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Neonatal handling (resilience) attenuates water-avoidance stress
induced enhancement of chronic mechanical hyperalgesia in the
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Abstract

Chronic stress is well known to exacerbate pain. We tested the hypothesis that neonatal handling,
which induces resilience to the negative impact of stress by increasing the quality and quantity of
maternal care, attenuates the mechanical hyperalgesia produced by water-avoidance stress in the

adult rat.

Neonatal male rats underwent the handling protocol on postnatal days 2-9, weaned at 21 days and
tested for muscle mechanical nociceptive threshold at postnatal days 50-75.

Decrease in mechanical nociceptive threshold in skeletal muscle in adult rats, produced by
exposure to water-avoidance stress, was significantly attenuated by neonatal handling. Neonatal
handling also attenuated the mechanical hyperalgesia produced by intramuscular administration of
the pronociceptive inflammatory mediator, prostaglandin E; in rats exposed as adults to water-
avoidance stress.

Neonatal handling, which induces a smaller corticosterone response in adult rats exposed to a
stressor as well as changes in central nervous system neurotransmitter systems, attenuates
mechanical hyperalgesia produced by water-avoidance stress and enhanced prostaglandin
hyperalgesia in adult animals.
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Introduction

The early postnatal period is a critical developmental time for the establishment of long-term
mechanisms that regulate the response to stress [1]. For example, an enhanced
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hypothalamic-pituitary-adrenal (HPA) stress axis response in the adult, both in animal
models [2] and clinical studies [3, 4], occurs with exposure to early-life stress, while there is
an attenuated HPA axis stress response (stress resilience) in animals exposed to neonatal
handling [5, 6]. Early life stress is a major risk factor for greater chronic pain in the adult [7-
10]. For example, induction of stress is well known to exacerbate pain severity in patients
with chronic pain states, such as fiboromyalgia and other widespread pain syndromes [11-
13]. Furthermore, we have shown, that exposure to stress neonatally (neonatal limited
bedding) decreases mechanical nociceptive threshold in skeletal muscle in the adult rat, and
further exacerbates muscle hyperalgesia when the adult rat is exposed to a novel sound
stress [14].

It is likely that stress hormone levels are a key determinant in regulating nociceptive
threshold. Of note, we have previously shown that induction of chronic stress in the adult rat
markedly enhances the duration of mechanical hyperalgesia induced by administration of the
pronociceptive inflammatory mediator, prostaglandin E, (PGE>) in skeletal muscle [15].
This enhancement of PGE, hyperalgesia produced by stress, which persists unattenuated for
at least 2 weeks after the last exposure to the stressor [15], is referred to as “hyperalgesic
priming” [16].

In contrast to early life stress enhancing stress responses in the adult, short periods of
neonatal handling during the first postnatal week, produces both an increase in the quality
and quantity of maternal care [17, 18], as well as lower corticosterone responses to stress
exposure and a faster return to basal levels of this stress hormone [5] in the adult rat. This
effect of neonatal handling, which has been termed stress resilience [19, 20], has not been
evaluated for its impact on pain sensitivity in the adult. Therefore, in the present study, we
tested the hypothesis that resilience, induced by neonatal handling would induce, in the
adult, resistance to chronic muscle pain (hyperalgesic priming) and inflammatory
mechanical hyperalgesia.

Material and Methods

Animals

Primiparous timed-pregnant female Sprague Dawley rats were obtained from Charles River
(Hollister, CA). Dams were housed with their litter in standard cages on postnatal days 0-1.
On postnatal day 2, litters were assigned to handled (experimental) or standard care (control)
conditions. Subsequent behavioral experiments to measure mechanical nociceptive threshold
were performed on 200-350-g (age: 50-75 days) male rats from these litters.

The animals used in these experiments were housed in the Laboratory Animal Resource
Center of the University of California, San Francisco, under a 12-hours light/dark cycle
(lights on 7 am-7 pm) and environmentally controlled conditions; ambient room
temperature was 21-23 °C, and food and water were available ad libitum. The care and use
of experimental animals conformed to National Institutes of Health guidelines, and efforts
made to minimize pain and discomfort. Experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of California, San
Francisco.
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Mechanical nociceptive threshold in muscle

Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a
Chatillon digital force transducer (model DFI2, Amtek Inc, Largo, FL, USA) [21]. Rats
were placed in cylindrical acrylic restrainers designed to provide adequate comfort and
ventilation, allow extension of the hind leg from the cylinder, and minimize restraint stress.
All rats were acclimatized to the testing procedure, and testing was performed in parallel
across groups. Rats were adapted to the restrainer for 1 h prior to starting each study and for
30 min prior to experimental manipulations. To measure nociceptive threshold, a 6-mm-
diameter probe attached to the force transducer applied to the gastrocnemius muscle, to
deliver a compression force that increased with time. The nociceptive threshold was defined
as the force, in Newtons, at which the rat withdrew its hind leg from the stimulus. Baseline
nociceptive withdrawal threshold was defined as the mean of 2 readings taken at a 5-minute
inter-trial interval. Nociceptive thresholds were again measured after injection of PGE,
(Sigma, St. Louis, MO; 1 pug in 20 pL 0.9% saline) into the belly of the gastrocnemius
muscle. Each hind limb is treated as an independent measure and each experiment
performed on a separate group of rats. All behavioral testing was done between 10 am and 4
pm.

Neonatal handling

We used a well-established neonatal handling model that produces resilience to stress in the
adult rat [22-24]. The neonatal handling protocol used was similar to that previously
described [23], and involves removing the pups from the home cage for 15 min daily and
placing them in a separate temperature-controlled container. Litters were handled daily on
postnatal days 2-9, and on postnatal day 21 pups were weaned and females culled. Weaned
male rats were housed either 2 per cage or 3 per cage, dictated by the number of male pups
in a litter.

Water Avoidance Stress

Statistics

In the present study, we used the water-avoidance model for visceral hypersensitivity in the
rat, which manifests irritable bowel syndrome-like features [25], and which we have shown
to produce mechanical hyperalgesia in skeletal muscle [15]. For 1 hour per day, for 10
consecutive days, rats were placed on an acrylic platform (8 x 8 cm, 10 cm high) in the
center of a clear plastic tank (45-cm length x 25-cm width x 25-cm height) filled with room
temperature tap water to a depth of 9 cm. One, two and three days after the 10-day stress
period, rats were tested for mechanical hyperalgesia in the gastrocnemius muscle.

Group data are expressed as percentage change from baseline nociceptive threshold (mean +
SEM of n distinct observations). Statistical comparisons were made by one- and two-way
repeated measures analysis of variance (ANOVA) followed, where appropriate, with Sidak’s
or Tukey’s multiple comparisons test (GraphPad Prism). Statistical significance was set at
p<0.05.
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In non-handled control rats, the water-avoidance stress protocol induced a statistically
significant decrease in mechanical nociceptive threshold in the gastrocnemius muscle (one-
way repeated measures ANOVA, F3 59=100.7; p<0.0001, Figure 1), and nociceptive
threshold measured 1, 2 and 3 days after the last of 10 daily stress exposures were each
significantly different from pre-exposure baseline thresholds (Dunnett’s multiple
comparison test p<0.05 at each time point). In neonatal handled rats, the water-avoidance
stress protocol induced a statistically significant decrease in mechanical nociceptive
threshold in the gastrocnemius muscle (one-way repeated measures ANOVA, F3 111=7.12;
p=0.0019, Figure 1). Furthermore, nociceptive threshold measured 1 day after the last of 10
daily stress exposures was significantly different from pre-exposure baseline threshold
(Dunnett’s multiple comparison test p<0.05 baseline versus 1 day), but there was no
significant difference between baseline and day 2, and baseline and day 3 (p=N.S). A two-
way repeated measures ANOVA demonstrated a significant time x treatment (neonatal
handling) interaction (F3 180=27.50; p<0.0001), indicating that the effect on nociceptive
threshold varied over time; there was also a significant main effect of treatment group
(F1,60=80.43; p<0.0001).

PGE, hyperalgesia was also significantly enhanced by water-avoidance stress (P<0.001,
two-way repeated measures ANOVA, Figure 2). Two-way ANOVA demonstrated a
significant time x treatment (water-avoidance stress) interaction (F12 268=34.34; p<0.0001),
and there was also a significant main effect of treatment (F, 67=56.73; p<0.0001). There was
a significant attenuation of PGE;, hyperalgesia in neonatally handled rats compared to non-
handled rats (Tukey’s multiple comparison test, p<0.001).

During data analysis, there appeared to be a difference in nociceptive threshold in neonatally
handled rats housed 2 per cage and those housed 3 per cage (differences in housing density
were necessitated by litter size) within experimental groups. Since housing density is an
independent determinant of level of stress [26], we separately analyzed data by density of
home cage housing. Neonatally handled rats that were housed in groups of 3 did not develop
hyperalgesia when exposed to the water-avoidance stress protocol (1-way repeated measures
ANOVA, F354=114, p=0.338), while those housed in groups of 2 developed hyperalgesia
(1-way repeated measures ANOVA, F3 57=12.46, p=0.0002, Figure 3), with a significant
difference between baseline nociceptive threshold and threshold measured at days 1, 2 and 3
(Dunnett’s multiple comparison test, p<0.05, Figure 3). There was no significant difference
in PGE; hyperalgesia between rats housed 2 and 3 per cage (Tukey’s multiple comparison
test, P=N.S., data not shown).

Discussion

In the present experiments we tested the hypothesis that a protocol that induces resilience to
stress, neonatal handling [22—24], attenuates the induction of hyperalgesia produced by
exposure of the adult to stress. Rats that underwent neonatal handling, to induce a state of
resiliency to stress [22, 23], exhibited a marked (~75%) attenuation of mechanical
hyperalgesia induced by exposure to water-avoidance stress as adults. Since water-
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avoidance stress in adult rats induces a state of chronic stress [15, 25], the attenuation of
lowered mechanical threshold (i.e., mechanical hyperalgesia) in skeletal muscle in rats that
had been neonatally handled to induce resilience, suggests that this decrease in threshold is a
stress-mediated phenomenon. It has previously been shown that, as adults, rats that had
undergone neonatal handling [22-24], have both a lower basal corticosterone level [6] and
an attenuated endocrine response to stress [5]. This relationship between stress axis
activation and nociceptive threshold is consistent with earlier studies by us [9, 14, 27-29]
and others [30-32], demonstrating that chronic stress lowers mechanical nociceptive
threshold and enhances inflammatory mediator-induced mechanical hyperalgesia.

There is substantial evidence that events in early life produce long-lasting effects on
neuroendocrine stress axis response to stressors in the adult [7-9]. We have previously
shown that early-life stress in rats (neonatal limited bedding) both decreases nociceptive
threshold and enhances inflammatory mediator-induced hyperalgesia in adults [9], and also
enhances hyperalgesia produced by exposure to stress in the adult [14]. We now show that
neonatal handling, a protocol that attenuates the stress response in the adult rat [22-24],
decreases both stress-induced mechanical hyperalgesia and enhanced inflammatory
mediator-induced mechanical hyperalgesia in skeletal muscle, produced by stress exposure
in the adult. Since early-life events can markedly affect stress response in adults (e.g.,
increased incidence of post-traumatic stress [7, 33]), an understanding of what early life
factors lead to post-traumatic stress disorders or provide stress resilience in the adult are
now being explored [34]. In contrast to neonatal stress, neonatal handling provides a
resiliency in the response to stressors in the adult. This has been attributed to the neonatal
handling protocol producing both an increase in maternal care as well as providing exposure
to a novel environment, both of which are believed to facilitate stress regulation (for a recent
review, see McEwen and colleagues [35]). While the mechanisms underlying the stress
resiliency produced by neonatal handling are yet to be fully elucidated, neonatal handling
permanently changes several transmitter systems within the brain. For example stress-
induced increase in glucocorticoid receptor expression in the rat prefrontal cortex in the
adult is prevented in neonatally handled rats [36], and neonatal handling also affects several
neurotransmitter systems within the CNS, including serotonin [37], GABA [38],
acetylcholine [39] and monoamine [40] systems, as well as increased hippocampal NMDA
[41] and mu-opioid receptors [42]. Many of these systems are involved in both stress and
pain processing and such changes in these systems produced in neonatally handled rats may
underlie the effects on stress-induced hyperalgesia we observed in neonatally handled adult
rats.

While not part of the initial experimental design, we observed that housing density was an
important factor in the impact of neonatal handling on the stress-induced mechanical
hyperalgesia in skeletal muscle produced by stress exposure in adults. Specifically, we
observed that while rats housed 2 per cage showed a partial (~50%) attenuation of the
hyperalgesia, those housed 3 per cage showed a complete prevention of the stress-induced
mechanical hyperalgesia. Stress-induced enhancement of PGE, hyperalgesia, (i.e.
hyperalgesic priming [16, 43]) was also significantly (~20-40%) attenuated in the
neonatally-handled rats, but unlike stress-induced mechanical hyperalgesia, the magnitude
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of the attenuation of priming, prolonged PGE, hyperalgesia following stress, was not
dependent on housing density. Of note, we have previously shown that both mechanical
hyperalgesia induced by an inflammatory mediator as well as hyperalgesic priming are
mediated by different mechanisms [44, 45].

While the current study does not distinguish whether housing density potentiates the effect
of neonatal handling, from housing density attenuating the effect of water avoidance stress,
the differential effect of rats housed 2 versus 3 per cage on stress-induced hyperalgesia may
be related to the effect of housing density on stress level. It has previously been shown that
rats housed 2 per cage spent only about one fifth the time in the open arm of the elevated
plus maze compared to rats housed 3 per cage (and a similar amount of time to solitary
housed rats), indicating that there is a significantly greater chronic anxiety level in rats
housed 2 per cage [46]. Of note, anxiety is closely correlated with stress hormone levels
[47], and housing density is known to affect both the rate of catecholamine synthesis as well
as magnitude of release from the adrenal medulla [26]. Other measures of stress level,
resting mean arterial pressure and heart rate, were both significantly less for rats housed 4
per cage than for those housed 1 or 2 per cage, and the cardiovascular responses to a mild
stressor (regular cage change) was also significantly less in rats housed 4 per cage [48].
Furthermore, while singly housed rats are generally considered to be in the most stressful
housing condition [49], when held in a rodent restrainer for tail vein injection, the increase
in heart rate for rats housed 2 per cage was greater than those housed singly [48]. Thus, it
should be generally considered that 3 per cage housing of rats is the least stressful.
Importantly, while it is well-recognized that rat housing conditions are an important factor
that should be described in scientific papers [50], housing density, which is rarely reported,
may be an important confounding variable in studies evaluating some aspects of pain in
preclinical models, especially where stress impacts pain.

Conclusions

Neonatal handling, which induces resilience to stress, attenuates muscle hyperalgesia in
adult rats exposed to water-avoidance stress.

Acknowledgments

This work was supported by NIH grant AR063312.

References

1. Callaghan BL, Richardson R. Early experiences and the development of emotional learning systems
in rats. Biol Mood Anxiety Disord. 2013; 3:8. [PubMed: 23575272]

2. Aisa B, Tordera R, Lasheras B, Del Rio J, Ramirez MJ. Effects of maternal separation on
hypothalamic-pituitary-adrenal responses, cognition and vulnerability to stress in adult female rats.
Neuroscience. 2008; 154:1218-1226. [PubMed: 18554808]

3. Heim C, Newport DJ, Bonsall R, Miller AH, Nemeroff CB. Altered pituitary-adrenal axis responses
to provocative challenge tests in adult survivors of childhood abuse. Am J Psychiatry. 2001;
158:575-581. [PubMed: 11282691]

4. Tyrka AR, Price LH, Gelernter J, Schepker C, Anderson GM, Carpenter LL. Interaction of
childhood maltreatment with the corticotropin-releasing hormone receptor gene: effects on

Neurosci Lett. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarez et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 7

hypothalamic-pituitary-adrenal axis reactivity. Biol Psychiatry. 2009; 66:681-685. [PubMed:
19596121]

. Meaney MJ, Mitchell JB, Aitken DH, Bhatnagar S, Bodnoff SR, Iny LJ, Sarrieau A. The effects of

neonatal handling on the development of the adrenocortical response to stress: implications for
neuropathology and cognitive deficits in later life. Psychoneuroendocrinology. 1991; 16:85-103.
[PubMed: 1961847]

. Panagiotaropoulos T, Papaioannou A, Pondiki S, Prokopiou A, Stylianopoulou F, Gerozissis K.

Effect of neonatal handling and sex on basal and chronic stress-induced corticosterone and leptin
secretion. Neuroendocrinology. 2004; 79:109-118. [PubMed: 15004433]

. Raabe FJ, Spengler D. Epigenetic Risk Factors in PTSD and Depression. Front Psychiatry. 2013;

4:80. [PubMed: 23966957]

. Coutinho SV, Plotsky PM, Sablad M, Miller JC, Zhou H, Bayati Al, McRoberts JA, Mayer EA.

Neonatal maternal separation alters stress-induced responses to viscerosomatic nociceptive stimuli
in rat. Am J Physiol Gastrointest Liver Physiol. 2002; 282:G307-G316. [PubMed: 11804852]

. Green PG, Chen X, Alvarez P, Ferrari LF, Levine JD. Early-life stress produces muscle

hyperalgesia and nociceptor sensitization in the adult rat. Pain. 2011; 152:2549-2556. [PubMed:
21864980]

Aasland A, Flato B, Vandvik IH. Psychosocial factors in children with idiopathic musculoskeletal
pain: a prospective, longitudinal study. Acta Paediatr. 1997; 86:740-746. [PubMed: 9240883]
Lyon P, Cohen M, Quintner J. An evolutionary stress-response hypothesis for chronic widespread
pain (fibromyalgia syndrome). Pain Med. 2011; 12:1167-1178. [PubMed: 21692974]
Schmidt-Wilcke T, Clauw DJ. Fibromyalgia: from pathophysiology to therapy. Nat Rev
Rheumatol. 2011; 7:518-527. [PubMed: 21769128]

Bradley LA. Pathophysiologic mechanisms of fibromyalgia and its related disorders. J Clin
Psychiatry. 2008; 69(Suppl 2):6-13. [PubMed: 18537457]

Alvarez P, Green PG, Levine JD. Stress in the Adult Rat Exacerbates Muscle Pain Induced by
Early-Life Stress. Biol Psychiatry. 2013; 74:688-695. [PubMed: 23706525]

Green PG, Alvarez P, Gear RW, Mendoza D, Levine JD. Further Validation of a Model of
Fibromyalgia Syndrome in the Rat. J Pain. 2011; 12:811-818. [PubMed: 21481648]

Joseph EK, Levine JD. Hyperalgesic priming is restricted to isolectin B4-positive nociceptors.
Neuroscience. 2010; 169:431-435. [PubMed: 20457222]

Francis DD, Meaney MJ. Maternal care and the development of stress responses. Curr Opin
Neurobiol. 1999; 9:128-134. [PubMed: 10072372]

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, Sharma S, Pearson D, Plotsky
PM, Meaney MJ. Maternal care, hippocampal glucocorticoid receptors, and hypothalamic-
pituitary-adrenal responses to stress. Science. 1997; 277:1659-1662. [PubMed: 9287218]
Franklin TB, Saab BJ, Mansuy IM. Neural mechanisms of stress resilience and vulnerability.
Neuron. 2012; 75:747-761. [PubMed: 22958817]

Macri S, Zoratto F, Laviola G. Early-stress regulates resilience, vulnerability and experimental
validity in laboratory rodents through mother-offspring hormonal transfer. Neurosci Biobehav
Rev. 2011; 35:1534-1543. [PubMed: 21216260]

Alvarez P, Levine JD, Green PG. Eccentric exercise induces chronic alterations in musculoskeletal
nociception in the rat. Eur J Neurosci. 2010; 32:819-825. [PubMed: 20726881]

Macri S, Wurbel H. Developmental plasticity of HPA and fear responses in rats: a critical review
of the maternal mediation hypothesis. Horm Behav. 2006; 50:667-680. [PubMed: 16890940]
Levine S. Infantile experience and resistance to physiological stress. Science. 1957; 126:405.
[PubMed: 13467220]

McCormick CM, Kehoe P, Kovacs S. Corticosterone release in response to repeated, short
episodes of neonatal isolation: evidence of sensitization. Int J Dev Neurosci. 1998; 16:175-185.
[PubMed: 9785114]

Bradesi S, Schwetz I, Ennes HS, Lamy CM, Ohning G, Fanselow M, Pothoulakis C, McRoberts
JA, Mayer EA. Repeated exposure to water avoidance stress in rats: a new model for sustained
visceral hyperalgesia. Am J Physiol Gastrointest Liver Physiol. 2005; 289:G42-G53. [PubMed:
15746211]

Neurosci Lett. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarez et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 8

Pohorecky LA, Blakley GG, Kubovcakova L, Krizanova O, Patterson-Buckendahl P, Kvetnansky
R. Social hierarchy affects gene expression for catecholamine biosynthetic enzymes in rat adrenal
glands. Neuroendocrinology. 2004; 80:42-51. [PubMed: 15345906]

Khasar SG, Dina OA, Green PG, Levine JD. Sound stress-induced long-term enhancement of
mechanical hyperalgesia in rats is maintained by sympathoadrenal catecholamines. J Pain. 2009;
10:1073-1077. [PubMed: 19576859]

Khasar SG, Burkham J, Dina OA, Brown AS, Bogen O, Alessandri-Haber N, Green PG, Reichling
DB, Levine JD. Stress induces a switch of intracellular signaling in sensory neurons in a model of
generalized pain. J Neurosci. 2008; 28:5721-5730. [PubMed: 18509033]

Khasar SG, Green PG, Levine JD. Repeated sound stress enhances inflammatory pain in the rat.
Pain. 2005; 116:79-86. [PubMed: 15936144]

Simonic-Kocijan S, Uhac I, Braut V, Kovac Z, Pavicic DK, Fugosic V, Urek MM. Influence of
chronic stress and oclusal interference on masseter muscle pain in rat. Coll Antropol. 2009;
33:863-866. [PubMed: 19860116]

Rivat C, Laboureyras E, Laulin JP, Le Roy C, Richebe P, Simonnet G. Non-nociceptive
environmental stress induces hyperalgesia, not analgesia, in pain and opioid-experienced rats.
Neuropsychopharmacology. 2007; 32:2217-2228. [PubMed: 17299508]

Imbe H, Iwai-Liao Y, Senba E. Stress-induced hyperalgesia: animal models and putative
mechanisms. Front Biosci. 2006; 11:2179-2192. [PubMed: 16720304]

Lutz PE, Turecki G. DNA methylation and childhood maltreatment: From animal models to human
studies. Neuroscience. 2013 doi:org/10.1016/j.neuroscience.2013.07.069.

Neigh GN, Ritschel LA, Kilpela LS, Harrell CS, Bourke CH. Translational reciprocity: Bridging
the gap between preclinical studies and clinical treatment of stress effects on the adolescent brain.
Neuroscience. 2013; 249:139-153. [PubMed: 23069751]

Tang AC, Reeb-Sutherland BC, Romeo RD, McEwen BS. On the causes of early life experience
effects: evaluating the role of mom. Front Neuroendocrinol. 2014; 35:245-251. [PubMed:
24246856]

George SA, Stout SA, Tan M, Knox D, Liberzon I. Early handling attenuates enhancement of
glucocorticoid receptors in the prefrontal cortex in an animal model of post-traumatic stress
disorder. Biol Mood Anxiety Disord. 2013; 3:22. [PubMed: 24289278]

Durand M, Sarrieau A, Aguerre S, Mormede P, Chaouloff F. Differential effects of neonatal
handling on anxiety, corticosterone response to stress, and hippocampal glucocorticoid and
serotonin (5-HT)2A receptors in Lewis rats. Psychoneuroendocrinology. 1998; 23:323-335.
[PubMed: 9695134]

Bolden SW, Hambley JW, Johnston GA, Rogers LJ. Neonatal stress and long-term modulation of
GABA receptors in rat brain. Neurosci Lett. 1990; 111:258-262. [PubMed: 2159603]

Pondiki S, Stamatakis A, Fragkouli A, Philippidis H, Stylianopoulou F. Effects of neonatal
handling on the basal forebrain cholinergic system of adult male and female rats. Neuroscience.
2006; 142:305-314. [PubMed: 16905266]

Arborelius L, Eklund MB. Both long and brief maternal separation produces persistent changes in
tissue levels of brain monoamines in middle-aged female rats. Neuroscience. 2007; 145:738-750.
[PubMed: 17222517]

Stamatakis A, Toutountzi E, Fragioudaki K, Kouvelas ED, Stylianopoulou F, Mitsacos A.
Selective effects of neonatal handling on rat brain N-methyl-D-aspartate receptors. Neuroscience.
2009; 164:1457-1467. [PubMed: 19778590]

Kiosterakis G, Stamatakis A, Diamantopoulou A, Fameli M, Stylianopoulou F. Long-term effects
of neonatal handling on mu-opioid receptor levels in the brain of the offspring. Dev Psychobiol.
2009; 51:439-449. [PubMed: 19507200]

Parada CA, Reichling DB, Levine JD. Chronic hyperalgesic priming in the rat involves a novel
interaction between cAMP and PKCepsilon second messenger pathways. Pain. 2005; 113:185-
190. [PubMed: 15621379]

Joseph EK, Levine JD. Multiple PKCepsilon-dependent mechanisms mediating mechanical
hyperalgesia. Pain. 2010; 150:17-21. [PubMed: 20456866]

Neurosci Lett. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Alvarez et al.

45.

46.

47.

48.

49.

50.

Page 9

Joseph EK, Reichling DB, Levine JD. Shared mechanisms for opioid tolerance and a transition to
chronic pain. J Neurosci. 2010; 30:4660-4666. [PubMed: 20357116]

Botelho S, Estanislau C, Morato S. Effects of under- and overcrowding on exploratory behavior in
the elevated plus-maze. Behav Processes. 2007; 74:357-362. [PubMed: 17276622]

Vallee M, Mayo W, Dellu F, Le Moal M, Simon H, Maccari S. Prenatal stress induces high anxiety
and postnatal handling induces low anxiety in adult offspring: correlation with stress-induced
corticosterone secretion. J Neurosci. 1997; 17:2626-2636. [PubMed: 9065522]

Sharp JL, Zammit TG, Azar TA, Lawson DM. Stress-like responses to common procedures in
male rats housed alone or with other rats. Contemp Top Lab Anim Sci. 2002; 41:8-14.

Viveros MP, Hernandez R, Gallego A. Effects of social-isolation and crowding upon active-
avoidance performance in the rat. Anim Learn Behav. 1990; 18:90-96.

Prager EM, Bergstrom HC, Grunberg NE, Johnson LR. The importance of reporting housing and
husbandry in rat research. Front Behav Neurosci. 2011; 5:38. [PubMed: 21847375]

Neurosci Lett. Author manuscript; available in PMC 2016 January 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Alvarez et al.

[ ] Non-handled n=24

Page 10

] Neonatally handled dyad housed n=20

BN

1T

B Neonatally handled triad housed n=18

% Change in mechanical nociceptive threshold

-5
Odm—=T T T @
Baseline 1 2
5-

Time (days after last stress)

-

Figure 1. Neonatal handling attenuates stress-induced muscle hyperalgesiain adult rats
Water-avoidance stress produces a significant decrease in nociceptive threshold in the

gastrocnemius muscle (3 d after the last exposure to the stressor). Water-avoidance stress
induces reduction in nociceptive threshold that is markedly attenuated in neonatally handled

rats. *p<0.05.
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Figure 2. Enhancement of prostaglandin Eo (PGE>) hyperalgesia by water-avoidance stressis
attenuated in neonatally handled rats

Mechanical hyperalgesia in the gastrocnemius muscle was measured 1, 4, 24 and 72 h after
intramuscular administration of PGEy, in naive non-stressed, neonatally handled non-
stressed, water-avoidance stressed rats, and water-avoidance stressed rats that were neonatal
handled. In naive non-stressed rats and in neonatally handled non-stressed rats, PGE,-
induced a decrease in mechanical nociception present 1 hour post-injection, that returns to
near baseline at the 4-h time point. In water-avoidance stressed rats, the decrease in
nociceptive threshold induced by PGE,, administered 1 day after the last stress, remained
largely undiminished 72 h post-PGE; administration, and was significantly different from a
non-stressed control group of rats (#P<0.0001, 2-way repeated measures ANOVA). In
neonatally handled rats, the decrease in nociceptive threshold produced by exposure to
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water-avoidance stress is significantly attenuated compared to the non-handled stress group,
at the 4-, 12- and 72-h time points (*P<0.0001, 2-way repeated measures ANOVA).
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Figure 3. Housing density isa factor in attenuation of water-avoidance stress-induced muscle
hyper algesia by neonatal handling

Water-avoidance stress-induces muscle hyperalgesia that is completely eliminated in 3 rats
per cage housed rats, while 2 rats per cage housed neonatally handled rats show a significant
attenuation of muscle hyperalgesia (F2 59 = 110.1, P<0.001, 2-way repeated measures
ANOVA). * p<0.05.
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