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We aimed to investigate a sexually dimorphic role of calcitonin gene-related peptide (CGRP) in rodent models of pain. Based on find-
ings in migraine where CGRP has a preferential pain-promoting effect in female rodents, we hypothesized that CGRP antagonists and
antibodies would attenuate pain sensitization more efficaciously in female than male mice and rats. In hyperalgesic priming induced
by activation of interleukin 6 signaling, CGRP receptor antagonists olcegepant and CGRP8-37 both given intrathecally, blocked, and
reversed hyperalgesic priming only in females. A monoclonal antibody against CGRP, given systemically, blocked priming specifically
in female rodents but failed to reverse it. In the spared nerve injury model, there was a transient effect of both CGRP antagonists,
given intrathecally, on mechanical hypersensitivity in female mice only. Consistent with these findings, intrathecally applied CGRP
caused a long-lasting, dose-dependent mechanical hypersensitivity in female mice but more transient effects in males. This CGRP-
induced mechanical hypersensitivity was reversed by olcegepant and the KCC2 enhancer CLP257, suggesting a role for anionic plastic-
ity in the dorsal horn in the pain-promoting effects of CGRP in females. In spinal dorsal horn slices, CGRP shifted GABAA reversal
potentials to significantly more positive values, but, again, only in female mice. Therefore, CGRP may regulate KCC2 expression and/
or activity downstream of CGRP receptors specifically in females. However, KCC2 hypofunction promotes mechanical pain hypersensi-
tivity in both sexes because CLP257 alleviated hyperalgesic priming in male and female mice. We conclude that CGRP promotes pain
plasticity in female rodents but has a limited impact in males.
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Significance Statement

The majority of patients impacted by chronic pain are women. Mechanistic studies in rodents are creating a clear picture that
molecular events promoting chronic pain are different in male and female animals. We sought to build on evidence showing
that CGRP is a more potent and efficacious promoter of headache in female than in male rodents. To test this, we used hyper-
algesic priming and the spared nerve injury neuropathic pain models in mice. Our findings show a clear sex dimorphism
wherein CGRP promotes pain in female but not male mice, likely via a centrally mediated mechanism of action. Our work
suggests that CGRP receptor antagonists could be tested for efficacy in women for a broader variety of pain conditions.

Introduction
Pathways that mediate the development and maintenance of
chronic pain are increasingly recognized as distinct in males and
females (Mogil, 2020). Underlying mechanisms governing these
sex differences are now becoming clear. In males, it has been
demonstrated that microglia and macrophage activation contrib-
ute strongly to the development of chronic pain, because either
blocking microglia activation or depleting animals of microglia
can prevent the development of mechanical hypersensitivity after
injury in mice (Sorge et al., 2015; Taves et al., 2016; Echeverry et
al., 2017; Mapplebeck et al., 2018; Paige et al., 2018; Yu et al.,
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2020). In females, the depletion of microglia does not reverse
nerve injury-induced hypersensitivity, and it appears that T cells
may play a critical role in promoting chronic pain (Sorge et al.,
2015), although there is also evidence that T cells promote pain
resolution in both sexes (Krukowski et al., 2016; Laumet et al.,
2019). Another female-specific pain-promoting mechanism is
prolactin signaling, which sensitizes female nociceptors through
a direct action on the prolactin receptor (Patil et al., 2013, 2019b;
Paige et al., 2020). Two mechanisms could underlie this sex dif-
ference in responses to prolactin, a sexually dimorphic expres-
sion pattern for the prolactin receptor in subtypes of dorsal root
ganglion (DRG) neurons (Patil et al., 2019a), and/or a female-
specific translation of the prolactin receptor at central and pe-
ripheral terminals of nociceptors (Patil et al., 2019b; Paige et al.,
2020).

One of the most striking sex differences in medicine is the far
greater incidence of migraine headache in women than in men
(Ashina et al., 2021). A number of new therapeutics for migraine
have recently been approved. These new drugs target calcitonin
gene-related peptide (CGRP) by sequestering the peptide with an
antibody or blocking the receptor with a small-molecule antago-
nist or a function-blocking antibody (Dodick et al., 2014;
Moreno-Ajona et al., 2020). Work aiming to better understand
the mechanisms through which CGRP acts in migraine headache
demonstrated a dramatic leftward shift in the dose-dependent
effects of CGRP in promoting pain when applied to the dura of
female mice (Avona et al., 2019). Other studies have also demon-
strated a sex difference in the expression of CGRP receptor com-
ponents in the trigeminal (TG) nucleus (Ji et al., 2019). However,
the pain-promoting effects of CGRP are not limited to the tri-
geminal region. Previous experiments demonstrate that CGRP
antiserum given intrathecally increases nociceptive thresholds in
a rat model of arthritis (Kuraishi et al., 1988). Moreover, CGRP
applied to the dorsal horn induces signaling that increases synap-
tic efficacy, suggesting a direct action on dorsal horn neurons
(Sun et al., 2004). To our knowledge, potential sex differences in
the effects of CGRP on the DRG or spinal dorsal horn have not
been assessed.

Anionic plasticity is an important contributor to chronic pain
(Kaila et al., 2014; Price and Prescott, 2015; Lorenzo et al., 2020).
Changes in Cl– gradients in dorsal horn neurons can lead to
decreased inhibitory efficacy enabling non-noxious stimuli to
gain access to the ascending nociceptive pathway (Coull et al.,
2003, 2005; Keller et al., 2007; Ferrini et al., 2013). This is an im-
portant cause of mechanical allodynia, a prominent feature of
pain after injury. Decreased expression or function of the Cl–

extrusion transporter KCC2 is the best understood mechanism
for anionic plasticity in the dorsal horn (Coull et al., 2003;
Miletic and Miletic, 2008; Asiedu et al., 2012; Ferrini et al., 2013;
Li et al., 2016; Dedek et al., 2019; Ferrini et al., 2020; Locke et al.,
2020; Lorenzo et al., 2020). While previous studies have demon-
strated a key role for KCC2 in mechanical allodynia after injury
in both male and female rodents (Mapplebeck et al., 2019), the
brain-derived neurotrophic factor (BDNF) microglia signaling
mechanism promoting neuropathic pain is engaged only in male
mice (Sorge et al., 2015). BDNF promotes hyperalgesic priming
in the body only in male mice (Moy et al., 2019) but regulates
priming in the cephalic region in both sexes (Burgos-Vega et al.,
2016). Given this literature, a goal of our work was to determine
whether CGRP may influence anionic plasticity in the spinal dor-
sal horn in a sex-specific fashion.

We show that two structurally distinct CGRP antagonists block
and reverse the development of mechanical hypersensitivity

specifically in females in hyperalgesic priming, incision, and spared
nerve injury (SNI)-induced neuropathic pain. Likewise, CGRP
monoclonal antibodies (mAbs) block the establishment of hyperal-
gesic priming in female but not male rats and mice. Intrathecal
CGRP causes increased and temporally prolonged hindpaw hyper-
sensitivity in female mice when compared with male mice. This
effect is reversed by intrathecal CLP257, a KCC2 activator (Gagnon
et al., 2013), suggesting a link between CGRP signaling and KCC2
in the dorsal horn. In direct support of this hypothesis, CGRP
applied to the spinal cord causes a depolarization of the GABAA re-
ceptor reversal potential (EGABA) in female but not male mice. This
effect appears to be linked to a change in KCC2 function, but not
trafficking. Our findings point to a previously unexplored central
role of CGRP in promoting pain in female rodents.

Materials and Methods
Animals
All animal procedures were approved by the Institutional Animal Care
and Use Committee at the University of Texas at Dallas, the Canadian
Council on Animal Care, and the Committee for Animal Protection of
Université Laval (CPAUL). Both male and female animals were used in
all experiments unless otherwise noted. Experimenters were blinded to
each experimental group for all experiments. Animals used per group
are noted in each figure. For mouse behavioral experiments, all animals
were bred in the Animal Research Facility at the University of Texas at
Dallas and were 7–12weeks old at the time of the experiment. Each
group was either Swiss Webster or C57BL/6. Electrophysiological experi-
ments were performed in C57BL/6NCrL male and female mice housed
under the same conditions in the animal facility at the CERVO Brain
Research Center. Animals were housed in same-sex groups of two to
four on a 12 h light/dark cycle, and food and water were available ad libi-
tum. Mice were assigned to experimental groups using a random num-
ber generator.

For rat experiments, Sprague Dawley rats were purchased from
Taconic to arrive weighing;250 g each. Once rats arrived in the facility,
they were habituated for a minimum of 5 d. Before experiments, animals
were handled for a minimum of 15min/d over 3 d. Animals were housed
in same-sex groups of two on a 12 h light/dark cycle with access to food
and water ad libitum. All rats were assigned to their experimental group
using a random number generator, with no more than one animal per
experimental group in each housing cage. Experimenters were blinded
to treatment groups for all behavioral experiments.

Drugs
Recombinant soluble human interleukin 6 receptor (IL-6r) and recombi-
nant human IL-6 were obtained from R&D Systems. We have previously
shown that these IL-6 signaling components produce equivalent effects
in hyperalgesic priming (Paige et al., 2018). Prostaglandin E2 (PGE2) was
obtained from Cayman Chemical. Rat 1-CGRP8-37 and rat a-CGRP
were obtained from Bachem or Tocris Bioscience. CLP257 was ordered
from Tocris Bioscience. IL-6 and IL-6r stock solutions were made in
sterile 1� PBS and did not undergo multiple freeze/thaw cycles. PGE2
stock solution was made in 100% ethanol. Rat a-CGRP8-37 and rat
a-CGRP were made in sterile filtered 1� PBS for in vivo experiments
and in double distilled H2O for electrophysiological recordings.
Monoclonal mAbs were shipped to University of Texas at Dallas from
Alder BioPharmaceuticals (which has been acquired by Lundbeck) at the
working concentrations for injection. The vehicle for both the CGRP
mAb and control mAb was 25 mM histidine and 250 mM sorbitol at pH
6.0. All drugs were diluted to the final concentration in sterile filtered
0.9% saline and kept on ice until immediately before the injections.

von Frey testing
Before testing, animals were placed in an acrylic box with mesh flooring
and allowed to acclimate for a minimum of 1 h on the day of testing.
Baseline paw withdrawal thresholds were determined before any experi-
mental work. During experiments, if time points were earlier than 1 h
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post-treatment injection, animals were allowed to habituate for 1 h,
injections were given, and animals were placed back into the acrylic
boxes. The paw withdrawal threshold was then determined using cali-
brated von Frey filaments using the up-down method (Chaplan et al.,
1994).

Hyperalgesic priming
To establish hyperalgesic priming, 0.1 ng of IL-6 or IL-6r was injected
intraplantarly into the left hindpaw, as noted for each experiment. Paw
withdrawal threshold was then measured at 3, 24, and 72 h, and then 7 d
or until mice returned to their baseline mechanical withdrawal thresh-
old. For experiments in rats, animals were tested every other day after
the 72 h time point until they had returned to baseline. Animals were
then injected intraplantarly with 100 ng of PGE2, and the mechanical
paw withdrawal threshold was measured at 3 and 24 h after injection.

SNI
Animals were anesthetized using 4% isoflurane gas and kept on a heating
pad for the entire length of surgery. A small incision was made in the left
leg, and the tibial and common peroneal branches of the sciatic nerve
were ligated and cut (Decosterd and Woolf, 2000). The sural nerve was
left intact. The incision was closed using two staples, and animals were
given a subcutaneous injection of 1mg/ml gentamicin. Mice were
returned to their home cage and were tested at 21d postsurgery to deter-
mine whether mechanical hypersensitivity had developed. Drug testing
was performed after animals were confirmed to show mechanical hyper-
sensitivity in the affected paw.

Brennan incision model
Mice were anesthetized using 4% isoflurane gas. An incision was made
using a scalpel through the skin and underlying fascia of the left hind-
paw. Two sutures were used to close the incision, and animals were
allowed to recover in their home cages for 24 h before any behavioral
testing was performed (Banik et al., 2006).

Intrathecal injections
Animals were anesthetized using isoflurane gas—4% for induction, 1.5%
for maintenance anesthesia. Injections were performed as described by
Hylden and Wilcox (1980). A total volume of 5 ml was injected for each
drug using a 50 ml Hamilton syringe with an attached 0.5 inch, 30 gauge
needle. Animals were allowed to recover in their home cage for a mini-
mum of 10min before any behavioral testing was performed.

Immunohistochemistry analysis
Tissue preparation and immunohistochemistry. Mice were anesthe-

tized with xylazine (12mg/kg) and ketamine (80mg/kg) administered
intraperitoneally. Animals were then transcardially perfused with 10%
PFA in 0.1 M PB at a pH of 7.4. Spinal cords were dissected and postfixed
in 4% PFA for 2 h at room temperature (RT). Fixed spinal cords were
then moved to a 25% sucrose suspension at 4°C for a minimum of 24 h.
These spinal cords were then stored in an antifreeze solution at �20°C
until processed for immunohistochemistry.

Mice spinal cord explants were obtained by laminectomy from keta-
mine/xylazine anesthetized C57BL/6N male and female mice. The whole
spinal cord was immersed in ice-cold sucrose-based artificial CSF (S-
ACSF), and the lumbar enlargement was isolated and divided in two
pieces (rostral and caudal). Each section was left to recover in ACSF at
34°C for 30min. Consecutively, the two lumbar pieces from each animal
were transferred separately to RT ACSF supplemented with 50 nM
CGRP or vehicle. Rostral–caudal fractions were randomly assigned to
the treatments to prevent differences arising from spinal segment vari-
ability. After 3 h, spinal cords were fixed in 4% PFA for 20 h at 4°C.
Fixed spinal cords were moved to 25% sucrose solution at 4°C for a min-
imum of 24 h.

The fixed spinal cord tissue was sectioned transversally using a vibra-
tome (model VT1200S, Leica) in 50-mm-thick slices. Sections were per-
meabilized in PBS, pH 7.4, with 0.2% Triton X-100 (PBST) for 10min;
washed twice in PBS; and incubated overnight at 4°C in primary anti-
KCC2 raised in rabbit (1:1000; catalog #07–432, Millipore), anti-CGRP
raised in mouse (1:5000; catalog #C7113, Sigma-Aldrich), and anti-

NeuN raised in chicken (1:1000; catalog #6B9155, EMD Millipore
Sigma) antibodies diluted in PBST containing 10% normal goat serum.
After washing in PBS, the sections were incubated for 2 h at RT in a solu-
tion containing a mixture of goat-Cy3 anti-rabbit (1:500; catalog #111–
165–144, Jackson ImmunoResearch), goat anti-chicken Alexa Fluor 647
(1:500; catalog #A-21449, Thermo Fisher Scientific), goat anti-mouse
Alexa Fljor 405 (1:500; catalog #A-31553, Thermo Fisher Scientific), and
IB4 conjugated with Alexa Fluor 488 (1:500; catalog #I21411, Thermo
Fisher Scientific) diluted in PBST, pH 7.4, containing 10% normal goat
serum. Upon completion of this step, sections were washed three times
with PBS, and then were mounted on Fisherbrand Superfrost Plus glass
slides (catalog #10149870, Thermo Fisher Scientific) and coverslipped
(catalog #12–544-E, Thermo Fisher Scientific) using fluorescence
mounting medium (catalog #S3023, Dako).

Confocal microscopy imaging. Images were captured using a confocal
microscope (model LSM 700, Zeiss). Appropriate filters were selected
for the separate detection of Alexa Fluor 405, Alexa Fluor 488, Cy3, and
Alexa Fluor 647, using a multitrack scanning method. Eight-bit images
were taken with a 63�/1.4 oil-immersion objective lens. To ensure con-
sistency among samples, all parameters of laser power, pinhole size, and
image detection were kept unchanged between the image acquisitions of
different samples. The chosen parameters were set so that the detection
of the staining was maximal while avoiding pixel saturation. For the sub-
sequent quantification, the channels corresponding to each staining
were exported separately as TIFF files (grayscale). The channel corre-
sponding to KCC2 staining was further analyzed using a custom-made
MATLAB code.

Image analysis and KCC2 quantification
To calculate the intracellular and membrane KCC2 levels, a custom-
made MATLAB code was developed for the analysis, as previously
described (Dedek et al., 2019; Ferrini et al., 2020; Lorenzo et al., 2020).
Briefly, the homemade MATLAB routines used for analyzing the mem-
brane and intracellular KCC2 provide a profiling plot of the membranes
of selected neurons within the region of interest (lamina I and lamina II
based on the CGRP and IB4 staining, respectively). The peak of the plot
defines the membrane (position 0). The values on the left-hand side of
the position 0 on the x-axis stand for the extracellular space while the
values on the right-hand side of the position 0, stand for the intracellular
space. For the final plotting, to obtain one curve per experimental group,
the KCC2 values per position per animal belonging in the same group
were merged. To obtain the data for the membrane KCC2, we grouped
the values at position 0 for each group.

Electrophysiology
Tissue preparation. C57BL/6N mice were deeply anesthetized with

ketamine/xylazine. After decapitation, the vertebral column was swiftly
removed and immersed in ice-cold oxygenated (95% O2, 5% CO2) S-
ACSF containing the following (in mM): 252 sucrose, 2.5 KCl, 2 MgCl2, 2
CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, and 5 kynurenic acid. A
laminectomy was performed in ice-cold S-ACSF to extract the spinal
cord. The lumbar enlargement was isolated and parasagittal slices
(300mm thick) were obtained in the same solution with a Leica vibra-
tome. Slices were allowed to recover for 30min at 34°C in oxygenated
ACSF containing the following (in mM): 126 NaCl, 2.5 KCl, 2 MgCl2, 2
CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose. Slices were then
moved to RT oxygenated ACSF supplemented with 50 nM rat CGRP
(Tocris Bioscience) or vehicle and maintained in this solution for a mini-
mum of 2 h.

Cl– extrusion measurements. After incubation, slices were transferred
to a recording chamber where they were continuously perfused (2–3 ml/
min) with oxygenated ACSF containing 1 mM tetrodotoxin (Alomone
Labs), 1 mM strychnine (Sigma-Aldrich), 10 mM 6-cyano-7-nitroquinoxa-
line-2,3-dione (Sigma-Aldrich), 40 mM aminophosphonovalerate (Tocris
Bioscience), and 50 nM rat CGRP or vehicle. Neurons were identified
using a 40� water-immersion objective. Neurons from laminae I and II
were selected for the experiment, maintaining an approximate ratio of
1:2, respectively. Lamina I was identified as a narrow dark band of gray
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matter with a typical reticulated appearance in the edge of the dorsal
white matter, and lamina II as a wider translucent band below lamina I.

Differences in KCC2 extrusion were indirectly measured by estima-
tion of EGABA under a challenging intracellular Cl– load, as previously
described (Lorenzo et al., 2020). Whole-cell patch-clamp recordings
were performed with a MultiClamp 700B amplifier (Molecular
Devices). Borosilicate pipettes (3–5 MX) were filled with an intra-
cellular solution containing the following (in mM): 115 K-methyl-
sulfate, 25 KCl, 2 MgCl2, 10 HEPES, 4 ATP-Na, and 0.4 GTP-Na,
adjusted with KOH to a pH of 7.2. Only cells with a stable access

resistance ,20 MX and a resting poten-
tial more negative than �50mV were
included for the analysis. The GABAA

receptor agonist muscimol was freshly
dissolved in HEPES-buffered ACSF to a
concentration of 500 mM and was briefly
applied (30ms, 10 psi) at increasing holding
potentials (12.5mV steps). Intervals of 30 s at
a holding voltage of �60mV were allowed
between puffs. Data were analyzed using
Clampfit 10.2 (Molecular Devices), and
membrane potentials were corrected off-
line for liquid junction potential (8 mV).
GABA I–V curves were obtained from an
average of three protocol recordings, and
EGABA was estimated as the x-axis inter-
cept of the derived linear equation using
Prism. Two different experimenters col-
lected the data yielding to the same
result. Experimenters were blinded to
the animal sex.

Statistics
All statistical analysis was performed
using Prism version 8.0, and all data are
shown as the mean 6 SEM. Differences
between each group of animals in behav-
ioral experiments was determined using a
two-way ANOVA with Bonferroni’s post
hoc test and a = 0.05. Differences between
slopes in dose–response curve compari-
sons were determined using an ANCOVA
and a = 0.05. Differences in EGABA were
determined using an unpaired t test after
passing normality with a D’Agostino–
Pearson test. A Wilcoxon signed-rank
test was used for KCC2 quantification in
spinal cord explants.

Results
Olcegepant attenuates mechanical
hypersensitivity associated with
hyperalgesic priming and SNI only in
female mice
We first tested the effect of intrathecally
injected CGRP receptor antagonists on
IL-6r-induced hyperalgesic priming
(Dina et al., 2008; Paige et al., 2018). In
this testing paradigm, animals are first
challenged with 0.1 ng of IL-6r injected
intraplantarly, and then mechanical
sensitivity is measured. Following the
resolution of initial mechanical hyper-
sensitivity, 100 ng of PGE2 is injected
intraplantarly as a second stimulus.
Animals that received a previous
injection of IL-6r show enhanced
responses to the subsequent PGE2

injection, demonstrating the presence of hyperalgesic priming. We
have previously shown that 100ng of PGE2 is a subthreshold stimu-
lus in male mice (Paige et al., 2018). Here we confirmed that in
female mice intraplantarly injected with vehicle there was no
response to a 100ng PGE2 injection. However, the intraplantarly
IL-6r-injected female mice did show a mechanical hypersensitiv-
ity response to the 100ng dose of PGE2 (Fig. 1A; time effect:
F(3.167,28.51) = 8.21, p=0.0004). Having determined an equivalent

Figure 1. Intrathecal administration of olcegepant reduces mechanical hypersensitivity specifically in female mice. All graphs
display mechanical withdrawal threshold. A, Female mice received an intraplantar injection of IL-6r or vehicle followed by the
injection of 100 ng of PGE2 after the initial hypersensitivity had resolved (vehicle, n= 6; IL-6r, n= 5). B, Mice received an intra-
thecal injection of 10 mg of olcegepant before 0.1 ng intraplantar injection of IL-6r. A second intraplantar injection of 100 ng of
PGE2 was given after initial mechanical sensitivity to IL-6r had resolved (n= 4 mice/group). C, Animals received an intraplantar
injection of 0.1 ng of IL-6r. After initial mechanical hypersensitivity had resolved, animals received an intrathecal injection of 10
mg of olcegepant and an intraplantar injection of 100 ng PGE2 (n= 4 mice/group). D, Female mice received an intraplantar injec-
tion of PGE2 (10mg) followed directly by an intrathecal dose of vehicle or olcegepant (vehicle, n= 6; olcegepant, n= 5). E,
Animals underwent an SNI surgery. Twenty-one days postinjury, animals received a single intrathecal injection of 10 mg of olce-
gepant (males, n= 3; females, n = 4) or vehicle (pooled males and females, n= 5). Differences between groups were measured
using a two-way ANOVA with Bonferroni’s post hoc test: *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001.
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priming effect in male and female mice, we then tested the effect
of a CGRP receptor antagonist in this model. We administered
an intrathecal injection of 10 mg of olcegepant, a CGRP receptor
antagonist, or vehicle immediately before IL-6r injection to
assess the effect of CGRP receptor blockade on the response to
IL-6r and the development of hyperalgesic priming. Olcegepant
attenuated the initial mechanical hypersensitivity in response to
IL-6r injection in female mice but had no effect in male mice
(Fig. 1B; female olcegepant effect: F(1,42) = 31.27, p, 0.0001; time
effect: F(6,42) = 34.53, p, 0.0001). Olcegepant administered intra-
thecally immediately before IL-6r injection did not have any
effect on the development of hyperalgesic priming in either male
or female mice (Fig. 1B). Therefore, the blocking of spinal CGRP
receptors at the time of the initial stimulus has an effect on acute
hypersensitivity in female mice, but priming is not affected in ei-
ther sex.

In a separate set of animals, we tested the ability of 10 mg of
olcegepant to reverse established hyperalgesic priming. An injec-
tion of 0.1 ng of IL-6r was administered intraplantarly, and me-
chanical hypersensitivity was measured (Fig. 1C). After the initial
hypersensitivity was resolved following IL-6r injection, animals
received 10 mg of either olcegepant or vehicle intrathecally im-
mediately before receiving an intraplantar injection of 100ng of
PGE2. Olcegepant reversed hyperalgesic priming in female mice
but had no effect in male mice (Fig. 1C; female olcegepant effect:
F(1,42) = 27.77, p, 0.0001; time effect: F(6,42) = 45.44, p, 0.0001).
We also used a higher dose of PGE2 (1mg), which causes me-
chanical hypersensitivity without a priming stimulus in female
mice (Tavares-Ferreira et al., 2022). This higher dose of intra-
plantarly injected PGE2 caused mechanical hypersensitivity in
female mice, and this effect was completely reversed by intrathe-
cal treatment of 10mg of olcegepant given just after the PGE2
injection (Fig. 1D; olcegepant effect: F(1,9) = 48.79, p, 0.0001;
time effect: F(2.68,24.1) = 18.6, p, 0.0001).

We then tested the impact of intrathecal olcegepant in the
SNI model of neuropathic pain in mice. Following the establish-
ment of neuropathic pain, animals were given a single intrathecal
injection of 10 mg of olcegepant or vehicle. In female mice, olce-
gepant reduced mechanical hypersensitivity at 30min, 1 h, and 2
h following injection, but the drug had no effect in male mice
(Fig. 1E; olcegepant effect: F(2,63) = 25.26, p, 0.0001; time effect:
F(6,63) = 123.6, p, 0.0001). These experiments demonstrate a
female-specific effect of olcegepant on mechanical hypersensitiv-
ity in hyperalgesic priming and neuropathic pain models.

CGRP8–37 attenuates hyperalgesic priming, postsurgical
pain, and neuropathic pain only in female mice
CGRP8-37 is a peptide antagonist of the CGRP receptor (Chiba et
al., 1989). We chose to test a second CGRP antagonist to reduce
the probability that an off-target effect explains our observations
of a sex-specific effect of blocking the CGRP receptor. Animals
received an intrathecal injection of either 1 mg of CGRP8-37 or ve-
hicle immediately before receiving an intraplantar injection of
0.1 ng of IL-6r. In female mice, CGRP8-37 reduced mechanical
hypersensitivity induced by IL-6r and blocked the development of
hyperalgesic priming as revealed by the lack of response to 100ng
of PGE2 injection (Fig. 2A; CGRP8-37 effect: F(1,126) = 88.54,
p, 0.0001; time effect: F(8,126) = 12.30, p , 0.0001). There was no
effect of CGRP8-37 in male mice (Fig. 2A). In our next experiment,
0.1 ng of IL-6r was injected intraplantarly to establish priming.
When the initial hypersensitivity had resolved, 1 mg of CGRP8-37
was injected intrathecally immediately before intraplantar injec-
tion of 100ng of PGE2. Again, in female mice CGRP8-37 was able

to reverse established hyperalgesic priming but had no impact on
male mice (Fig. 2B; CGRP8-37 effect in females: F(1,126) = 41.25,
p, 0.0001; time effect in females: F(8,126) = 45.44, p,0.0001).

We then tested to see whether the female-specific effects of a
CGRP antagonist would generalize to hyperalgesic priming
established using a single hindpaw incision instead of an IL-6r
injection. Animals were given a single incision in the hindpaw
and received two sutures. At the time of surgery, animals
received a first intrathecal injection of 1 mg of CGRP8-37 or vehi-
cle, and then a second injection of 1 mg of CGRP8-37 24 h post-
surgery. We gave two drug treatments in this incision-induced
priming paradigm because our previous studies indicated that
two treatments are necessary to block hyperalgesic priming in
this model (Tillu et al., 2012). This is consistent with the duration
of ongoing activity that is induced in nociceptors by the incision
(Xu and Brennan, 2010). Intrathecal CGRP8-37 administration
did not have a significant impact on mechanical hypersensitivity
following the incision in either sex, but the development of
hyperalgesic priming was partially attenuated in female but not
male mice (Fig. 2C; CGRP8-37 effect in females: F(1,108) = 64.40,
p, 0.0001; time effect in females: F(11,108) = 24.54, p, 0.0001).

We then tested the effect of intrathecal CGRP8-37 in the SNI
model. Following the establishment of neuropathic pain, on day
21 after injury, animals received a single intrathecal injection of 1
mg of CGRP8-37 or vehicle. In female mice, CGRP8-37 had a small,
but significant, effect on mechanical hypersensitivity at 24 h
postinjection, but there was no effect at any time point in male
mice (Fig. 2C; CGRP8-37 effect in females: F(1,42) = 4.762, p=
0.035; time effect in females: F(6,42) = 93.18, p, 0.0001).

CGRP-sequestering mAb blocks IL-6-induced mechanical
hypersensitivity and development of hyperalgesic priming in
female mice and rats
CGRP receptor antagonists given intrathecally can act on the spi-
nal dorsal horn or on the DRGs since the intrathecal space bathes
both of these tissues. We sought to determine whether the sex-
specific CGRP antagonist effect was mediated in the peripheral
nervous system or CNS using CGRP sequestering mAbs that do
not cross the blood–brain barrier (BBB; Edvinsson, 2015). The
CGRP mAb was given intraperitoneally 24 h before human IL-6.
These antibody experiments were performed in both mice and
rats to determine whether there was a species-specific effect of
the CGRP mAb. We chose to use IL-6 rather than IL-6r for these
experiments because, while we have shown that IL-6 and IL-6r
produce equivalent effects in hyperalgesic priming in mice
(Paige et al., 2018), only IL-6 has been tested in rats.

In mice, animals were given an intraperitoneal injection of
20mg/kg CGRP mAb, 20mg/kg control mAb, or mAb vehicle
(see Materials and Methods). Twenty-four hours post-intraper-
itoneal injections, animals then received intraplantar injec-
tions of 0.1 ng of either IL-6 or vehicle. Following the
resolution of initial hypersensitivity, animals received a sec-
ond injection of control or CGRP mAbs 24 h before a 100 ng
intraplantar injection of PGE2. In female mice, the double
CGRP mAb treatment blocked mechanical hypersensitivity
following intraplantar injection of IL-6 and hyperalgesic pri-
ming (Fig. 3A; CGRP mAb effect: F(2,15) = 68.23, p, 0.0001;
time effect: F(2.7,40.4) = 43.20, p, 0.0001). However, when
CGRP mAb was given only before PGE2 injection, but not at
the time of IL-6 injection, there was no effect on hyperalgesic
priming (Fig. 3A). In males, there was no effect of CGRP
mAbs (Fig. 3A).
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Figure 2. Intrathecal administration of CGRP8-37 reduces mechanical hypersensitivity specifically in female mice in three pain models. A, Animals received a single intrathecal injection of 1
mg of CGRP8-37 immediately before an intraplantar injection of 0.1 ng of IL-6r. Once initial hypersensitivity to intraplantar injection of IL-6r had resolved, animals received a second intraplantar
injection of 100 ng of PGE2 (n= 8 mice/group). B, Animals received an intraplantar injection of 0.1 ng of IL-6r and then 7 d later an injection of 100 ng of PGE2. Immediately before the PGE2
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To eliminate the possibility of a mouse-specific effect, we
tested the CGRP mAb in male and female rats using the same
stimulus and hyperalgesic priming paradigm. Animals received
an intraperitoneal injection of 20mg/kg CGRP mAb, 20mg/kg
control mAb, or vehicle 24 h before intraplantar injection of
0.1 ng of IL-6. Following the resolution of mechanical hypersen-
sitivity, animals received a second intraperitoneal injection of
CGRP mAb, control mAb, or vehicle 24 h before an intraplantar
injection of 100 ng of PGE2. CGRP mAb blocked IL-6-induced
mechanical hypersensitivity in female rats in a manner similar to
that observed in female mice (Fig. 3B; treatment effect:
F(2,9) = 13.9, p=0.0018; time effect: F(10,90) = 2.35, p= 0.016).
There was no effect of CGRP mAb in males (treatment effect:
F(2,9) = 14.0, p= 0.0017; time effect: F(9,81) = 13.34, p=0.0001).
Therefore, in female mice and rats, CGRP mAb treatment blocks
IL-6-induced mechanical hypersensitivity and hyperalgesic pri-
ming. Because receptor antagonists were effective at both stages,
these findings suggest that the initial effects of CGRP in these
models may be peripherally mediated, while the later effects on
the maintenance of hyperalgesic priming are potentially CNS
driven.

Intrathecal CGRP causes prolonged mechanical
hypersensitivity only in female mice
We next gave intrathecal CGRP to both male and female mice.
Previous work has demonstrated that intrathecal CGRP in male
mice and rats causes transient pain hypersensitivity, but it has
not been directly compared with effects in females (Cridland and
Henry, 1988, 1989; Rogoz et al., 2014; Yokai et al., 2016). In the
TG system in rodents, CGRP-induced pain-promoting effects
are far more potent and efficacious in female animals (Avona et
al., 2019, 2021). Therefore, we tested increasing doses of
a-CGRP (0.1, 0.3, and 1.0 nmol) given intrathecally to male and
female mice. In male mice, these doses of intrathecal CGRP cre-
ated transient hindpaw hypersensitivity that resolved quickly,
while these same three doses had a greater magnitude and pro-
longed effect in female mice (Fig. 4A,B). Across a range of 5
CGRP doses (vehicle, and 0.01, 0.03, 0.1, 0.3, and 1nmol) with
mechanical hypersensitivity measured only at 60min after intra-
thecal injection, CGRP showed increased potency (female EC50

= 0.0166 nmol; male EC50 = 0.0655nmol) and efficacy (female
Emax threshold = 0.13 g; male Emax threshold = 0.64 g) in female
versus male mice (Fig. 4C). Differences between curve fits were
determined using an ANCOVA test (p-value= 0.0013, F(2,7.931).

To test whether the effects of intrathecal CGRP were likely
centrally or peripherally mediated, we gave female mice an intra-
peritoneal injection of 20mg/kg CGRP mAb, 20mg/kg control
mAb, or vehicle injection 24 h before receiving an intrathecal
injection of 0.1 nmol CGRP. The systemically administered
CGRP mAb was not able to block the hindpaw hypersensitivity
resulting from the intrathecal CGRP injection (Fig. 4D). We also
assessed the effect of olcegepant in this testing paradigm. Unlike

the monoclonal antibody, systemic pretreatment with 1mg/kg
olcegepant completely blocked the effect of intrathecal CGRP
injection in female mice (Fig. 4E; treatment effect: F(1,11) = 73.10,
p, 0.0001; time effect: F(3,33) = 44.0, p, 0.0001). We did not test
the effect of olcegepant alone because multiple previous studies
have shown a lack of effect of the drug on baseline pain responses
in both male and female rodents (Michot et al., 2012; Munro et
al., 2018; Christensen et al., 2019; Kopruszinski et al., 2021).
These results suggest that CGRP has increased potency and effi-
cacy in promoting mechanical hypersensitivity in female mice
via a CNS-mediated mechanism of action.

CGRP depolarizes the GABAA reversal potential in female
dorsal horn neurons
The EGABA for ionic currents is critical for effective inhibition
(Doyon et al., 2011, 2016). In CNS neurons, the K1-Cl– cotrans-
porter KCC2 is the primary contributor to setting intracellular
Cl–, hence EGABA (Doyon et al., 2011). Previous work has dem-
onstrated that decreased KCC2 expression and/or increased
KCC2 internalization in dorsal horn neurons following periph-
eral nerve injury is a causative factor in mechanical hypersensi-
tivity (Coull et al., 2003; Ferrini et al., 2013, 2020; Lorenzo et al.,
2020). This mechanism is engaged in male and female rodents;
however, there is a sex difference in the underlying mechanisms
regulating KCC2. In males, this involves BDNF signaling (Sorge
et al., 2015; Moy et al., 2019), but in females the mechanism is
not clearly elucidated. Since our finding suggests that CGRP
affects aspects of nociceptive behavior in females by acting on
central neurons (Fig. 4D,E), we sought to determine whether
CGRP signaling regulates KCC2 extrusion capacity in the spinal
dorsal horn (laminae I and II) of female and male mice.
Detection of differences in KCC2 activity requires challenging
the transporter, so we measured EGABA in whole-cell configura-
tion by imposing a Cl– load (29 mM Cl–) through the recording
pipette (Ferrini et al., 2020) while recording from laminae I and II
dorsal horn neurons. Interestingly, while there was no difference in
EGABA between females and males at resting conditions, bath incu-
bation of CGRP (50ng/ml,.2 h) induced a significant depolariza-
tion of EGABA exclusively in females (female EGABA: control =
�43.686 1.06mV; CGRP = �40.546 0.37mV; unpaired t test,
t=2.795, p=0.011; male EGABA: control = �43.196 0.93mV;
CGRP = �45.276 1.13mV; unpaired t test, t=1.406, p=0.17; Fig.
5A,B).

We then used CLP257, a KCC2 enhancer (Gagnon et al.,
2013), to determine whether augmenting KCC2 activity could
reverse CGRP-evoked mechanical hypersensitivity in female
mice. We administered intrathecal injection of 130 mmol
CLP257 immediately before intrathecal injection of 0.1 nmol
CGRP. CLP257 was able to decrease hindpaw hypersensitivity
caused by intrathecal CGRP in female mice, but we did not
observe an effect in male mice (Fig. 5C; female CLP257 effect:
F(1,6) = 10.46, p= 0.018; time effect: F(7,42) = 20.36, p, 0.0001). Of
note, hindpaw sensitivity caused by intrathecal CGRP returned
to baseline levels in male mice by the same time point CLP257
began to have an effect in female mice. These findings link the
effect of CGRP on KCC2 to mechanical hypersensitivity in
female mice.

CLP257 inhibits hyperalgesic priming in male and female
mice
To determine whether KCC2 potentiation could block or reverse
hyperalgesic priming, we gave male and female mice intrathecal
injection of CLP257 either before IL-6 injection or before PGE2

/

injection, animals received an intrathecal injection of 1 mg of CGRP8-37 (n= 7–8 mice/
group). C, Animals were given a hindpaw incision and an intrathecal injection of 1 mg of
CGRP8-37 at the time of incision and then 24 h postincision. After the initial hypersensitivity
following the incision had returned to baseline levels, animals received an intraplantar injec-
tion of 100 ng of PGE2 to test for hyperalgesic priming (n= 5–6 mice/group). D, Mice were
given an SNI surgery and then a single intrathecal injection of 1 mg of CGRP8-37 21 d after
initial injury (males, n= 3 mice/group; females, n = 4 mice/group). NP, Neuropathic pain.
Differences between groups were measured using a two-way ANOVA with Bonferroni’s post
hoc test: *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001.
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injection in previously primed mice. Intrathecal injection of
CLP257 (130 mmol) immediately before intraplantar injection
of 0.1 ng of IL-6 effectively blocked IL-6-induced mechanical
hypersensitivity in both sexes (Fig. 6A; female CLP257 effect:
F(1,6) = 42.21, p=0.0006; time effect: F(6,36) = 17.56 p, 0.0001;
male CLP257 effect: F(1,6) = 61.10, p= 0.0002; time effect: F(6,36) =
8.45, p, 0.0001). After mechanical hypersensitivity had re-
solved, animals received a second intraplantar injection, this
time 100 ng of PGE2. In both males and females that previously
received CLP257, the development of hyperalgesic priming was
blocked (Fig. 6A).

In a separate set of experiments, priming was established
using intraplantar injection of 0.1 ng of IL-6, and after animals
had returned to baseline mechanical hypersensitivity, they
received an intrathecal injection of CLP257, at the same dose,
immediately before intraplantar injection of 100ng of PGE2.
CLP257 was able to reverse hyperalgesic priming in both male
and female mice (Fig. 6B; female CLP257 effect: F(1,6) = 12.9,
p=0.012; time effect: F(7,42) = 31.84, p, 0.0001; male CLP257

effect: F(1,6) = 80.68, p, 0.0001; time effect: F(5,30) = 36.15, p,
0.0001). These results suggest that KCC2 dysregulation is an
important factor in the development and maintenance of hyper-
algesic priming in both mouse sexes. While our previous experi-
ments point to CGRP as a potential causative factor in females, a
distinct mechanism, such as BDNF (Moy et al., 2019), is poten-
tially responsible for KCC2 regulation in male mice.

CGRP does not induce KCC2 internalization in female
dorsal horn neurons
EGABA depolarization is usually associated with reduced mem-
brane expression of KCC2 (Kaila et al., 2014; Ferrini et al., 2020).
We therefore hypothesized that CGRP may cause KCC2 inter-
nalization in dorsal horn neurons. To test this, we gave intrathe-
cal injections of 0.1 nmol CGRP or vehicle and killed animals 1 h
later to remove the spinal cord. We then processed these spinal
cords to examine KCC2 localization. Contrary to our hypothesis,
we did not note any evidence of enhanced KCC2 internalization
in response to CGRP treatment in either sex (Fig. 7A–F). To

Figure 3. CGRP mAbs block IL-6-induced mechanical hypersensitivity and development of hyperalgesic priming in female mice and rats. A, Mice were given an intraperitoneal injection of
20mg/kg CGRP mAb, 20 mg/kg control mAb, or vehicle 24 h before receiving an intraplantar injection of 0.1 ng of IL-6. After initial hypersensitivity had resolved, animals received an intraperi-
toneal injection of either CGRP mAb or control mAb at the doses described above 24 h before a 100 ng PGE2 intraplantar injection (n= 6 mice/group). Stars show significant differences versus
control Ab. B, Rats received an intraperitoneal injection of 20mg/kg CGRP mAb, 20mg/kg control mAb, or vehicle 24 h before an intraplantar injection of 0.1 ng of IL-6 or saline, and, once me-
chanical hypersensitivity had resolved, animals received an intraperitoneal injection of the same drug or vehicle 24 h before intraplantar injection of 100 ng of PGE2 (n= 6 rats/group). Stars
show significant differences versus vehicle treatment, color coded by group. Differences between groups were measured using a two-way ANOVA with Bonferroni’s post hoc test: *p, 0.05,
**p, 0.01, ***p, 0.001, ****p, 0.0001.

Paige et al. · CGRP Promotes Pain in Female Rodents J. Neurosci., March 9, 2022 • 42(10):1930–1944 • 1937



Figure 4. Intrathecal CGRP causes an increased response in female mice that is not blocked by systemic CGRP mAb but is blocked by systemic olcegepant. A, Female mice received an intrathecal injec-
tion of CGRP in half-log step increments of 0.1, 0.3, or 1 nmol rat a-CGRP (n=2–4 mice/dose). B, Male mice received intrathecal injections of rat a-CGRP in the same doses as female mice (n=2–4
mice/dose). C, Dose–response curve of male and female mice at 60min post-intrathecal injection of CGRP. Six increasing doses of rat a-CGRP were administered to both males and females, as follows:
0.01, 0.03, 0.1, 0.3, and 1 nmol. Differences between slopes were determined using an ANCOVA: p-value= 0.0013 [F=7.931 (df of the numerator = 2; df of the denominator = 39); n=11 mice for
female dose–response curve; n=12 mice for male dose–response curve]. D, Female mice received an intraperitoneal injection of 20mg/kg CGRP mAb, 20mg/kg control mAb, or vehicle 24 h before in-
trathecal injection of 0.1 nmol rat a-CGRP, and mechanical hypersensitivity was measured following these intrathecal injections (n=6 mice/group). E, Female mice received an intraperitoneal injection of
1mg/kg olcegepant or vehicle 30min before intrathecal injection of 0.1 nmol rat a-CGRP, and mechanical hypersensitivity was measured following these intrathecal injections (vehicle, n=8; olcegepant,
n=5). Differences between groups were measured using a two-way ANOVA with Bonferroni’s post hoc test: *p, 0.05, **p, 0.01. I.P., Intraperitoneal; I.T., intrathecal; veh, vehicle.

1938 • J. Neurosci., March 9, 2022 • 42(10):1930–1944 Paige et al. · CGRP Promotes Pain in Female Rodents



examine whether changes in KCC2 membrane expression may
occur under conditions where CGRP application can be more
precisely controlled, and at a time point when the difference
between male and female is most apparent, we replicated the
electrophysiological conditions at which we observed a signifi-
cant shift in EGABA. No difference was found in KCC2 mem-
brane expression in either female or male spinal cord explants
after 3 h of incubation of 50 nM CGRP, indicating that CGRP did
not induce KCC2 internalization in females (Fig. 8A–C;
Wilcoxon signed-rank test: males: W=12, p= 0.46; females: W =
�10, p=0.47). These results suggest that CGRP downstream
mechanisms can alter intracellular Cl– and EGABA through mech-
anisms that do not involve apparent changes in KCC2 mem-
brane localization. This observation is consistent with recent
findings that, in males, BDNF-signaling per se, in the absence of

NMDA signaling, causes a decrease in KCC2 function without
internalization (Plasencia-Fernandez et al., 2019). The ability of
CLP257 to enhance KCC2 function under these conditions is
also consistent with previous findings that CLP257 can enhance
KCC2-mediated transport even in the absence of enhanced
membrane expression, as shown in an overexpression assay
(oocytes) where membrane KCC2 was saturated (Gagnon et al.,
2013).

Discussion
Our findings support the conclusion that CGRP promotes me-
chanical sensitization in the DRG/spinal cord system, but pri-
marily in female rodents. This adds to a growing body of
evidence identifying signaling pathways that promote pain

Figure 5. CGRP reduces Cl– extrusion capacity in spinal dorsal horn neurons of female mice. A, I–V plots of a representative neurons of each experimental group. Insets, Electrophysiological
traces of the currents generated by 500mmol muscimol puffs at different holding voltage steps (93–30.5 mV). Calibration: 300 pA, 100 ms. B, KCC2 activity in laminae I and II neurons was esti-
mated from the GABAA I–V curve under 29 mM Cl– load. Incubation of spinal cord slices with 50 ng/ml CGRP for.2 h induced a depolarization of EGABA only in female tissue (n= 11–12 neu-
rons/group). C, Male and female mice received an intrathecal injection of 130 mmol CLP257 immediately before intrathecal injection of 0.1 nmol CGRP. Mechanical hypersensitivity was
measured using von Frey filament testing (n= 4 animals/group). Differences between groups were measured using a two-way ANOVA with Bonferroni’s post hoc test: **p, 0.01, ***p
,0.001, ****p, 0.0001.
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specifically in female animals in numerous models of chronic
pain (Patil et al., 2013, 2019a,b; Sorge et al., 2015; Avona et al.,
2019; Paige et al., 2020; Avona et al., 2021; Luo et al., 2021). We
found that CGRP, acting both in the periphery and CNS, regu-
lates early pain signaling in female mice and rats, but that more
persistent effects, such as those involved in the maintenance of
hyperalgesic priming, require CNS CGRP signaling. The finding
that intrathecally applied CGRP evoked mechanical hypersensi-
tivity was more potent and efficacious in females and was not
blocked by a peripherally restricted CGRP-targeting mAb further
supports this contention. Olcegepant was able to block this effect,
suggesting that this drug likely enters the CNS under the experi-
mental conditions used here. Collectively, our study raises the
possibility that CGRP receptor-blocking therapies, in particular
small-molecule antagonists that enter the CNS, may be effective
for nonmigraine pain in women. This hypothesis can be tested in
future clinical trials as the number of approved drugs targeting
the CGRP system has expanded dramatically in recent years
(Yuan et al., 2019).

We demonstrated that CGRP depolarizes EGABA in the neu-
rons of the dorsal horn of the spinal cord specifically in female
mice. EGABA is controlled by the expression and localization of

KCC2 in dorsal horn neurons (Coull et al., 2003; Kaila et al.,
2014; Price and Prescott, 2015; Doyon et al., 2016). Previous
work has demonstrated some distinct mechanisms underlying
KCC2 function in male and female mice and rats. While periph-
eral nerve injury causes KCC2 downregulation in both sexes
(Mapplebeck et al., 2019), and KCC2 activators show efficacy in
male and female rodents in neuropathic pain models, a micro-
glial P2X4-BDNF-TrkB-mediated mechanism of KCC2 down-
regulation is engaged only in male rodents (Mapplebeck et al.,
2018, 2019). In our experiments, while we saw a change in
EGABA in female mice, we did not observe any sign of CGRP-
regulated internalization of KCC2. Over the time course of our
experiments, it is unlikely that transcriptional downregulation
could explain the observed effect, so we did not examine KCC2
expression with quantitative PCR, but we cannot rule out such
effects. It may be that a different mechanism downstream of
CGRP receptors controls KCC2 function in female mice.
Possibilities include phosphorylation-regulated transporter func-
tion (Friedel et al., 2015; Kahle and Delpire, 2016) or targeted
degradation of KCC2 pools (Plasencia-Fernandez et al., 2019).
These mechanisms should be tested in future experiments.
Nevertheless, the female-specific effects of CGRP appear to

Figure 6. CLP257 blocks and reverses hyperalgesic priming in both male and female mice. A, Animals received an intrathecal injection of 130mmol CLP257 immediately before an intraplan-
tar injection of 0.1 ng of IL-6. After initial mechanical hypersensitivity to IL-6 had resolved, mice received an intraplantar injection of 100 ng of PGE2 (n= 4 mice/group). B, An intraplantar injec-
tion of 0.1 ng of IL-6 was given to animals and immediately before the intraplantar injection of 100 ng of PGE2 injection animals received an intrathecal injection of 130 mmol CLP257 (n= 4
mice/group). Differences between groups were measured using a two-way ANOVA with Bonferroni’s post hoc test: *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001.
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involve KCC2 function because its acute administration in slices
affects EGABA, and its systemic action can be reversed by
CLP257. Interestingly, and in agreement with previous studies in
neuropathic pain models (Mapplebeck et al., 2019), the KCC2
enhancer CLP257 could both block and reverse the establish-
ment of hyperalgesic priming in male and female mice. This
indicates that while different upstream mechanisms governing

KCC2 function are likely engaged in male and female mice, the
cotransporter appears to play an important role in hyperalgesic
priming in both sexes.

We addressed the following two issues around the pharma-
cology of CGRP in hyperalgesic priming in female mice and rats
using distinct CGRP antagonism approaches: (1) whether CGRP
antagonism could prevent and/or reverse hyperalgesic priming;

Figure 7. CGRP administration does not provoke KCC2 internalization in dorsal horn neurons in either female or male mice. A–D, Representative confocal images of the dorsal horn of spinal
cord in female and male mice treated with either 0.1 nmol CGRP or vehicle showing CGRP, IB4, KCC2, and NeuN staining. Scale bars: A–D, 20mm. a–d, High-magnification images of the areas
highlighted in the white rectangle in A–D showing neurons expressing KCC2 (top) together with the average pixel KCC2 intensity plots versus distance to the membrane profile (bottom
graphs). Scale bars: a–d, 5 mm. E, Average KCC2 intensity profiles from dorsal horn neurons of female mice treated with vehicle (violet line; n= 8 mice), female mice treated with 0.1 nmol
CGRP (purple line; n= 10 mice), male mice treated with vehicle (orange line; n= 7 mice), and male mice treated with 0.1 nmol CGRP (red line; n= 10 mice). Results are presented as the
mean per group for visualization purposes since the curves are duplications of the graphs in a–d. F, Membrane KCC2 intensity of the four experimental groups calculated at position zero. No
significant differences were observed between vehicle or CGRP-treated female or male mice with Welch’s ANOVA; n= 7-10 mice/group.
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and (2) whether these effects were likely centrally or peripherally
mediated. We found that the CGRP mAb was able to block only
hyperalgesic priming from occurring, but intrathecal injection of
both olcegepant and CGRP8-37 was able to reverse established
priming in female animals when given near the time of the PGE2
injection. There was less efficacy of olcegepant versus CGRP8-37
in preventing the establishment of hyperalgesic priming when it
was given at the same time as the priming stimulus IL-6r. This
might be explained by shorter receptor occupancy for the small-
molecule versus the peptide antagonist, but this would need to
be assessed in additional studies. Nevertheless, systemically
administered olcegepant blocked the effect of intrathecally
administered CGRP in female mice while the CGRP antibody
had no effect. This strongly supports the conclusion that cen-
trally administered CGRP promotes pain preferentially in female
mice, and this effect can only be blocked by antagonist
approaches that enter the CNS. The penetration of olcegepant
across the BBB is controversial (Tfelt-Hansen and Olesen, 2011).
Some studies demonstrate a CNS effect of the compound (Sixt et
al., 2009), but others have failed to make such an observation
(Hirsch et al., 2013; Christensen et al., 2020, 2021; Ernstsen et al.,
2021). It is notable that the studies reporting negative findings
have all relied entirely on the use of male animals (Hirsch et al.,
2013; Christensen et al., 2020, 2021; Ernstsen et al., 2021). Our
results are consistent with a key role of centrally acting CGRP
inducing mechanical sensitization in female, but not male,
rodents. This is likely mediated by an action on CGRP receptors
that are found on dorsal horn neurons. The consequence of act-
ing on these receptors is a reduction in the Cl– extrusion capacity
of these cells, reducing the efficacy of spinal inhibition. Reducing
this pathologic effect in female rodents, and potentially in female
chronic pain patients, would best be achieved with small-mole-
cule receptor antagonists that can target these CNS receptors.

There are several limitations to our study. First, we acknowl-
edge that the sample size for many of our mouse behavioral
experiments is small. We designed our mouse behavioral experi-
ments with a group size of eight per treatment with an equal split
of male and female mice. We found a striking sex difference de-
spite the small sample size that was consistent across experiments
with different CGRP receptor antagonists. Second, we have not
discovered a mechanism that explains the enhanced in vivo po-
tency and efficacy for CGRP in female rodents. Future studies
will need to explore how this occurs. A possibility could be sex
hormone effects on receptor signaling coupling. Finally, we have
not controlled for fluctuations in the sex hormone cycle in
female rodents. Given that the time course of our hyperalgesic
priming experiments temporally cover several cycles, it is
unlikely that changes in hormone concentration over the cycle
affect our observations.

It is estimated that 20% of the population in the United States
suffers from chronic pain, and women make up the majority of
the patients seeking treatment for their pain (Dahlhamer et al.,
2018). A potential explanation for this phenomenon is that cur-
rently available analgesics are ineffective in female patients
because they target molecular mechanisms that are specific to
males (Mogil, 2020; Shansky and Murphy, 2021). This creates a
strong case for developing pain drugs that could be used specifi-
cally in each sex. An example of this would be repurposing
recently approved CGRP-targeting mAbs and/or CGRP receptor
antagonists that have been approved for the treatment of mi-
graine (Yuan et al., 2019), a pain state that disproportionately
impacts female patients (Ashina et al., 2021), for the treatment of
other pain states in women. Our work suggests that small-mole-
cule CGRP receptor antagonists would be the better choice for
such clinical trials because these drugs likely enter the CNS, while
mAbs do not. Our work adds support to the hypothesis that

Figure 8. CGRP incubation for 3 h does not cause KCC2 internalization in superficial dorsal horn neurons in either female or male mice spinal cord explants. A, Representative confocal images
of the dorsal horn of spinal cord explants from female and male mice incubated with either 50 nM CGRP or vehicle for 3 h, showing CGRP, IB4, KCC2, and NeuN staining. Scale bar, 20mm. B,
Average KCC2 intensity profiles from dorsal horn neurons of male (left; n= 8 mice) and female (right; n= 7 mice) mice explants incubated with vehicle (orange and violet lines) or 50 nM CGRP
(red and purple lines). Results are presented as the mean per group. C, Membrane KCC2 intensity of the four experimental groups calculated at position zero. No significant differences were
observed between vehicle- and CGRP-treated female or male mice spinal cord explants.
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mechanisms underlying chronic pain are at least partially
distinct in males and females, and points to CGRP as a tar-
get that can be further explored for the development of
female-specific analgesics.
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