly, various pain models
demonstrate both, increased or decreased activity in the LC, a discrepancy which very likely
stems from the duration of the painful injury (32). Furthermore, reports show increased
expression of NE fibers in the mPFC and direct impairment of attention by NE release in the
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mPFC after sciatic nerve injury (33, 34). However, the effects of inflammatory pain on the
top-down regulation of LC by mPFC efferents and the subsequent changes in animal
cognition remain unexplored.

Knowing that the inflammatory pain activates mPFC projections and that the mPFC
regulates the activity of sexually dimorphic LC, which in turn, modulates an array of
cognitive functions, we set forward experiments to investigate the effects of inflammatory
pain on the cognitive performance of mice. We compared the behavior consequences of CFA
injection in mice and aligned the behavior results with sex differences in the reciprocal
connections between mPFC and LC.

Materials and Methods

Animals.

Outbred CD-1 mice of both sexes were purchased from Charles River Laboratories and were
group housed at 10/14 hours light/dark daily cycle. The CD1 strain was chosen following the
recommendations made by Mogil at al. that outbred mice are much less predisposed to
abnormal behavior and that use of outbred mice improves reproducibility in pain research
(35). The behavior experiments were conducted during the light cycle and were preceded by
at least an hour of acclimatization to the specialized behavior testing room. All experiments
and stereotaxic surgeries were carried out in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) and
the guidelines of the Animal Care and Use Committee at Rosalind Franklin University of
Medicine and Science.

Stereotaxic Surgeries and Viral Injections.

The surgeries were performed under isoflurane anesthesia following an aseptic technique.
The mice were placed in Stoelting stereotaxic frame after induction with gas anesthesia and
1 mm holes were drilled through the exposed skull. An air-tight Hamilton syringe with a 32-
gauge needle was lowered into the brain with coordinates 1.8 mm, £ 0.4 mm and - 2.2 mm
in respect to bregma for mPFC injections and with coordinates — 5.4 mm, £ 0.8 and — 3.5
mm to bregma for injections into LC. The viral injections were done by an infusion pump
(Micro syringe pump, World Precision Instruments) at rate of 1.5 nl /second. The needle was
withdrawn slowly 5 minutes after the injection. The wounds were closed with clips and
analgesia with flunixin (2mg/kg) and fluids provided for the next three days. For photometry
experiments, AAV5.Syn.GCaMP6f.WPRE.SV40, titer > 7x1012 (Addgene, 100837) in
volume 100 nl was injected into the right mPFC. For chemogenetic experiments, 200 nl of
the Cre activated pAAV5-CaMKII-hM4D(Gi)-mCherry, titer > 3x1012, (Addgene, 50477)
was injected bilaterally into the mPFC, while 100 nl of the retrograde rAAV-CAG-eGFP-
F2A-Cre, titer > 1x1012, (NINDS Viral Production Core Facility) was injected bilaterally
into the LC. The anterograde pENN.AAV;.hSyn.cre. WPRE.hGH, titer > 1x1013 (Addgene,
105553) was injected into the mPFC, while 200 nl of the cre-switch pAAV-Efla-DO-DIO-
TdTomato-EGFP-WPRE-pA, titer > 1x1013 (Addgene, 37120) was injected into LC in order
to assess the mPFC innervation of LC by anterograde transsynaptic tagging (36, 37). The
cre-switch pAAV-Efla-DO-DIO-TdTomato-EGFP-WPRE-pA changes the expression of the
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default tdTomato (cre-off) to EGFP (cre-on) expression when activated by cre recombinase
(38). The projections of LC to mPFC were evaluated by injection of 200 nl of the retrograde
PENN.AAV.hSyn.HI.eGFP-Cre (titer > 4.3 x1012, UPenn Vector core) into the right mPFC.

Injection of Complete Freund’s Adjuvant (CFA) and Nociceptive Testing.

The rodent model of inflammatory pain includes an injection beneath the footpad of small
volume of sterile CFA emulsion (39). CFA emulsion was purchased from Sigma, catalog
number F5881. Only a single injection of 0.02 ml was applied to the left hind paw of each
mouse. The substance causes local inflammatory response expressed as swelling and redness
of the skin, which lasts from 10 to 12 days. The control mice were injected in the same
manner with sterile saline.

Thermal sensitivity was assessed by Hargreaves test using a Heat-Flux Radiometer (Ugo
Basile). Mice were placed in individual compartments on a platform with a glass floor. A
beam of infrared light was aimed at the lateral side of the hind paw of mice when they had a
paw firmly pressed against the glass. The heated glass floor produces a continuous rise in
temperature of the paw until the pain threshold of the animal is reached and the animal
withdraws the paw from the stimulus, which is automatically detected by the device. Pain
threshold was determined by measuring the length of time that the radiant heat is applied,
that is the latency of the paw withdrawal response of the animal (paw withdrawal latency).
The intensity of the radiant heat was adjusted to a level to produce a paw withdrawal
response at ~ 4 seconds with a cutoff time of 10 seconds. The average of three readings
taken over an hour was used to determine the reaction latency to the heat.

Wireless Fiber Photometry of Calcium Transients.

The fiber photometry allows detection of Ca2* transients in neuronal populations by
measuring changes in the fluorescent intensity produced by a Ca2* biosensor. Uprising of
the intracellular Ca2* induces fluctuations in the fluorescent signal, which corresponds with
the neuronal activity in real time (40). The viral construct pAAVs.Syn.GCaMP6f, titer
>7x1012 (Addgene, 10837) was injected in volume 100 nl into the right mPFC following the
surgical technique and coordinates already described above. After three weeks, a fiber optic
cannula, fiber core 400 pm/ NA 0.39, length 3 mm (Amuza Inc.) was lowered into the mPFC
and secured to the skull with dental cement and three bone screws. The behavior
experiments were conducted 7 to 15 days after the cannulations while mice were habituated
to the equipment by wearing a dummy headstage. At the day of the experiment, a headstage
transmitter was attached to the cannula. After adjusting the power of emitted light and
stabilization of the signal, the mice were placed on Elevated O-maze for 5 minutes. The
wireless headstage device (TeleFipho, Amuza Inc.) emits LED generated blue light at 470
nm, which is adjustable for power between 10 to 300 uW, while its photodiode detects green
light with wavelength 500 — 550 nm at rate 100 Hz. The transmitter signal is sent to a digital
receiver and recorded by Amuza software. We used the same software for analysis of the
photometric traces. First, we measured the median baseline fluorescent signal for the entire 5
minutes of recordings and calculated the standard deviation (SD) of the baseline signal.
Next, every positive deflection with intensity higher than 5 SD from baseline fluorescence
was measured and the changes in fluorescent intensity were Z-scored using the formula (Fs;g
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— Fo)/Fsp Where Fgjg is the maximum amplitude of the measured fluorescent signal, Fq is the
fluorescence right before the measured signal and Fq is the SD of the baseline fluorescence
(41). The photometric recordings were performed once before CFA injection and 8 days
after CFA injection and the traces of Ca2* fluorescence were compared by within-subject
analysis.

Behavior Tests.

O-Maze.

The behavior tests were conducted from the 6! to the 10t post CFA-injection day in a
specific order or Elevated O-Maze, Y-Maze Spontaneous Alternations, Novel Object
Recognition followed by Puzzle test. A cohort of twenty to thirty mice was tested in a single
experiment and the behavior tests were repeated 2 to 3 times, each time with a new cohort.

The test equipment included a standard O-maze platform for mice with two open and two
closed quadrants (Stoelting Co.), located in an isolated compartment of the behavior room.
The mice were placed in any one of the open quadrants and their behavior was recorded for
5 minutes by a ceiling camera. Each video record started at the moment when the mouse
first entered a closed quadrant. The anxiety like behavior was assessed from the video
records, where the time spent in the open quadrants (the entire body of the mouse is in the
open quadrant) was calculated as a percent of the total time on the maze.

Y-Maze Spontaneous Alternations.

This is a behavioral test based on the rodents’ propensity to explore new environments.
Rodents typically prefer to investigate a new arm of the maze rather than returning to one
that was previously visited. We used a Y-shaped maze with three opaque plastic arms at a
120° angle from each other. After introduction to the center of the maze, the animal is
allowed to freely explore the maze for 5 minutes. Over the course of multiple arm entries,
the animal should show a tendency to enter a less recently visited arm. An entry occurs
when all four limbs are within the arm. The number of arm entries and the number of triads
are video recorded in order to calculate the percentage of correct alternations.

Novel Object Recognition Test (NOR).

The NOR paradigm starts with habituation of the mice to the testing arena, than the animals
are placed in a testing arena with two similar objects for five minutes, return to their home
cage for an interval of 3 hours and then returned to the testing arena with a copy of one of
the original objects and a novel object. The session is video recorded and the amount of time
investigating each of the objects is automatically measured by Any maze tracking software.
The test provides a measure of the animal’s memory for the previously investigated object
(recognition memory). The used objects were impermeable plastic labware (e.g. test tube
holders) that were easy to clean and sanitize.

Evaluation of Problem-Solving Ability.

The rodent mPFC plays an essential role in goal-oriented behavior. The puzzle test evaluates
the ability of mice to solve a problem and relies on the natural rodent avoidance of bright
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open spaces (42, 43). We used a simplified protocol of the published Puzzle test by
combining a five-minute habituation phase followed by a problem-solving phase with a
single obstacle. A well-lit, wide-open compartment was connected by a narrow tunnel to a
smaller, dark compartment. The mice were placed in the open compartment and allowed to
explore the apparatus for five minutes. After crossing the tunnel a few times, the mice
uniformly entered and remained in the dark compartment. The animals were briefly removed
from the box and a plug made of paper, which the mice could easily pull or push out of the
tunnel, was used to block the entrance to the tunnel. The mice were returned to the open
compartment and the time they needed to remove the plug and enter the dark compartment
was measured.

Clozapine N-Oxide (CNO) (Tocris), an inert compound and ligand for the DREADD
receptors, was injected intraperitoneally in dose 1mg/kg. The half-life of the small CNO
dose used here is less than 2 hours and without any substantial metabolism back to its parent
compound clozapine (44). The mice were randomly assigned to control and experimental
groups and their group assignment was changed after each behavior tests. One hour before
testing the mice in the experimental group received a CNO injection. The next day, the same
group was used as a control and again as a CNO group on the following day. Therefore, the
CNO injections in the same animals were separated by 48 hours.

Immunohistochemistry.

Mice were euthanized 24 hours after last behavior test, or the eleventh day after the CFA
injection with an i.p injection of pentobarbital sodium (Vedco Inc.) and perfused
transcardially with 0.01M phosphate buffered saline (PBS) followed by 4%
paraformaldehyde in PBS. The collected tissue was sectioned into 40 um thick coronal
sections using Leica vibrotome.

The brain sections were washed with 0.01M PBS, incubated in 3% H,05 for 15 minutes,
again washed with 0.01M PBS, and then incubated in a blocking solution (0.01M PBS,
0.05% Triton X-100, 3% normal donkey serum) for 2 hours at room temperature. Then the
sections were incubated with primary antibodies diluted in the same blocking solution at
4°C for 48 hours on rotating platform. The dilutions of primary antibody were 1:10K rabbit
against c-Fos (anti-c-Fos; catalog 2250; Cell Signaling Technology), 1:2K chicken antibody
to mCherry, (anti-mCherry, catalog CPCA-mCherry, EnCor Biotechnology Inc.), 1:1K sheep
anti-TH (catalog 2026, Phosphosolutions), mouse anti-NET (norepinephrine transporter,
catalog 1447, Phosphosolutions) and rabbit anti-GFP (catalog 10362, Invitrogen).

Following incubation with the primary antibody, sections for c-Fos and TH were incubated
with the corresponding biotinylated secondary antibodies (Jackson ImmunoResearch Inc.),
1:2K dilution for 2 hours, followed by incubation in avidin-biotin complex (ABC kit, Vector
Laboratories) for 1 hour at room temperature. The fluorescent signal was developed by
incubation for 12 minutes in 20 nmol of tyramide conjugated Alexa Fluor 594 (c-Fos) or
Pacific Blue (TH) fluorescent dyes. The rest of the immunostaining experiments were
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completed by incubation of the sections with secondary antibodies conjugated to Alexa 488
or Alexa 594 in dilution 1:400 for 4 hours at room temperature.

The immunostained brain sections were assessed by epifluorescent Leica DM5500
microscope equipped with CMOS camera. Coded microscopic slides containing at least six
brain sections per animal were used to quantify the c-Fos, GFP and mCherry expressing
cells in the LC. The atlas-matched brain sections covered the pontine region at three bregma
levels, - 5.3, — 5.4 and — 5.6 mm to bregma. The multichannel images were split into single
channel images and the individual cells were marked with the ImageJ multi-point tool. The
colocalization was established by merging the single channels with already marked cells.
The number of c-Fos cells was averaged per bregma level and subsequently pooled together
for each animal with a complete set of sections. The number of cells expressing the viral
markers GFP and mCherry and their colocalization with TH positive neurons was also
averaged for each bregma level.

Statistical analysis.

Results

The main goal of this study is to compare the behavioral effects of inflammatory pain
between the sexes or to compare two independent variables, pain and sex, which led us to
use Two-way ANOVA followed by Tukey’s post hoc analysis for all behavior experiments,
while mixed-effects ANOVA was used to compare the development of thermal
hypersensitivity over time after the CFA injection. The fiber photometry results were
analyzed by paired T-test, while the number of labeled cells in our tracing studies was
compared by non-paired T-test. ROUT method with Q set at 1 was used to identify and
exclude statistical outliers before subsequent analysis. All data are presented as mean +
SEM and analyzed with Graph Prism 8 software. The accepted level of significance was P <
0.05 in all tests.

Inflammatory pain alters the behavior only of male but not female mice

The CFA injection is a well-established model for inflammatory pain in rodents. Inoculation
of CFA into the foot pad of a laboratory animal reliably produces hyperalgesia (an increased
response to noxious stimuli), which begins a few hours after the injection and continuous for
to 2 weeks. The CFA nociception is triggered by mechanisms of peripheral and central
sensitization with minimal effect on rodent mobility and overall health. In our hands,
injection of 20 pl CFA into the plantar surface of the hind paw decreased the thermal
thresholds in both sexes. The response latency decreased equally in both sexes at the 51 and
7t post inoculation day and began to subside by the 10t post inoculation day (Figure 1 A).
Mixed-effects ANOVA revealed significant difference for CFA factor, F114 =81.3, P <
0.001, Time factor, F114 = 14.6, P < 0.001 and interaction CFA X Time, F114=8.6,P <
0.001 but was not significant for Sex factor, Sex X Time and Sex X CFA and Sex X Time X
CFA (Figure 1 A). Our female data is congruent with the published pain literature
underlining the fact that the use of females does not produce substantially larger variance
because testing randomly cycling animals negates any cycle confounds (45).
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While the deleterious effects of various pain models on the behavior of laboratory rodents is
well described, a very few studies make parallel comparison of male and female behavior
under pain. Here, we compared the behavior of male and female mice injected with CFA.
The mice were tested between the 6 and 10 post inoculation day for anxiety-like behavior,
spatial memory, recognition memory and problem-solving ability in this specific order. The
CFA injection reduced the percent of time spent in the open arms of the O-maze in males but
not in females, Two-way ANOVA showed significant difference for interaction Sex versus
CFA (F71 =7.1, P <0.01) and CFA factor (F71 = 6.2, P < 0.05) but not for Sex as a factor
(F71 = 1.9, P > 0.05) (Figure 1 B).

The Y-maze spontaneous alternation test measures the propensity of rodents to explore new
environments over the course of this test; the animals show a tendency to enter a less
recently visited arm. Analysis of the test video records demonstrated that male mice
subjected to CFA injection made fewer correct alternations when compared to the control
males and females of both groups, ANOVA, significant for interaction CFA X Sex, F113 =
6.5, P < 0.05 and CFA factor Fq13 = 14.4, P < 0.001 but not Sex factor, F113 = 1.6, P > 0.05
(Figure 1 C).

The NOR test is based on the spontaneous tendency of all mammals to investigate novelties
in their environment. The injection of CFA decreased the time spent with the novel object in
male mice but not in female mice, ANOVA significant difference for Sex, Fg4 = 5.4, P <
0.05, CFA, Fgq = 8.7, P<0.001 and interaction Sex X CFA, Fgq = 6.3, P < 0.05, (Figure 1 D).

The puzzle test relies on the natural rodent avoidance of bright open spaces and it measures
the time that it takes for the mouse in a bright-lit compartment to remove an obstacle and
enter the dark compartment. Here again, only the performance of males was affected by the
CFA injection as seen by their increased latency to enter the dark compartment but the CFA
injection did not affect the latency to remove the obstacle in females, ANOVA, significant
difference for CFA factor, F19; = 11, P < 0.001, significant difference for Sex factor, F1p; =
5, P < 0.05 and significant for interaction of Sex X CFA, Fqg1 =5, P < 0.05 (Figure 1 E).

Altogether, the results of our first experiments showed that while both sexes developed
hyperesthesia with the same severity, only male behavior is affected by the inflammatory
pain.

Inflammatory pain increases neuronal activity in the mPFC of male but not female mice.

The outcomes of the behavior experiments described above led us to hypothesize that the
CFA injection would have different effects on the mPFC activity in males or females. We
investigated the neural activity of the mPFC by wireless fiber photometry, which allows for
detection of changes in the fluorescent signal generated by Ca2* biosensor. Fiber optic
cannulae were implanted into the right mPFC three weeks after stereotaxic injections of
PENN-AAV:-CamKII-GCaMP6f in mice of both sexes. The GCaMP6f fluorescent signal
was recorded from freely moving mice for five minutes after placing them on elevated O-
maze. The photometric recordings were repeated again eight days after CFA injection and
the intensity of the fluorescent signal before and after CFA injections was compared for each
mouse. The amplitude of the Ca2* fluorescence, an indicator for neuronal activity, increased
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significantly only in male mice with pain, while the signal remained unchanged in females
subjected to inflammatory pain; males, paired T-test, tg = 2.4, P < 0.05, females t; = 0.9, P >
0.05, (Figure 2).

Inflammatory pain increases c-Fos immunoreactivity in the LC of males.

If sex differences observed in the behavior tests of mice with pain stem from sex difference
in the LC activity, then the expression of markers for neuronal activation should differ in the
LC of males versus females. We compared c-Fos immunoreactivity (as a marker for
neuronal activation) after CFA application in LC of male and female mice on the eleventh
post inoculation day. Only male mice with CFA injections showed a higher number of c-Fos
expressing neurons in the LC when compared to the male controls or to the female groups,
ANOVA, significant difference for CFA factor, Fog = 5.4, P < 0.05, significant difference for
Sex factor, Fog = 5.6, P < 0.05 and significant difference for interaction of Sex X CFA, Fyg =
5.1, P <0.05, (Figure 3).

Inhibition of MPFC neural projections to LC improves the object recognition memory in
male mice but negatively affects the spatial memory of female mice subjected to pain.

Based on the results of the last two experiments we speculated that the hyperactivity of
mPFC efferents increases the activity of LC, which would increase anxiety and impair
memory in male mice subjected to pain, and that the differences in the LC response to the
mPFC input establishes the pain-induced behavioral differences between the sexes.
Therefore, we tested if the chemogenetic inhibition of the mPFC to LC projections would
affect the cognitive performance of mice injected with CFA. First, as a proof of principle, we
verified that the projections from the mPFC to LC are present in outbred CD1 mice, which is
a strain of mice not frequently used in pain research. The mice received the anterograde
tracer pAAV-CamKII-ArchT-GFP into the mPFC and the expression of the efferent fibers in
the pontine region was verified (Figure 4 A). Next, we injected the retrograde tracer rAAV-
GAG-eGFP-F2A-cre into the LC which labeled the cell bodies of the projection neurons in
the mPFC (Figure 4 B). Finally, we proceeded with bilateral injections of the retrograde
rAAV-GAG-eGFP-F2A-cre virus into the LC and the cre-activated AAV-hSyn-DIO-
hM4D(Gi)-mChrerry (inhibitory DREADD) into mPFC. As a result, the neurons projecting
from mPFC to LC were transduced with inhibitory DREADD-Gi virus. Figure 4 C shows
the colocalization of the two viruses in the main projection layer (V) of the mPFC.

Three weeks after the viral injections, all mice received 20 ul of CFA into their left hind
paw. The same behavioral tests at the same time intervals as described in our first
experiment were conducted after intraperitoneal injection of CNO or saline as a control. The
CNO treatment did not alter the thermal hypersensitivity of the mice, in other words, the
CNO treatment did not induce analgesia in either sex, ANOVA for CNO, Sex and
Interaction, P > 0.05 for all.

However, the CNO treatment produced somewhat different behavior outcomes in male and
female mice. First, the inhibition of the mPFC projections to LC caused anxiolysis in male
and female mice, ANOVA, significant for Treatment, F7g = 9.1, P < 0.01 but not for Sex, Fzg
=0.8, P> 0.05 or Interaction, F7g = 0.3, P > 0.05, Figure 5 A. Next, the Y-maze test showed
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that while the CNO treatment did not change the percent of correct spontaneous alternations
in males, the CNO injection substantially reduced the correct alternations in females,
ANOVA, significant for Interaction, F5g = 5.5, P < 0.05 and Treatment, Fgg = 8.7, P > 0.01
but not for Sex factor, F5g = 4, P = 0.051, Figure 5 B. In NOR, the chemogenetic inhibition
of the mPFC to LC projections greatly increased the preference for the novel object in male
mice. However, the inhibition of the mPFC-LC projections did not change the preference for
the novel object in females, ANOVA, significant for Interaction, F;g = 9.4, P <0.01 and
Treatment, F7g = 6, P < 0.05 but not for Sex factor, F7g = 0.1, P > 0.05, Figure 5 C. The
Puzzle test, which assesses the general cognitive ability of mice, was conducted at day10
post-CFA inoculation. Here, the CNO treatment reduced the latency to remove the tunnel
obstacle in male mice but increased the latency to remove the obstacle in female mice,
ANOVA, significant for Interaction, F7¢ = 5.7, P < 0.05, but not significant for Sex, F7q =
0.001, P > 0.05 and Treatment, F7g = 0.3, P > 0.05, Figure 5 D.

Lastly, we assessed the expression of c-Fos in the LC after inhibition of the mPFC to LC
projections in mice with inflammatory pain. The mice were euthanized one hour after an O-
Maze test. The inhibition of the mPFC to LC pathway changed the c-Fos expression in both
sexes. While the males with CNO treatment showed a decrease of c-Fos labeled cells, the
females with CNO surprisingly increased the c-Fos expression in LC, ANOVA, significant
for Interaction, Fp7 = 33, P < 0.001, but not significant for Sex, Fo7 = 2.7, P > 0.05 and
Treatment, Fo7 = 0.2, P > 0.05 (Figure 5 E).

In sum, the chemogenetic inhibition of the mPFC projections to the LC improved object
recognition memory in male mice but reduced spatial memory in female mice. The activity
of LC, as detected by c-Fos expression, was also altered in opposite ways, it decreased in
males but increased in females.

Sex differences in the reciprocal mPFC — LC circuit

Published anatomical data describe two main modes of afferent input to the nucleus, a direct
contact with the noradrenergic cells (46) or contact with the surrounding interneurons (47).
The interneurons in the dendritic zone of the LC play a role of modulatory interface between
the efferent fibers and the nucleus (47). We investigated the innervation of LC and
periceruleus neurons by mPFC projections by a method for anterograde transsynaptic
tagging of cells, which allows for an input specific anterograde trans-synaptic spread of cre-
recombinase (36, 37). The cre-carrier AAV1-pENN-hSyn-Cre-WPRE-hGH was injected
unilaterally into the mPFC and a reporter virus, pAAV-Efla-DO-DIO-TdTom-EGFP-
WPRE-pA was injected into the LC area on the same side as the cre virus. The reporter virus
possesses a cre-dependent switch, which changes the expression of the default tdTomato
(red) color to EGFP (green) color (38). The tracing experiment confirmed the dual nature of
mPFC efferents with ample postsynaptic cre transfer to LC neurons as well as postsynaptic
cre transfer to the interneurons in the surrounding periceruleus area (Figure 6). While a
similar number of neurons were found to express EGFP in male and female mice, T-test, t11
= 0.7, P > 0.05, the innervation pattern was different between the sexes. Overall, a higher
number of EGFP labeled noradrenergic cells were counted in males than in females, T-test,
t11 = 2.3. P < 0.05 (Figure 7). The difference in cell count per bregma level between male
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and female mice reached statistical significance at the most caudal extension of the nucleus,
T-test, t11 = 3.1. P < 0.01 (Figure 7 E). However, a higher number of EGFP labeled
interneurons was observed in females when compared to EGFP labeled interneurons found
in males, T-test, t;1 =5, P < 0.001. The interneuron cell count between the sexes was
significantly different at two bregma levels, bregma level — 5.3 mm, T-test, t;; =4.8, P <
0.001 and bregma level — 5.6 mm, T-test, t1 = 2.7, P < 0.05 (Figure 7 F).

Next, we analyzed the pattern of expression of retrogradely labeled LC neurons after
injection of the retrograde pENN-AAV-hSyn-HI-eGFP-Cre-WPRE-SV40 virus into the
mPFC. The noradrenergic cells of LC were visualized by immunostaining for TH. The
retrogradely labeled cells expressing the viral GFP were found grouped in the dorsal region
of the nucleus throughout the rostro-caudal extent of the structure (Figure 8). The total
number of projection neurons from LC to mPFC were higher in female mice (T-test, t13 =
3.6, P < 0.01) with a significant difference at two bregma levels; bregma level — 5.3 mm, T-
test, t13 = 3.7, P < 0.01 and bregma level — 5.4 mm, T-test, t;3 = 3, P < 0.01 (Figure 8 G).

Discussion

We investigated the effects of inflammatory pain on the activity of the mPFC and LC and
compared the cognitive performance of male and female mice. The injection of the
inflammatory agent CFA increased the neuronal activity in the mPFC and LC and impaired
the cognitive performance of male but not female mice. The chemogenetic inhibition of the
mPFC projections to LC improved the object recognition results of the male mice but caused
anxiolysis and negatively affected the spatial memory in female mice. Next, we quantified
the projection neurons that form up the reciprocal innervation between the mPFC and the
LC. While the male LC neurons received more pronounced direct innervation from the
mPFC, a higher number of mPFC efferents were found to connect with the periceruleus
interneurons in females. And vice versa, the female mice showed a higher number of
projection neurons from LC to the mPFC when compared to their male counterparts. In sum,
our research relies sex differences in the cognitive impact of inflammatory pain to
differences in the wiring pattern between mPFC and LC.

The LC is an integral part of the descending pain inhibitory system and the release of NE in
the dorsal horn of the spinal cord causes robust a., receptor mediated analgesia (30, 48). We
have previously reported a decrease of c-Fos and TH protein expression in the LC of male
mice with neuropathic injury (19, 49). Here, we observed quite the opposite, an increase of
c-Fos expression in the LC neurons of males injected with CFA. The explanation of this
phenomenon rests in the duration of nociceptive stimulus; while acute inflammatory pain
activates LC neurons (17), long-lasting neuropathic pain tends to reduce the activity of the
nucleus (18, 50). This bimodal pattern of LC activity is described as the very likely
mechanisms for pain chronification in which overactivation of LC by recent pain is followed
by deactivation of the nucleus overtime with an end result suppression of NE release in the
spinal cord and decrease of NE mediated analgesia (32). The high c-Fos expression in the
LC of male mice with CFA indicates that the relatively short-lasting inflammatory pain
model used in our study does not lead to pain chronification.
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Various pain models link the overactivity of LC with dysfunction of the mPFC. Published
reports show that CFA induced inflammation leads to sprouting of NE fibers into the mPFC
(34) and that CFA increases the excitability of mPFC projection neurons (31). Other studies
find that neuropathic pain increased the release of NE (33) into the mPFC where NE drives
persistent neuronal activity via alpha; and alpha, adrenoreceptors (51). All of these studies
used male rodents as subjects and their results complement very well our results from the
male groups, where the seemingly simultaneous overactivation of the mPFC and LC by
inflammatory pain negatively impacted cognitive performance of male mice. By adding
females, our study shows that the female anxiety-like behavior and cognitive performance
are not affected by the CFA and that the sexual dimorphism of the neuronal wiring between
mPFC and LC very likely renders females resilient to the effects of inflammatory pain.

Interestingly, other anatomical and functional sex differences in the neuronal circuits
engaged in various facets of the pain experience have already been described. The sexually
dimorphic response to the actions of morphine in the CFA pain model is attributed to the
anatomical differences of the pathway linking the VIPAG to the rostral ventrolateral medulla
(52); the sex differences in the hypothalamic projections to LC result in different responses
to thermal pain after inhibition of LC (53). As mentioned above, the well described
descending pain modulatory system encompasses LC (5), a nucleus with confirmed sexual
dimorphism. The female LC is larger because it contains a greater number of neurons (54)
with more complex dendritic arborization (55, 56). The anatomical differences between
male and female LC are based on gene expression and molecular differences (57), which
result in sustained resistance of the female LC to desensitization by stressors (21). Our
investigation adds one more element to the already established sex differences in the LC
anatomy. While the total number of neurons in the LC area receiving direct innervation from
the mPFC was similar between the sexes (56 cells in females versus 49 cells in males), in
females, the postsynaptic cre transfer affected a higher number of periceruleus interneurons
than the neurons of LC proper. Based on the published electrophysiological studies about the
dual nature of the mPFC to LC projection being both excitatory and inhibitory (27, 28), we
may speculate that the male LC receives a heightened excitatory input from the mPFC, while
the activation of the female LC by the mPFC projections may be balanced by stronger
inhibition via the surrounding pool of interneurons. The number of projecting neurons was
reversed in the LC to mPFC direction, where the average was higher in females than in
males (69 cells versus 35 cells). This observation is akin to the current view about sex
differences in NE signaling which links the high levels of arousal and hypervigilance to the
higher levels of NE in the CNS of females (58).

A limitation of our study is the lack of information about the brain regions where the top-
down regulation of the mPFC modulates NE release. An adequate answer would require
measuring of NE release in an array of brain regions that receive innervation from LC and
participate in various aspects of cognitive processes. This is a formidable task, which likely
will be included as a long-term project of our lab but it is beyond the scope of the current
study. Additional complexity lays in the functional organization of the LC. It is accepted that
LC consists of discrete subdivisions, these subdivisions can be activated independently of
each other and execute different, even opposing functions in specific brain regions (59). An
example of this heterogeneous activity is that while fear learning activates LC projections to
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the basolateral amygdala, fear extinction activates LC projections to the mPFC (13). The NE
signaling receives additional fine-tuning by activation of the excitatory a; and B, and
inhibitory a., adrenergic receptors, all with different affinity for NE and opposing actions on
memory and attention (60). The differential affinity of adrenergic receptors for NE results in
an inverted U-shaped curve for various physiological responses and explains how either
inadequate or excessive NE release negatively affects cognitive and memory processes.
While our studies do not directly measure NE release in various regions of the CNS or the
activity of specific LC subregions, they clearly establish the sexual dimorphism of the
reciprocal wiring between the mPFC and the LC. The cognitive tests included in this project
were chosen because the published literature shows evidence for the dependence of these
cognitive tasks on the mPFC and that pain negatively impacts most of them (43, 61-65). On
the other hand, the involvement the mPFC and more specifically the PrL region in the
modulation of the affective and sensory components of pain is well established (2, 66, 67).
There is also compelling evidence that pain increases the NE signaling into the mPFC (33,
34) and causes loss of attention and memory impairment by overactivation of the
noradrenergic a1 receptors (60). Interestingly, a chronic stress study links the deleterious
cognitive effects of chronic unpredictable stress to the increased NE release in the cortex
(68). The study also demonstrates that the cognitive deficits can be prevented by blocking
NE transmission in the mPFC (68). This finding is somewhat similar to our observation that
the inhibition of mPFC to LC pathway improves the long-term memory of male mice with
overactive LC. All these facts make very plausible the idea that the changes in the NE
transmission in the mPFC is responsible for the observed behavior outcomes. Overall, our
most concise interpretation of the observed behavior results is that the inflammatory pain
creates a positive feedback between the mPFC and the LC, where an overactive mPFC
maintains the activity of LC and increases NE release in the mPFC, which leads to anxiety
and cognitive impairment in male mice. In female mice, the input from the mPFC to the LC
targets a greater number of inhibitory interneurons in the periceruleus area and this
innervation pattern abates the overactivation of LC by the mPFC. However, as we pointed
out, a more comprehensive investigation of the mPFC regulation of NE release into various
limbic structures such as the mPFC, amygdala, hippocampus and hypothalamus is needed in
order to provide a full description of the modulatory regulation of the LC by the mPFC
efferents.

In sum, our research casts light on important anatomical and functional pathway and certain
sex differences in the regulation of LC by the mPFC, which besides its functional
implications may also be a background for various pathologies linked to NE signaling, such
as affective disorders, cognitive impairment and chronification of pain.

List of Abbreviations:

AAV adeno-associated virus
CFA complete Freund’s adjuvant
Cg cingulate cortex

CNO Clozapine N-Oxide
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Figure 1: Whileinjection of CFA causesthermal hyper sensitivity in both sexes, the anxiety-like
behavior, spatial and long-term memory, and puzzle solving abilities are not affected equally in
male and female mice.

A) The CFA injection lowered the thermal thresholds in both sexes between 0 day and day 7
- *** P<0.001 and the effect subsided by day 10 when only the response latency of the CFA
male group was still lower than the controls - *, P<0.05. B) Only male mice with CFA
injection spent less time in the open arms of the elevated O-maze, post-hoc analysis: ** -
control males vs. CFA males, P < 0.01; * - control males vs. control females, P < 0.05, and *
- control males vs. CFA females, P < 0.05. C) Male mice injected with CFA made fewer
correct alternations on Y-maze, Post-hoc analysis: *** - control males vs. CFA males, P <
0.001; *- CFA males vs. CFA females, P < 0.05 and ** - control females vs. CFA males, P <
0.01. D) NOR also showed differences between male and female mice; while male mice
injected with CFA spent less time with the new object, the performance of the female mice
was not affected, Post-hoc analysis: *** - control males vs. CFA males, P < 0.001; ** -
control females vs. CFA males, P < 0.01 and ** - CFA males vs. CFA females, P < 0.01. E)
Similarly, inflammatory pain caused by CFA injection increased the latency to enter the dark
compartment of the puzzle box only in males, while the female time to enter was not
affected at all, Post-hoc analysis: *** - control males vs. CFA males, P < 0.001; *** -
control females vs. CFA males, P < 0.001 and ** - CFA males vs. CFA females, P < 0.01.
Data expressed as mean = SEM.
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Figure 2: Inflammatory pain increases the neuronal activity of the mPFC neuronsin freely
moving male mice but not in female mice.
Panel A shows the placement of the photometric fiber-optic cannula in the mPFC. The arrow

points to the cannula end positioned above the transduced neurons occupying the deep layers
of the PrL, a subdivision of mPFC. Panel B shows the continuous fiber photometry
recordings from a male (upper trace) and female (lower trace) mice. The mice ambulated on
elevated O-maze during the recordings, eight days after CFA injection into the hind paw.
The graph in panel C is the mean z-scored change in fluorescent signal (AF/F) of male mice
after eight days with inflammatory pain, where the CFA injection caused significant increase
of the detected fluorescence triggered by Ca2* transients (Paired T-test, tg = 2.4, P < 0.05).
Panel D is the mean z-scored change in AF/F of female mice with inflammatory pain. The
CFA injection did not change the intensity of the fluorescent signal (Paired T-test, t5 = 0.9, P
> 0.05). Data expressed as individual points. Abbreviations: Cg — cingulate cortex, fmi —
forceps minor of the corpus callosum, IL — infralimbic cortex, PrL — prelimbic cortex.
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Figure 3: The number of c-Fos expressing cellsis higher in the L C of male mice than female mice
subjected to inflammatory pain.

Expression of c-Fos (red) in the LC (green, immunostaining for NE-transporter) of (A) male
and (B) female mouse. An average, fewer c-Fos labeled LC neurons were found in females
when compared to male mice injected with CFA. C) Post-hoc analysis: * - control males vs.
CFA males, P < 0.05; * - CFA males vs. CFA females, P < 0.05 and * - control females vs.
CFA males, P < 0.05. Data expressed as mean = SEM.
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rAAV.GFP.cre/

Figure 4. The mPFC sendsrobust projectionstothe LC in CD1 mouse strain.
Panel A shows the expression of efferent fibers (green) in the pontine area at the level of LC

(red), which were labeled after injection of the anterograde tracer AAV1-CamKII-ArchT-
GFP into the mPFC. The cortical efferents target the most dorsal and ventral parts of the
medial LC dendritic zone with a relatively sparse expression in the center of the medial and
the lateral periceruleus dendritic zones. Panel B shows the cell bodies of mPFC neurons
labeled after injection of the retrograde rAAV-GAG-eGFP-F2A-cre into the LC. The
projection neurons occupy the 51 cortical layer of the PrL, as a subdivision of mPFC, with a
very few neuronal bodies localized in the IL. Panel C shows the colocalization of the
retrograde rAAV-GAG-eGFP-F2A-cre (green) injected into LC and the cre-dependent
inhibitory AAV-hSyn-DI0O-hM4D(Gi)-mCherry (red) injected into mPFC. These bilateral
viral injections allow for chemogenetic inhibition of the mPFC projections to LC. The mice
were killed for immunostaining three weeks after the viral injections, which is the time
necessary for optimal viral expression. Abbreviations: Roman numerals from | to VI in
panel B — cortical layers, 1V in panel A — 4th ventricle, 7n — the nucleus of the seventh
cranial nerve, DP — dorsal peduncular cortex, fmi — forceps minor of the corpus callosum, IL
— infralimbic cortex, LC — locus ceruleus, PrL — prelimbic cortex. Scale bar = 500 pm in A
and 100 ym in B and C.
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Figure 5: Chemogenetic inhibition of the mPFC projectionsto the L C affects differently the
behavior of male and female mice subjected to inflammatory pain.

A) The CNO treatment increased the time spent in the open quadrants of the O-Maze in
female mice, Post-hoc analysis: * - control females vs. CNO females, P < 0.05 and * -
control males vs. CNO females, P < 0.05. B) shows the reduced number of correct
alternations in female mice after CNO treatment, Post-hoc analysis: ** - control females vs.
CFA females, P < 0.01; ** - control females vs. CFA males, P < 0.01 and * - control males
vs. control females, P < 0.05. C) the panel compares the preference for the novel object after
CNO treatment, where males show an increased preference for the novel object but female’s
preference for the novel object remained unaltered, Post-hoc analysis: * - control males vs.
CFA males, P < 0.05. D) shows the effect of CNO treatment on the puzzle test performance,
where the CNO treatment produced a noticeable sex versus CNO interaction but the post-
hoc analysis did not detect statistically significant changes in the latency to remove the
obstacle in any group. E) the panel compares c-Fos expression in the LC after CNO
injection between male and female mice, Post-hoc analysis: * - control males vs. control
females, P < 0.05; *** - control males vs. CFA males, P < 0.001; ** - control females vs.
CFA females, P < 0.01 and *** - CNO males vs. CNO females, P < 0.001. Data expressed
as mean = SEM.
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Figure 6: The cre-switch virus pAAV-Efla-DO-DIO-TdTom-EGFP labels numerous cellsin the
rostro lateral pons.
The injection of pAAV-Efla-DO-DIO-TdTom-EGFP into the LC region labeled cells in the

default red color, but the AAV1-pENN-hSyn-Cre-WPRE-hGH virus injected into the mPFC
switched the color to green in cells that directly received cre-recombinase by post-synaptic
transfer, an indication for their innervation by the mPFC efferents. A) The panel shows the
injection tract (interrupted line) and the dispersal of the virus (green and red) in the LC
(blue) and the surrounding area. The next three panels show single channel images of TH
(B), EGFP (C) and tdTomato (D) labeled neurons. Panel E is a composed image of the three
channels. The arrows point to TH neurons colocalized with EGFP and the arrowheads to TH
neurons colocalized with tdTomato. Abbreviations: 4V - 4th ventricle, LC — locus ceruleus.
Scale bar = 400 um in A and 25 um in E.
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Figure 7: Innervation pattern of LC neuronsand the neuronsin the periceruleus area by the
mPFC efferentsin male and female mice as detected by post-synaptic labeling using anterograde
delivery of cre-recombinase.

Panels A and B show the distribution of green EGFP expressing cells in a male (A) and
female (B) mouse brain; the LC borders are outlined by a white interrupted line. Panels C
and D are merged images of the three channels, where the green cells express cre-driven
EGFP, the red cells express the default tdTomato and the blue cells are the TH positive
neurons of LC. Panel E shows the average number of EGFP cells that are colocalized with
TH neurons in males and females at three different bregma levels. A higher number of green
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cells were counted at — 5.6 mm to bregma in male mice when compared to the female mice
(P <0.01). Panel F shows the average number of EGFP cells in the periceruleus zone in
males and females at three different bregma levels where the females expressed a higher
number of green cells at bregma levels — 5.3 mm (P < 0.001) and — 5.6 mm (P < 0.05) when
compared to their male counterparts. It is very likely that the last group of neurons are part
of the LC interface that consists of inhibitory interneurons. Scale bar = 500 um.
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Figure 8: Thedistribution pattern of the LC to mPFC projectionsin male and female mice at
three different bregma levels.
Injection of the retrograde pENN-AAV-hSyn-HI-eGFP-Cre-WPRE-SV40 virus into the

mPFC labeled noradrenergic cells throughout the rostro-caudal extend of LC in male (A to
C) and female (D to F) mice. The majority of retrogradely labeled cells occupied the dorsal

half of the LC. The graph in panel G compares the projection neurons at three bregma

levels, where the female mice showed a higher number of labeled neurons at — 5.3 mm (P <
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0.05) and — 5.4 mm (P < 0.05) to bregma. The numbers on the panels indicate the
corresponding bregma level (mm to bregma). Scale bar = 200 um.
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