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Abstract

Neonatal pain has been suggested to contribute to the development and/or persistence of adult
pain. Observations from animal models have shown that neonatal inflammation produces long-
term changes in sensory neuron function, which can affect the susceptibility of adults to develop
persistent pain. We used a preclinical model of transition to chronic pain, hyperalgesic priming, in
which a previous inflammatory stimulus triggers a long-lasting increase in responsiveness to pro-
algesic mediators, prototypically prostaglandin E, (PGE»), to investigate if post-natal age
influences susceptibility of adult rats to develop chronic pain. Priming was induced by tumor
necrosis factor alpha (TNFa), in male and female rats, 1, 2, 3, 4, 5 or 7 weeks after birth. When
adults (8 weeks after birth), to evaluate for the presence of priming, PGE, was injected at the same
site as TNFa.. In males that had received TNFa at post-natal weeks 1, 2 or 3, priming was
attenuated compared to the 4-, 5- and 7-week-old treated groups, in which robust priming
developed. In contrast, in females treated with TNFa at post-natal week 1, 2, 3, or 4, but not at 5
or 7, priming was present. This age and sex difference in the susceptibility to priming was

Corresponding author: Jon D. Levine, M.D., Ph.D., University of California, San Francisco, 521 Parnassus Avenue, San Francisco,
CA 94143-0440, Phone: 476-5108, Fax: 476-6305, jon.levine@ucsf.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author’s contribution

LFF: designed research and performed experiments, analyzed the data and wrote the manuscript; DA: performed experiments and
wrote the manuscript; PG: performed experiments and wrote the manuscript; JDL: designed research, wrote the manuscript. All
authors read and approved the final version of the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrari et al.

Page 2

estrogen-dependent, since injection of TNFa in 3-week-old males and 5-week-old females, in the
presence of the estrogen receptor antagonist ICI 182,780, did produce priming. These results
suggest that estrogen levels, which vary differently in males and females over the post-natal
period, until they stabilize after puberty, impact pain as an adult.
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Introduction

Persistent abnormal nociceptive processing in the adult has been suggested to be, at least in
part, a consequence of pain experienced during the neonatal period. Thus, inflammation in
neonates has been demonstrated to produce long-term changes in sensory neuron function in
rats and mice (Lidow et al., 2001; Hohmann et al., 2005; Schwaller and Fitzgerald, 2014;
Weyer et al., 2016), due to the neuronal plasticity in the neonatal period (Shortland and
Fitzgerald, 1994; Reynolds and Fitzgerald, 1995; Torsney and Fitzgerald, 2002; Walker et
al., 2003), that might permanently affect the development and maturation of nociceptive
circuitry (Beland and Fitzgerald, 2001; Brummelte et al., 2012; Schwaller and Fitzgerald,
2014). As a consequence, painful insults at early stages of development can shape the future
response to noxious stimulation in adults (Bhutta et al., 2001; Lidow et al., 2001; Lidow,
2002; Ren et al., 2004; Wang et al., 2004; Peters et al., 2005). Interestingly, neonatal injury
affects males and females differently, with females showing an increased vulnerability to
develop long-term changes in the sensory circuits due to early life insults (LaPrairie and
Murphy, 2007). A prominent role of sex hormones in such differences has been observed
(Aloisi, 2003), and changes in their circulating levels over the early stages of development
(Weisz and Ward, 1980; Amateau et al., 2004; Balthazart and Ball, 2006; Cornil et al.,
2006), especially estrogen, shown to have a modulatory and protective effect on the nervous
system (Garcia-Segura et al., 2001; Maggi et al., 2004; Amantea et al., 2005), have been
suggested to strongly impact the susceptibility of adults to develop chronic pain, as a
consequence of early inflammation (LaPrairie and Murphy, 2007).

Hyperalgesic priming is a preclinical model of chronic pain in which an inflammatory insult
induces long-lasting neuroplasticity in the primary afferent nociceptor (Aley et al., 2000;
Parada et al., 2003a; Reichling and Levine, 2009) such that its subsequent response to pro-
algesic mediators, prototypically prostaglandin E, (PGEy), is markedly prolonged (Aley et
al., 2000; Parada et al., 2005; Ferrari et al., 2014). While the mechanical hyperalgesia
induced by injection of PGE, in a naive control paw lasts ~2h, in the primed paw it is
markedly prolonged, lasting more than 4h, due to protein kinase C epsilon (PKCe)-triggered
changes in the nociceptor (Aley and Levine, 1999; Aley et al., 2000), which strongly and
permanently affects the signaling pathways activated by pro-algesic stimulation (Parada et
al., 2005; Khasar et al., 2008; Dina et al., 2009; Ferrari et al., 2013c; Ferrari and Levine,
2015). Hyperalgesic priming has been shown to be sexually dimorphic (Joseph et al., 2003;
Ferrari et al., 2016; Ferrari et al., 2017; Khomula et al., 2017); in female rats, the PKCe-
dependent induction of priming is negatively regulated by estrogen, such that gonad intact
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adult females cannot be primed by direct or receptor-mediated activation of PKCe. However,
in gonadectomized females, activation of PKCe induces priming (Joseph et al., 2003).

In this study, we demonstrate that post-natal developmental stage influences the
susceptibility of rats to develop priming in a sexually dimorphic manner. Also, since sex
hormones vary in level during post-natal development (Weisz and Ward, 1980; Amateau et
al., 2004; Balthazart and Ball, 2006; Cornil et al., 2006), and priming is sexually dimorphic
and estrogen-dependent (Joseph et al., 2003; Ferrari et al., 2016; Ferrari et al., 2017,
Khomula et al., 2017), we evaluated the role of estrogen in such age dependent differences
in the induction of priming at young ages in males and females.

Experimental Procedures

Animals

All experiments were performed on male and female Sprague Dawley rats aged 1 to 8 weeks
(< 100 g — 300 g, Charles River Laboratories, Hollister, CA). Dams were housed with their
litter in standard cages on post-natal days 0-21. At the end of the third post-natal week, rats
were separated by sex and housed, 3 per cage, under a 12-hour light/dark cycle in a
temperature- and humidity-controlled room in the Laboratory Animal Resource Center of
the University of California, San Francisco. Food and water were available ad /ibitum.
Nociceptive testing was performed between 10:00 am and 5:00 pm. Experimental protocols
were approved by the Institutional Animal Care and Use Committee (IACUC) at The
University of California, San Francisco, and adhered to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. Every effort was made to minimize
the number of animals used and their suffering.

Mechanical nociceptive threshold evaluation

Drugs

Mechanical nociceptive threshold was quantified using an Ugo Basile Analgesymeter®
(Randall-Selitto paw-withdrawal test; Stoelting, Chicago, IL), which applies a linearly
increasing mechanical force to the dorsum of the rat’s hind paw (Randall and Selitto, 1957;
Taiwo and Levine, 1989; Taiwo et al., 1989). Nociceptive threshold was defined as the force
in grams at which the rat withdrew its paw. Baseline paw-pressure threshold was defined as
the mean of the 3 readings taken before a test agent was injected. Only one paw per rat was
used. Each experiment was performed on a different group of rats. Data are presented as the
mean change from baseline nociceptive threshold.

The reagents used in this study were the direct-acting hyperalgesic inflammatory mediator
prostaglandin E, (PGEy), and rat recombinant tumor necrosis factor a (TNFa), both from
Sigma-Aldrich (St. Louis, MO), and the non-selective estrogen receptor antagonist I1CI
182,780 (ICI), from R&D Systems (Minneapolis, MN). Stock solutions of PGE,, dissolved
in absolute ethanol to a concentration of 1 pg/ul, were further diluted in 0.9% NaCl (1:50,
final concentration 0.2 pg/pl) immediately before injection. The ethanol concentration of the
final PGE, solution was ~2% and the injection volume 5 pl. TNFa was dissolved in sterile
phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin, and diluted in
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0.9% NaCl just prior to intradermal injections. Both PGE, and TNFa were injected
intradermally on the dorsum of the hind paw using a beveled 30-gauge hypodermic needle
attached to a microsyringe (Hamilton Company, Reno, NV) by a short length of
polyethylene (PE-10) tubing. ICI 182,780, dissolved in sesame oil and diluted in saline at
the time of the injections, was administered subcutaneously, on the back of the neck, for 8
consecutive days, in a dose of 10 pg/day, using a 27-gauge needle. Previous work (Branham
et al., 1996) has shown a significant inhibition of estrogen receptors after daily injections of
this dose for 4 consecutive days. In this study we extended this treatment to 8 days (3
additional days after TNFa.) in order to maintain the inhibition of estrogen receptors during
the time course for the development of priming after the injection of the inducer, as
previously demonstrated (Bogen et al., 2012; Ferrari et al., 2015).

Hyperalgesic priming

To induce hyperalgesic priming TNFa was injected intradermally, at the site of nociceptive
testing, on the dorsum of the hind paw (Aley et al., 2000; Parada et al., 2003b; Reichling and
Levine, 2009) in rats of different ages (post-natal week 1, 2, 3, 4, 5 or 7). TNFa., in addition
to inducing mechanical hyperalgesia that lasts ~24h (Parada et al., 2003a), induces priming
(Parada et al., 2003a; Bogen et al., 2012), which is fully developed ~3 days after TNFa
injection (Bogen et al., 2012). Importantly, once priming is induced, it is permanently
maintained by ongoing protein translation at the terminal of the nociceptor (Ferrari et al.,
2013a). To investigate if TNFa induces priming in young rats, when adults PGE, was
injected at the same site. While in naive, non-primed paws, PGE, produces hyperalgesia that
lasts approximately 2h (Aley and Levine, 1999), in primed paws it induces markedly
prolonged mechanical hyperalgesia that lasts more than 4h (Aley et al., 2000; Ferrari et al.,
2013c; Ferrari et al., 2014; Ferrari and Levine, 2015).

Data analysis

In all experiments, the dependent variable was change in paw-withdrawal threshold,
expressed as percentage change from baseline, evaluated before the injection of PGE,. The
average paw withdrawal threshold before the injection of PGE,, at the 8t post-natal week,
was 135.6 + 1.7 g, for the males, and 126.5 £ 1.4 g for the females (N = 42 male and 41
female paws). In Figure 1, the magnitude of the hyperalgesia induced by PGE; in the groups
that received TNFa in different post-natal weeks was compared with the control group that
had received TNFa 7 weeks after birth, by one-way ANOVA followed by Bonferroni post-
hoctest. In Figure 2, in each panel, the group treated with ICI 182,780 was compared with
groups shown in Figure 1 (that received TNFa alone at the 7t, 37 (males) or 5 (females)
post-natal week), by Student’s #test. The experiments were performed blind, the
experimenter did not know the treatments until after the tests. GraphPad Prism 5.0
(GraphPad Software, Inc, San Diego, CA) was used for the graphics and to perform
statistical analyses; p < 0.05 was considered statistically significant. Data are presented as
mean + standard error of the mean.
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Results
Hyperalgesic priming is age- and sex-dependent

To evaluate if an inflammatory insult administered at different ages impacts nociceptor
function in adults, we used the model of the transition to chronic pain, hyperalgesic priming
(Aley et al., 2000; Reichling and Levine, 2009). To produce priming, we injected TNFa
(100 ng in 5 pl, (Parada et al., 2003a)), intradermally, on the dorsum of the hind paw of male
and female rats 1, 2, 3, 4 or 5 weeks after birth, and, at 8 weeks PGE, (100 ng in 5 pl) was
injected at the TNFa injection site, to evaluate for priming. As a control, TNFa was injected
in 7-week-old (adult) male and female rats. When the control groups were evaluated 1 week
later, the hyperalgesia induced by PGE, was still present at the 4! h in the males, but not in
the females, indicating the presence of priming only in males (Figure 1, black bars). This
finding is in line with our previous observation showing that, while the activation of PKCe
by stimuli such as TNFa (Parada et al., 2003a) in adult males produces priming (Parada et
al., 2003a; Ferrari et al., 2015), in adult females priming cannot be induced through PKCe-
dependent mechanisms (Joseph et al., 2003; Ferrari et al., 2013b). We have also found, in
male rats treated with TNFa 1, 2 or 3 weeks after birth, that the magnitude of the PGE,-
induced hyperalgesia was smaller when compared to the groups treated with TNFa at 4 and
5 weeks of age, and the control group, indicating that the induction of priming was
attenuated when the priming stimulus was administered 1, 2, or 3 weeks postnatally (Figure
1, left panel). In contrast, in females in which TNFa was injected at post-natal weeks 1, 2, 3,
or 4, but not in week 5 or adults (Figure 1, right panel), the hyperalgesia induced by PGE,
was still present at the 41 h. These results suggest that sexually dimorphic changes over the
period of post-natal development affect the susceptibility of rats to develop chronic pain
(Figure 1).

Estrogen prevents the induction of priming in young males

We have previously demonstrated that estrogen regulates PKCe-dependent induction of
priming (Joseph et al., 2003). While direct or receptor-mediated activation of PKCe, in
males, induces priming, implantation of estrogen prevents induction. Thus, considering this
role of estrogen in the regulation of the induction of priming, we investigated the possibility
that an effect of the circulating estrogen in early stages of the post-natal development (Weisz
and Ward, 1980; Aloisi, 2003; Amateau et al., 2004; LaPrairie and Murphy, 2007) would be
responsible for the decreased susceptibility of young male rats to develop priming (Figure
1). Male rats received, daily, subcutaneous injection of the non-selective estrogen receptor
antagonist 1CI 182,780 (10 pg/day) on the back of the neck, for 5 consecutive days before
they completed 3 weeks of age, at which time TNFa (100 ng in 5 pl) was injected
intradermally on the dorsum of the hind paw. Daily ICI 182,780 treatment was continued for
3 additional days, in order to keep the inhibition of estrogen receptors during the time course
of the effect of TNFa to induce priming (Bogen et al., 2012). When the rats were 8 weeks
old, the presence of priming was tested for by injection of PGE, (100 ng) at the same site as
TNFa, and the mechanical hyperalgesia evaluated 4h later. Two experimental groups were
used for comparison: one that received only TNFa 3 weeks after birth (Figure 2, left panel,
white bar), in which the induction of priming was attenuated, and a group treated with
TNFa 7 weeks after birth (Figure 2, left panel, black bar), which developed priming. We

Neuroscience. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrari et al.

Page 6

found that, in the group of rats that received TNFa on post-natal week 3 in the presence of
ICI 182,780 (gray bar), priming was robust, since the magnitude of the hyperalgesia induced
by PGE, 4h after injection was significantly higher than in the control group (TNFa alone at
the 3" post-natal week). This result suggests that the decreased susceptibility of 3-week-old
male rats to be primed is dependent on circulating estrogen (Figure 2, left panel).

Role of estrogen in the induction of priming in females

While the receptor-mediated or direct activation of PKCe in intact adult females does not
induce priming, in gonadectomized females, activation of such mechanisms does, indicating
the inhibitory effect of circulating estrogen on the mechanisms of priming induction (Joseph
et al., 2003). Since we have observed that the susceptibility of females to be primed by
TNFa changes markedly from the 41" to the 5™ post-natal week (Figure 1, right panel), and
taking into account the preventive effect of estrogen in the induction of priming (Joseph et
al., 2003), we investigated if the lack of susceptibility of 5-week-old female rats to be
primed was due to an action of estrogen. A group of female rats was treated daily, for 5
consecutive days before they reached 5 weeks of age, with subcutaneous injection of ICI
182,780, 10 pg/day, on the back of the neck (Figure 2, right panel, gray bar). Then, TNFa
(100 ng in 5 pl) was injected intradermally on the dorsum of the hind paw. To maintain the
inhibition of estrogen receptors during the time course of the effect of TNFa to induce
priming (Bogen et al., 2012), the ICI 182,780 treatment was continued for an additional 3
days. When the rats were 8 weeks old, PGE, was injected at the same site as TNFa and the
mechanical hyperalgesia evaluated 4h later. A different group of rats, which only received
TNFa, 5 weeks after birth (Figure 2, right panel, white bar), and another group treated with
TNFa 7 weeks after birth (Figure 2, right panel, black bar), were used for comparison. We
observed that the hyperalgesia induced by PGE; in the group of rats that received TNFa at
post-natal week 5 in the presence of ICI 182,780 (gray bar) was present at the 4t h after
injection, indicating the presence of priming. In contrast, in the other two groups the PGE,-
induced hyperalgesia was no longer present at that time point. These results suggest that an
effect of estrogen is responsible for the lack of susceptibility of 5 weeks old female rats to
develop priming (Figure 2, right panel).

Discussion

The elucidation of the mechanisms involved in the etiology of chronic pain is a
multifactorial challenge, involving not only aspects related to its induction and maintenance,
but also the identification of factors that can impact the susceptibility of individuals to
develop persistent pain. Circumstances such as stress or disease can affect sensory neurons
and alter their function, ultimately contributing to the development of long-lasting pain
states (Khasar et al., 2009; Christianson and Davis, 2010; Chen et al., 2011; Schaible, 2012;
Lutz et al., 2015; Guerrero-Alba et al., 2016). Recently, it has been demonstrated that the
occurrence of inflammation in early stages of post-natal development produces significant
changes in the somatosensory/pain systems (Anand and Scalzo, 2000; Anand, 2000;
Whitfield and Grunau, 2000; Bhutta et al., 2001; Lidow, 2002; Walker et al., 2003; Grunau
et al., 2005), resulting in altered sensitivity of individuals to noxious stimuli as adults (Ruda
et al., 2000; Lidow et al., 2001; Peters et al., 2005). Such changes in the response to painful
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stimulation, expressed as a higher nociceptor sensitivity when compared to individuals not
submitted to the same early life insult, is a consequence of an increased vulnerability of
neurons to develop plasticity in the early periods of postnatal development (Lidow, 2002;
Fitzgerald, 2004; LaPrairie and Murphy, 2007), and has been associated with an increased
susceptibility of adults to develop long-term pain states. With that in mind, in this study,
hyperalgesic priming, a PKCe-dependent preclinical model of the transition to chronic pain
in the rat, was used to investigate if the stage of post-natal development affects the
susceptibility of rats to develop chronic pain. Since priming consists in a persistent
nociceptor plasticity (Aley et al., 2000), which may be associated with several clinical
conditions (Reichling and Levine, 2009; Diers et al., 2011), it allowed us to investigate if an
inflammatory event in early post-natal life affects the response to a pro-algesic (PGE,) agent
later in life (Aley et al., 2000). Importantly, the neuroplasticity underlying hyperalgesic
priming has been shown to occur in the nociceptor, i.e., at the level of the peripheral nervous
system (Parada et al., 2003b; Reichling and Levine, 2009; Joseph and Levine, 2010; Ferrari
et al., 2013b; Ferrari et al., 2015), and, once established, it is permanently supported by
continuous protein translation at the terminals of these sensory neurons (Ferrari et al.,
2013a). Although not yet determined, the protein — or proteins — translated in this process
seem to be those responsible for the switch in the signaling pathways by which
proinflammatory mediators induce hyperalgesia, which accounts for the increased sensitivity
of the primed nociceptor (Parada et al., 2005; Dina et al., 2009; Ferrari et al., 2013c; Ferrari
et al., 2014; Ferrari and Levine, 2015). To induce priming, TNFa, which activates PKCe
(Parada et al., 2003a), was injected on the dorsum of the hind paw of male and female rats in
different post-natal ages. When adults, the prolongation of the mechanical hyperalgesia
induced by PGE,, injected at the same site as TNFa., was used to determine the presence of
priming (Parada et al., 2003a; Ferrari et al., 2015). Our first observation, attenuation of the
induction of priming by TNFa administered in male rats in the 15t, 2"d, or 3'd post-natal
week, and robust priming in female rats treated with TNFa 1, 2, 3 or 4 weeks after birth,
was unexpected, since in adult females, either direct or receptor-mediated activation of
PKCe does not induce priming (Joseph et al., 2003). However, an increased vulnerability of
female rats to long-term consequences of neonatal inflammatory injury, when compared to
males, has been previously demonstrated (LaPrairie and Murphy, 2007). Those authors
observed a marked increase in pain behavior in response to algogens in females previously
submitted to inflammation in the neonatal period, when compared to control and male
groups. Hence, our findings showing a smaller sensitivity of young males to develop
priming, in contrast to young females, which fully developed priming, are supported by
previous studies that suggested sexual dimorphism in the conditions that control the
susceptibility of young rats to develop nociceptor plasticity, which change over the first
weeks of life.

That said, there is a significant variation in the levels of circulating sex hormones in both
male and female rats after birth, until they stabilize after puberty. Even in the earliest days,
the blood levels of sex hormones, especially estrogen, affect several aspects of the
development, including the nervous system (Weisz and Ward, 1980; Pilgrim and Hutchison,
1994; Amateau et al., 2004; Balthazart and Ball, 2006; Cornil et al., 2006). Male rats have
been reported to have higher levels of estradiol in the central tissues, at birth, when
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compared to females, inversely changing as the animals grow. A similar difference in sex
hormone levels in the peripheral tissues has been suggested (Germain et al., 1978; Hacik,
1978; MacLusky et al., 1979; LaPrairie and Murphy, 2007), although the literature in regard
to the peripheral levels of estrogen and its source in neonatal males is scarce, limited to
suggestions that circulating estrogen in young males is a product of the metabolism of
testosterone produced in the testes (MacLusky et al., 1979; MacLusky and Naftolin, 1981;
Roselli and Resko, 1993; Amateau et al., 2004). Nevertheless, such a sexual dimorphism in
the profile of estrogen levels could be associated with differences observed between males
and females in pain threshold and sensitivity to develop neuroplasticity (LaPrairie and
Murphy, 2007). The fact that the injection of TNFa in the presence of the estrogen receptor
inhibitor ICI 182,780, in 3 week-old males and 5 week-old females did induce priming,
strongly suggests the role of circulating estrogen in the regulation of nociceptor plasticity.
Also, considering a neuroprotective effect of estrogen (Garcia-Segura et al., 2001; Maggi et
al., 2004; Amantea et al., 2005), our data suggest that its levels in the male rat at the 3'd
post-natal week are still high enough to attenuate the pathways activated by TNFa, leading
to priming. On the other hand, as the levels of estrogen rise in the developing female, at the
5t post-natal week they would already be sufficient to prevent the priming effect of TNFa.
Since estrogen is an important regulator/modulator of the induction of hyperalgesic priming,
by acting at the level of PKCe, preventing adult females to develop priming (Joseph et al.,
2003; Ferrari et al., 2013b), our results indicate that in males during early life estrogen acts
as a neuroprotectant in response to an inflammatory insult. In contrast, females, which show
non-detectable to low levels of estrogen in association with the nervous system at the early
stages of post-natal growth (Amateau et al., 2004; LaPrairie and Murphy, 2007), are more
vulnerable to the effects of noxious insults during the first 4 post-natal weeks. These results
are in alignment with previous studies suggesting a significant and sexually dimorphic
contribution of the neonatal endocrine environment on the impact of neonatal injury in pain
later in life (Aloisi, 2003; LaPrairie and Murphy, 2007). Of note, we have recently
demonstrated in cultures of dorsal root ganglion (DRG) neurons from females, but not
males, that estrogen can also contribute to the induction of neuroplasticity by positively
modulating the release of calcium from stores in the endoplasmic reticulum (Ferrari et al.,
2016; Khomula et al., 2017), which has been associated with the mechanism involved in the
induction of hyperalgesic priming (Ferrari et al., 2013b). Whether this effect of estrogen
contributes to our current results remains to be determined.

Another relevant point to be addressed is how, in terms of post-natal developmental stage,
the rat compares with humans. The studies correlating the age of rats and humans, defining
events such as puberty, are not conclusive (Sengupta, 2011). One of the difficulties is to find
a reliable parameter to determine the age of the rats, even though it is widely accepted that
the average adult laboratory rat, based in the weight, is from 300 grams (Sengupta, 2011,
Sengupta, 2013). However, this does not apply for puberty, for example, which is based on
the period of stabilization of the blood levels of sex hormones and gonad maturation
(Sengupta, 2011; Sengupta, 2013). In male rats, puberty is considered to take place
somewhere between the 391" and 47t post-natal day and, for females, between 34 and 38
days after birth (Korenbrot et al., 1977; Chappel and Ramaley, 1985; Engelbregt et al., 2000;
Sengupta, 2011). According to these parameters, our experiments show a transition in the
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susceptibility of young rats to develop priming in a time window not exactly on, but close to,
puberty, which is probably a period in which the changing circulating levels of estrogen
were reaching a level high enough to impact, positively or negatively, the sensitivity of
nociceptors to TNFa. To associate our observations with the occurrence of puberty, rats
have a brief, accelerated childhood, with a quite variable age to enter puberty (Sengupta,
2011; Sengupta, 2013). Thus, considering the impact of the changes in the levels of estrogen
in the regulation of the susceptibility to develop priming over the early postnatal period, our
data indicate a critical period, close to puberty, in which a transition takes place, in both
sexes: males become more susceptible to be primed and, females, insensitive.

Neuroplasticity due to early painful injuries has also been suggested as the cause of
increased pain sensitivity and analgesic requirements to subsequent painful conditions
observed in infants submitted to surgical procedures (Peters et al., 2005). However, it is
difficult to determine whether a change in pain processing, produced in early life,
responsible for a decreased pain threshold in adults, involves central or peripheral
neuroplasticity (Schwaller and Fitzgerald, 2014). It is possible that, depending on the type of
injury, distinct (central or peripheral) compartments, or both, of the nervous system are
affected, explaining how insults in early post-natal periods can affect different modalities of
response to noxious stimulation. Unfortunately, it is difficult to determine, in our
experiments, whether our observations are solely due to changes in the nociceptor or also
involve the central nervous system; additional work is needed to provide this information. In
this regard, since priming is a phenomenon occurring at the terminals of the nociceptor
(Parada et al., 2003b; Reichling and Levine, 2009; Joseph and Levine, 2010; Ferrari et al.,
2013a; Ferrari et al., 2013c; Ferrari et al., 2014; Ferrari and Levine, 2015), and as the central
terminals of DRG neurons are in contact with the cerebrospinal fluid in the spinal cord, an
effect of estrogen present in this compartment in our observations is also feasible.

Another limitation of our protocol is the difficulty to evaluate if the inflammatory pain
induced by TNFa in young rats also affected the mechanical nociceptive threshold in adults.
Due to the small size of the animals, training and evaluating the mechanical threshold in
early life by the methods used in this study was not possible, preventing the comparison in
later age. However, when compared to the average mechanical nociceptive threshold in naive
adult rats, the early-treated rats did not show significant difference in threshold (not shown),
in contrast with other studies showing that rats submitted to inflammation in early post-natal
life exhibit altered nociceptive threshold as adults (Lidow et al., 2001; Lidow, 2002; Ren et
al., 2004; Wang et al., 2004; Peters et al., 2005; Wollgarten-Hadamek et al., 2009). The use
of different techniques to accurately evaluate the mechanical nociceptive threshold in young
animals might provide the missing information from our study, and could be a direction to
be assessed in further experiments. Still, our data do strongly indicate a role of early life
injury in the establishment of the susceptibility of rats to develop pain later on in life.

Conclusions

In conclusion, our results suggest a strong contribution of early life events to the
susceptibility of rats to develop chronic pain as adults, which involves a significant role of
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estrogen, affecting differently males and females, as its levels change over post-natal
development. Our work might help to explain differences between sexes in chronic pain.
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Highlights
- TNFa induces hyperalgesic priming in adult male, but not female, rats;
- In young males, induction of priming by TNFa is significantly attenuated;
- In young females, injection of TNFa induces robust priming;

- Estrogen modulates this difference in susceptibility to develop priming in
both sexes;

- Our data help to explain development of sex differences in susceptibility to
chronic pain in adults.
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Figure 1. Age dependence for induction of hyperalgesic priming by TNFa in male and female
rats

Male (left panel) and female (right panel) rats received an intradermal injection of TNFa.
(100 ng in 5 pl) on the dorsum of the hind paw 1, 2, 3, 4 or 5 weeks after birth (white bars).
The control group (adults, black bars) received TNFa at the 71" week after birth. On the 8t
week after birth, PGE, (100 ng) was injected at the same site as TNFa. and, the mechanical
hyperalgesia evaluated by the Randall-Selitto paw-withdrawal test. The detection of
hyperalgesia 4h after PGE, injection indicated the presence of priming. We found that, in the
male rats, the induction of priming by injection of TNFa 1, 2 or 3 weeks after birth was
significantly attenuated, when compared to the control group and the groups treated at the
4t and 5™ post-natal week, in which priming was fully developed (/s 3; = 18.86; ****p <
0.0001, when the 1-, 2- and 3-week-old groups are compared to the control and the 4- and 5-
week-old groups, one-way ANOVA followed by Bonferroni post-hoc test). On the other
hand, while injection of TNFa in 5-week-old and adult females did not induce priming,
when injected in 1-, 2-, 3- or 4-week-old females, it did produce priming (/5 29 = 22.74;
**** 1< 0.0001, when the 1-, 2-, 3- and 4-week-old groups are compared to the control and
5-week-old groups). (males, control, TNFa/4 weeks old, and TNFa/5 weeks old groups: N
= 6 paws; TNFa/1 week old, and TNFa./2 weeks old groups: N = 5 paws; TNFa/3 weeks
old group: N = 9 paws; females, control and TNFa/1 week old group: N =5 paws; TNFa/2
weeks old, TNFa/4 weeks old, and TNFa/5 weeks old groups: N = 6 paws; TNFa/3 weeks
old group: N = 7 paws)
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Figure 2. Estrogen attenuates the induction of priming by TNFa in 3-week-old male and 4-week-
old female rats

The non-selective estrogen receptor antagonist IC1 182,780 (IClI, 10 pg/day, gray bar) was
injected, subcutaneously on the back of the neck, once a day for 8 consecutive days, in male
(left panel, starting 5 days before completing the third postnatal week) and female (right
panel, starting 5 days before completing the 5! post-natal week) rats. The priming stimulus,
TNFa (100 ng in a volume of 5 pl), was injected intradermally on the dorsum of the hind
paw on the 5! day of the ICI treatment. When rats were 8 weeks old, PGE, (100 ng) was
injected at the same site as TNFa. Mechanical nociceptive threshold was evaluated before
and at the 41 h after PGE; injection. Left panel: The IClI-treated males were compared with
groups shown in Figure 1 (left panel), that had received TNFa alone, at the 7t post-natal
week (black bar), in which priming had fully developed, or at the 3 post-natal week
(control, white bar), in which the induction of priming was significantly attenuated, as
indicated by the smaller magnitude of the PGE,-induced hyperalgesia 4h after injection (#3
=6.641; p<0.0001, when the hyperalgesia in the 3- and the 7-week-old groups is
compared, unpaired Student’s #test). We found that, when 3-week-old rats received TNFa
in the presence of ICI 182,780 (gray bar), the induction of priming was robust, since the
magnitude of the hyperalgesia induced by PGE; at the 4™ h was significantly higher when
compared to the 3-week- old + TNFa alone group (4, = 3.106; ** p=0.0091, when both
groups are compared), indicating an inhibitory effect of estrogen in the induction of priming
in young male rats. (TNFa/7 weeks old group: N = 6 paws; TNFa alone/3 weeks old group:
N =9 paws; TNFa + ICI 182,780/3 weeks old group: N =5 paws); Right panel: The PGE,-
induced hyperalgesia in the rats treated with ICl + TNFa was compared with control groups,
shown in Figure 1 (right panel), which did not develop priming when received TNFa alone
at the 5t (white bar), or at the 7! post-natal week (black bar). In contrast to the controls, the
PGE,-induced hyperalgesia was present at the 4! h in the group that received TNFa. in the
presence of ICI 182,780 (% = 9.297; £ = 8.258; **** p < 0.0001 for both, when the PGE»-
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induced hyperalgesia in the 3-week-old TNFa + ICI 182,780 group is compared,
respectively, with the groups that received TNFa alone 7 and 5 weeks after birth, unpaired
Student’s #test), indicating that priming had developed. This result suggests that estrogen
has an inhibitory effect on the induction of priming in 5-week-old female rats. (TNFa/7
weeks old group: N = 5 paws; TNFa alone/5 weeks old and TNFa + ICI 182,780/5 weeks
old groups: N = 6 paws)
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