IBRO Reports 6 (2019) 111-121

journal homepage: www.elsevier.com/locate/ibror

Contents lists available at ScienceDirect

IBRO Reports

IBR®

reports

,’J/‘\‘\

——

Research Paper

Systemic growth hormone deficiency causes mechanical and thermal
hypersensitivity during early postnatal development

Check for
updates

Zachary K. Ford®, Adam J. Dourson®, Xiaohua Liu™’, Peilin Lu™?, Kathryn J. Green?,

Renita C. Hudgins”, Michael P. Jankowski®"*

2 Department of Anesthesia, Division of Pain Management, Cincinnati Children’s Hospital Medical Center, United States
" Department of Pediatrics, University of Cincinnati, College of Medicine, Cincinnati OH 45229, United States

ARTICLE INFO ABSTRACT

Keywords: Injury during early postnatal life causes acute alterations in afferent function and DRG gene expression, which in
Neonatal addition to producing short-term sensitivity has the potential to influence nociceptive responses in adulthood.
Dorsal root ganglion We recently discovered that growth hormone (GH) is a key regulator of afferent sensitization and pain-related
Pain behaviors during developmental inflammation of the skin. Peripheral injury caused a significant reduction in
Electrophysiology

cutaneous GH levels, which corresponded with the observed hypersensitivity. However, it has yet to be de-
termined whether GH deficiency (GHD) is sufficient to drive peripheral sensitization in uninjured animals. Here,
we found that systemic GHD, induced by knockout of the GH release hormone receptor (GHRHr), was able to
induce behavioral and afferent hypersensitivity to peripheral stimuli specifically during early developmental
stages. GHD also produced an upregulation of many receptors and channels linked to nociceptive processing in
the DRGs at these early postnatal ages (P7 and P14). Surprisingly, P21 GHRHr knockouts also displayed sig-
nificant alterations in DRG gene expression even though behavioral and afferent hypersensitivity resolved. These
data support previous findings that GH is a key modulator of neonatal hypersensitivity. Results may provide

Molecular biology
Growth hormone

insight into whether GH treatment may be a therapeutic strategy for pediatric pain.

Introduction

Growth hormone (GH) is a signaling molecule whose primary action
is to stimulate growth and regulate metabolic functions (Lin-Su and
Wajnrajch, 2002). GH release is mainly initiated by signaling from
growth hormone releasing hormone (GHRH), which is produced in the
hypothalamus and acts on its receptor in the pituitary gland. After re-
lease, GH can directly influence target tissues via the GH receptor
(GHr), which modulates many intracellular pathways and stimulates
the production of insulin-like growth factor-1 (IGF-1). IGF-1 is a key
mediator of GH actions on growth (Devesa et al., 2016).

There is some clinical evidence that GH may also be an important
regulator of pain. Both growth and post-injury tissue repair are influ-
enced by the GH signaling cascade (Lanning and Carter-Su, 2007;
Rosenfeld and Hwa, 2009). In addition, there have been a few recent
reports that patients with growth hormone deficiency (GHD) often have
a resting pain in their limbs (Cimaz et al., 2001; Bennett, 2004).

Furthermore, subpopulations of patients with fibromyalgia (FM) dis-
play reduced levels of GH. Diminished FM pain is achieved in these
patients when treating with exogenous GH (Cuatrecasas et al., 2012,
Cuatrecasas et al., 2010). Other reports have also shown that children
with pain from cutaneous ulcers or erythromelalgia (Cimaz et al., 2001;
Dr. John Rose, Cincinnati Children’s Hospital, personal communica-
tion) that concurrently have GHD show pain relief after a GH therapy.

Recent preclinical evidence has shown that upstream regulators of
GH release can blunt hypersensitivity after peripheral injuries (Garcia
et al., 2008; Talhouk et al., 2004; Sibilia et al., 2006). We have further
found that cutaneous levels of GH appear to be transiently reduced after
peripheral inflammation, which corresponded to observed hypersensi-
tivity and subsequent recovery in neonatal mice (Liu et al., 2017). Pre-
treatment of injured mice with low dose, exogenous GH was able to
reverse the observed behavioral hypersensitivity and sensitization of
primary afferents. This low dose and transient GH treatment, however,
did not alter the levels of many inflammatory mediators in the
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periphery or induce any effects on growth. One possible mechanism by
which peripheral GH appeared to take effect was through dynamic
regulation of DRG insulin growth factor-1 receptor (IGFrl) expression.

Early neonatal life is a period filled with a multitude of normal
developmental changes in the sensory system. Neurochemical and
functional modifications take place during this time (Fitzgerald and
Beggs, 2001; Luo et al., 2007, 2009; Molliver et al., 1997; Jankowski
et al.,, 2014; Ye and Woodbury, 2010). Injury during early postnatal
development has the potential to cause acute alterations in sensory
function and DRG gene expression (Jankowski et al., 2014; Boada et al.,
2011, 2010; Ririe et al., 2008; Vega-Avelaira et al., 2009; Nandi et al.,
2004). These changes have the potential to restructure the developing
central nociceptive system, and lead to hypersensitivity, which can
persist into adulthood upon re-injury (Moriarty et al., 2018; Beggs
et al., 2012; Cignacco et al., 2009; Fitzgerald and Walker, 2009; Walker
et al., 2009; Ren et al., 2004). Considering the implications of periph-
eral injury during neonatal periods and the effects of GH on neonatal
inflammatory pain (Liu et al., 2017), it is important to determine
whether a reduction in GH alone is sufficient to drive peripheral hy-
persensitivity and modulate functional sensory development. In our
current study, we used the growth hormone releasing hormone receptor
knockouts (GHRHr KO) as a preclinical model of GHD (Beamer and
Eicher, 1976; Eicher and Beamer, 1976; Jansson et al., 1986; Gaylinn
et al,, 1999). We tested the hypothesis that a GH deficient state is
sufficient to induce behavioral hypersensitivity as well as primary af-
ferent sensitization during early postnatal development.

Experimental Procedures
Animals

A total of 206 male and female wild type (WT) C57BL/6, and
homozygous (—/—) or heterozygous (+/—) growth hormone re-
leasing hormone receptor knockout (GHRHr KO) mice were used in all
studies. Mice ranged in age from postnatal day 6-22. The GHRHr KO
mice were obtained from Jax (C57BL/6J-Ghrhr!t/J; Stock#: 000533).
Mice were kept with the mother and housed in a barrier facility on a 12-
hour light/dark cycle at Cincinnati Children’s Hospital Medical Center
(CCHMC), where they were given food and water ad libitum. All pro-
cedures were approved by the CCHMC Institutional Animal Care and
Use Committee and were compliant with AALAC approved practices.

Behavioral analyses

All animals were habituated to the testing environment, which
consisted of individual small boxes in a climate-controlled barrier fa-
cility, for at least 15 min prior to testing. Both heat and mechanical
sensitivity were assayed in all groups at each defined age. Mechanical
thresholds were first determined for P7-P14 mice by application of a
series of Von Frey (VF) filaments of increasing force to the dorsal sur-
face of the hindpaw in order to elicit a withdrawal response according
to our previous procedures (Liu et al., 2017) and as originally described
by Marsh et al (1999). Briefly, the medial dorsal surface of the hindpaw
(which is innervated by the saphenous nerve) was probed with the VF
filament with enough force to bend for 1-2 s. Thresholds to withdrawal
were obtained over three rounds with 5-minintervals separating each
round. The 4 g weighted VF filament was the maximum fiber used.
Average withdrawal thresholds from the three rounds of testing were
calculated for each mouse and then averaged among animals within a
group prior to comparison. For animals at P21, mechanical thresholds
were determined using a digital Randall-Selitto device (IITC Inc.) as
hairy skin VF testing is not feasible in these older animals. Steady in-
creasing pressure was applied to the medial dorsal surface of the
hindpaw skin until a paw withdrawal was elicited. Cutoff intensity was
set at a maximum of 300 gm.

Following VF (P7 and P14) or Randall-Selitto (P21) testing, mice
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then underwent a water bath test for heat hypersensitivity as previously
described (Liu et al., 2017, Marsh et al., 1999, Walker et al., 2003).
Both hind paws were submerged into the water and latency to with-
drawal was measured, with a cut off time of 60 s. P7 mice were tested at
40 °C and 45 °C, while P14 and P21 mice were tested at 45 °C and 50 °C,
due to different maximal temperatures being required at different de-
velopmental ages (Marsh et al., 1999, Walker et al., 2003). All testing
was again performed over three rounds with 5-minintervals separating
each round. The average of these trials was then calculated for each
mouse and averaged across mice within a group. All values were re-
ported as mean + SEM. Direct comparisons of cohorts from littermate
and non-littermate WT mice confirm that these distinct WTs were not
different from each other. Regardless, experimenters were blinded to
genotype in all instances.

Ex vivo preparation

We performed our ex vivo cutaneous afferent preparation as de-
scribed previously (Liu et al., 2017, Jankowski et al., 2014, Jankowski
et al., 2009a, Jankowski et al., 2009b). Briefly, mice were deeply an-
esthetized with an intramuscular hindlimb injection of 90 mg/kg ke-
tamine and 10 mg/kg xylazine and perfused intracardially with chilled,
oxygenated artificial cerebrospinal fluid (aCSF; in mM: 1.9 KCI, 1.2
KH2PO4, 1.3 MgS04, 2.4 CaCl2, 26.0 NaHCO3, and 10.0 D-glucose)
containing 253.9 mM sucrose instead of NaCl. The spinal cord (SC) and
the right hindlimb were excised and placed in a circulating bath of the
same solution. The SC was then hemisected and the saphenous nerve,
along with the hairy hindpaw skin it innervates was dissected in con-
tinuity with the L1-5 dorsal root ganglia (DRGs). Following dissection,
the tissue was transferred to a recording chamber containing circulating
aCSF in which the sucrose was replaced with 127.0 mM NaCl. The skin
was pinned out on an elevated platform, keeping the epidermis dry and
the dermis perfused, and the chamber was gradually warmed to 32 °C.

Quartz microelectrodes (impedance > 150 MQ) containing 5%
Neurobiotin (Vector Laboratories, Burlingame, CA) in 1 M potassium
acetate were used in order to intracellularly record from L2 or L3 DRG
somata. Once an electrically driven cell was found via suction electrode
stimulation on the side of the saphenous nerve, the hindpaw skin was
stimulated with a brush until the location of the receptive field (RF) was
found. If a cell was driven by the nerve but had no mechanical RF, hot
("53°C) and/or cold ("1 °C) physiological saline was applied to the skin
to test thermal responsiveness.

The responses of individual DRG cells were then characterized by
first testing for mechanical and then thermal responses. An increasing
series of Von Frey hairs (0.07 g to 10 g) were used to test mechanical
sensitivity by gently probing the RF of the cell for 1-2 s. Thermal stimuli
were then applied to the RF of the hairy hindpaw skin usinga 3 x 5mm
contact area peltier element (Yale Univ. Machine Shop) or physiological
saline as described above. The peltier allowed for a controlled stimulus
which consisted of a variable cold ramp that started at 31°C and
dropped to approximately 2-4 °C, which was maintained for about 3s
and slowly allowed to return to the bath temperature (32°C). Bath
temperature was held for a few seconds, followed by a heat ramp which
produced an increasing heat stimulus to the RF up to 52 °C. The ramp
rises in temperature from 32 °C to 52 °C over 12s, at which point the
52 °C stimulus was held for 5s and then the ramp returned the RF to
32°C in 12s. In between each application of mechanical and thermal
stimuli, a recovery time of "20 seconds was given. No differences were
found between those fibers recorded at the beginning from those ob-
tained at the end of the experiment.

Afferent responses to the various stimuli were recorded and later,
using Spike2 software (Cambridge Electronic Design), were character-
ized offline for conduction velocity, mean firing rate calculated within
200 ms bins, and mean peak instantaneous frequency to each stimulus
type. Data are represented as mean * SEM. A total of 320 cells were
intracellularly recorded and physiologically characterized in the
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Table 1
Number of animals and total cell counts for electrophysiology experiments.
Condition

pP7 Control GHRHr—/—
#Mice 5 7
#Cells 46 59
P14 Control GHRHr—/—
#Mice 6 8
#Cells 61 57
P21 Control GHRHr—/—
#Mice 4 5
#Cells 47 50

current study. The average number of cells recorded per condition/age
was 53, which were obtained from an average of 6 mice per prepara-
tion. The minimum number of mice per preparation was 4 and a
minimum of 46 cells were obtained from each of the 6 groups analyzed.
The total numbers of animals and cells recorded per condition are listed
in Table 1. No differences were found between WT and GHRHr +/—
groups (see Table 2) and were thus combined into a single control
group for ease of presentation and to increase statistical power for
comparisons to GHRHr —/ — mice. Similarly, since we were not able to
obtain ample cell numbers from individual subtypes from each sex to
make valid conclusions, these data are from both sexes.

RNA isolation, reverse transcription and realtime PCR

Animals were anesthetized with the ketamine/xylazine mixture as
described above. The mice were then intracardially perfused with
chilled (4 °C) 0.9% NacCl, followed by the dissection of DRGs. L2/ L3
DRG RNA was isolated using Qiagen RNeasy mini kits for animal tissues
using the supplied protocol (n = 3-10 per condition and time point). A
Nanodrop spectrometer (Thermo) was then used to determine RNA
concentrations and purity. 1ug of total RNA was treated with DNase I
(Invitrogen) and then DNased RNA was reverse transcribed using
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Superscript II Reverse Transcriptase (Invitrogen). For realtime PCR,
20ng samples of cDNA were added to a SYBR Green Master Mix
(Applied Biosystems) containing the appropriate primer combinations
and run in duplicate on an Applied Biosystems Step-ONE realtime PCR
machine. Primer sequences were obtained from Liu et al. (2017),
Jankowski et al (2014), or Elitt et al (2006). Primer sequences for es-
trogen receptors (Esr) 1 and 2 are as follows: Esrl: Forward: 5- ACTT
GGAAGGCCGAAATG -3’; Reverse: 5- GCAGGGCTATTCTTCTTAGTG
-3’; Esr2: Forward: 5- GCCATGATTCTCCTCAACTC -3’; Reverse: 5'-
CTGTCACTGCGTTCAATAGG -3’. Cycle time (Ct) values were normal-
ized to GAPDH and changes in expression are calculated as a AACt
value that is determined by subtracting the Ct values of the gene of
interest from the GAPDH internal control for each sample and com-
pared among samples. Fold change is described as 2*4“* (Applied Bio-
systems) and 2-fold change equals 100% change (mean = SEM).

Immunocytochemistry

Mice were anesthetized as described with ketamine/xylazine and
lumbar DRGs were isolated after cardiac perfusion with 0.9% NacCl.
Individual DRGs were then immersion-fixed in 3% paraformaldehyde
(in 0.1 M phosphate buffer (PB)) for 30 minutes, embedded in 10%
gelatin (in PB) and post-fixed overnight in 3% paraformaldehyde.
Following immersion in 20% sucrose, 45um sections were obtained on a
sliding microtome were then processed after blocking in 5% horse
serum/ 5% goat serum/ 1% BSA/ 2.5% cold water fish skin gelatin/
0.1% tween-20 (in PB) with primary antibodies against GH receptor
(rabbit ant-GHr; AbCam, 1:1000) followed by CY3-conjugated sec-
ondary antibody binding (goat anti-rabbit-CY3; Jackson, 1:400).
Sections were mounted on slides and cover slipped using Fluoromount-
G containing 4,6-diamidino-2-phenylindole  (DAPI;  Electron
Microscopy Sciences, Hatfield, PA). Staining was visualized on a Nikon
A1R GaAsP laser scanning confocal microscope at 40 X or 100 X, and
images compiled using Adobe Photoshop.

Table 2
Electrophysiological data for WT and GHRHr + /— mice at P7, P14, and P21. No differences detected between groups. One-way ANOVA or one-way ANOVA on
ranks.
Mechanical Mechanical Firing Mechanical Inst. Heat Threshold Heat Firing Rate ~ Mechanical Heat
Threshold (g) Rate (Hz) Frequency (Hz) (°C) (Hz) Responders Responders
P7
All Cells WT 15.73 = 4.70 6 = 1.44 54.54 + 11.48 35.75 £ 2.55 4+0 n=11 n=2
GHRHr+/—- 56 = 10.99 3.94 = 1.15 39.44 + 14.22 4796 = 0 2+0 n=18 n=1
HTMR WT 13.33 = 6.01 4.33 = 0.88 53.82 + 12.29 nd nd n= n=0
GHRHr+/— 49 + 21 3.5 +* 1.5 22.67 + 13.16 nd nd n=4 n=0
CPM WT 13 = 12 8 +6 53.42 + 35.95 35.75 £ 2.55 4 0 n=2 n=2
GHRHr+/—- 3.67 + 1.33 7 = 0.58 45.99 + 3.90 47.96 = 0 2+0 n=3 n=1
CM WT 25.33 *+ 14.15 5.67 = 4.18 41.75 = 21.9 nd nd n=3 =0
GHRHr+/- 70.13 = 15.39 3.71 + 2.39 62.95 + 30.15 nd nd n=_8 n=0
P14
All Cells WT 5+0 5.6 + 1.33 63.82 + 10.20 nd nd n=>5 n=0
GHRHr+/— 49.55 * 8.03 5.07 = 0.79 49.84 + 7.48 41.16 + 2.33 3.83 = 1.51 n =28 n=
HTMR WT 5x0mn=1) 4.67 = 2.19 65.26 + 14.22 nd nd n= n=0
GHRHr+/—- 62.5 * 37.5 32 47.04 + 46.29 nd nd n=2 =0
CPM WT nd nd nd nd nd n=20 n=0
GHRHr+/— 40.83 += 13.13 4.18 + 0.71 41.38 + 7.67 44.22 + 0.95 4 + 1.84 n=11 n=
CM WT 50 70 41 £ 0 nd nd n=1 n=0
GHRHr+/—- 81.25 = 9.15 2.88 = 0.69 30.87 + 12.56 nd nd n=38 n=0
P21
All Cells WT 40.42 + 8.44 6.08 = 0.98 105.61 + 25.48 41.97 = 4.06 2.6 = 1.12 n =27 n=>5
GHRHr+/—- 37.2 = 12.39 49 = 1.1 118.66 + 52.08 47.24 = 0.20 1.5 = 0.5 n =10 n=2
HTMR WT 30.25 = 23.35 6.75 * 3.25 84.35 + 29.97 nd nd n=4 n=0
GHRHr+/—- 10 = 0 3x0 779 = 0 nd nd n=1 n=0
CPM WT 40 + 12.67 4.3 + 0.87 37.5 = 7.81 44.88 + 3.65 2.75 = 1.44 n=10 n=4
GHRHr+/— 36.67 = 31.67 5.67 = 2.33 42.68 + 18.31 47.4 = 0.20 1.5 £ 0.5 n=3 n=
CM WT 69.17 * 19.51 5.33 = 1.89 55.73 * 14.39 nd nd n==6 n=0
GHRHr+/— 66.67 = 16.67 3+ 1.15 23.71 + 15.94 nd nd n=3 n=0
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Data analysis

Behavioral assays were compared using one-way analysis of var-
iance (ANOVAs) with Holm Sidak post hoc tests after validating that
data was determined to be normally distributed and of equal variance
using Shapiro-Wilk and Brown-Forsythe tests, respectively. For in-
stances where data was determined to not show normality or equal
variance, non-parametric ANOVA on Ranks with Dunn’s post hoc test
was used. We also performed Linear Mixed Effect models on conditions
in which we obtained non-independent data (Aarts et al., 2014). These
tests verify conclusions drawn from the other statistical analyses.

Peak firing rates (FR), mean peak instantaneous frequencies (IF),
and thresholds to mechanical or heat stimuli were compared via one-
way ANOVA with Holm-Sidak post hoc test or one-way ANOVA on
Rank’s with Dunn’s post hoc and Mann-Whitney Rank Sum tests as
appropriate. Percent change in gene expression changes in whole tis-
sues were analyzed via one-way ANOVA with Tukey’s post hoc. In one
instance, data was determined not to be normally distributed and this
analysis was performed using Kruskal-Wallis and Dunn’s post hoc test.
Critical significance level was defined at p < 0.05. Rare instances of
statistical outliers defined as values greater than two standard devia-
tions away from the mean were not included in the analysis.

Results

Growth hormone release hormone receptor knockout mice (GHRHr KO)
display age and sex dependent mechanical and heat hypersensitivity

To determine if reduced GH levels were sufficient to drive hy-
persensitivity to peripheral stimuli, we first performed behavioral
analyses in P7 GHRHr mutant mice (+/— and —/—) and compared
them to WT C57Bl/6 controls. We then found in P7 male mice, that
mechanical withdrawal thresholds were no different between WT C57
controls, GHRHr +/— knockouts or GHRHr —/— mutants (Fig. 1A),

2 5. Mechanical Responsiveness
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while P7 female GHRHr +/— and GHRHr —/— mutants did display
decreased paw withdrawal thresholds versus WT (Fig. 1B). Overall,
GHRHr +/- and GHRHr —/— both showed decreased thresholds to
mechanical stimulation of the hairy skin at P7 compared to WT C57
controls (Fig. 1C). When measuring heat withdrawal latency to a 40 °C
water bath, we found that male GHRHr +/— and GHRHr —/— dis-
played significantly decreased withdrawal latencies to heat compared
to WT (Fig. 1D). Female GHRHr +/— and GHRHr —/— also displayed
similar hypersensitivity to heat versus WT (Fig. 1E). Results were
confirmed when combining both sexes (Fig. 1F).

At P14, when assessing evoked responsiveness, GHRHr+/— and
GHRHr —/— from both sexes displayed hypersensitivity to mechanical
and heat stimuli compared to WTs. Mechanical thresholds of the male
GHRHr+/— and GHRHr—/— were significantly lower than age-mat-
ched WT males. However, only GHRHr —/— females and not GHRHr
+/— mice displayed significantly lower mechanical thresholds than
the WT C57 s. Together, GHRHr — /— mice showed hypersensitivity to
mechanical stimuli compared to WT (Fig. 2A-C). No sex differences
were seen in response to a 50 °C water bath at P14; however only
GHRHr —/— and not GHRHr +/— mice showed heat hypersensitivity
compared to WT controls (Fig. 2D-F). At P21, however, we did not find
any differences to mechanical or heat stimulation in GHRHr+/— or
GHRHr —/— mice compared to WTs at P21 (Fig. 3).

The average weights of mice at P7 were no different between WT
C57 controls (3.7g * 0.3g), GHRHr heterozygous mutants (GHRHr
+/—:43g = 0.9g) or GHRHr homozygous mutants (GHRHr—/—:
3.4g + 0.5g; Fy10, 0.63, p < 0.6). This was again observed at P14:
WT (6.0g = 0.0g), GHRHr +/— (5.8g * 0.7g), and GHRHr —/—
(5.08 += 0.3g; F314, 1.6, p < 0.3). However, we did find differences
in overall weight between WT controls (9.5g *+ 0.5g), GHRHr +/—
(6.0g = 0.0g) and GHRHr —/— (6.2g * 0.5g p < 0.03) at P21.
Sex differences were not observed (not shown).

A B 25 C 2.57 Mechanical Responsiveness
(Males) (Females) (Combined)
—~ 2 . 2 2 . *
T2 * . .
2o 15 15 * % 1.5 . *
] °
pae * °
E % 1 —— . — 1 T + 1 + :
2 . . . : .
= F 05 ° 0.5 . 0.5 .
0 0
WT C57 GHRHr +/- GHRHr -/-
D 40°C Heat Responsiveness E 40°C Heat Responsiveness F 40°C Heat Responsiveness
] (Males) 80 - (Females) 70 (Combined)
* *
_ . 60 A 60 - 601 —>—
g‘(f’ 50
>
£8 40 * 40 - * 40
£ * 30
=5 *
20 + 20 A 20
10
4 0 - 0

WT C57 GHRHr +/- GHRHr -/-
Fig. 1. Mechanical and heat responsiveness in GHRHr KO mice at P7.

A: Mechanical withdrawal thresholds to von frey filament stimulation of the hairy hindpaw skin in male mice was not different between WT C57, GHRHr +/— or
GHRHr—/— (Hjg2212 3.6, p < 0.2) mice at P7. B: Female GHRHr+/— and GHRHr—/— mice however displayed reduced mechanical withdrawal thresholds
compared to age-matched WT controls (Hje 26, 26, 30.0, p < 0.001). C: Combining both sexes shows similar mechanical hypersensitivity in GHRHr+/— and
GHRHr —/— mice compared to WT (Hys, 35, 35 22.5, p < 0.01). D: Male GHRHr+/— (n = 11) and GHRHr—/— (n = 6) mice showed significantly reduced paw
withdrawal latencies to heat stimuli at 40 °C relative to WT (n = 9; F; 23, 28.4, p < 0.001). E: Female mice showed similar heat hyper-responsiveness as males
(GHRHr+/— (n = 8), GHRHr—/— (n = 13), WT (n = 13); F5 31, 21.6, p < 0.001). F: Overall, GHRHr knockout animals display heat hypersensitivity to WT
controls (Hzz 19,19, 41.0, p < 0.001). Thermal responsiveness testing showed that the GHRHr KO mice were more hypersensitive than the heterozygotes, but only in
males. * p < 0.01 vs WT; ** p < 0.05 vs WT and GHRHr +/—. One-way ANOVA with Holm-sidak post hoc test (parametric) or one-way ANOVA on Ranks’ with

Dunn’s post hoc test (non-parametric) as appropriate.
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WT C57 GHRHr +/- GHRHr -/-

Fig. 2. Mechanical and heat sensitivity in GHRHr KO mice at P14.

A: At P14, male GHRHr +/— and GHRHr—/— mice now display reduced mechanical withdrawal thresholds relative to WT mice (Hy¢,16,18, 16.9, p < 0.001). B:
Female GHRHr —/— but not GHRHr +/— mice are also hyper-responsive to von frey filament stimulation of the hairy hindpaw skin at P14 compared to WT C57
animals (Hy210,18, 6.4, p < 0.05). C: Combined analysis reveals hyper-responsiveness to mechanical stimuli in GHRHr—/— mice at P14 (Hsos36, 16.6,
p < 0.001). Similar to P7 mice, male (D) and female (E) GHRHr —/— (Male: n = 9, F5 55, 3.6, p < 0.05; Female: n = 9, F, 5, 5.4, p < 0.02) mice display heat
hypersensitivity relative to controls (Male: n = 8; Female: n = 9), though GHRHr +/— (Male: n = 8; Female: n = 5) mice do not. F: Combined data from both sexes
is provided for reference (H;7,13,15, 14.3, p < 0.001). * p < 0.05 vs. WT C57, ** p < 0.05 vs. WT and GHRHr +/—, one-way ANOVA with Holm-Sidak post hoc
test (parametric) or one-way ANOVA on Ranks’ with Dunn’s post hoc test (non-parametric) as appropriate.

Systemic reduction in GH levels alter primary afferent function during early
postnatal development

To begin to determine whether the behavioral effects of GHD were
associated with alterations in the peripheral nervous system, we first
stained the lumbar DRGs of GHRHr knockout mice for GH receptor
(GHr). Immunocytochemical labeling indicates that GHr is present in
many cells of the DRG including neurons (Fig. 4A-C). We then per-
formed single unit recordings with our neonatal ex vivo hairy hindpaw

Mechanical Responsiveness

skin/saphenous nerve/DRG/spinal cord recording preparation. In these
recordings, we were not able to assess sex differences of individual
subtypes due to low numbers of cells obtained from each sex in each
group, therefore individual subtype data is combined from both sexes.
Nevertheless, consistent with behavioral results from combined sexes,
primary afferents in P7 GHRHr—/— mice displayed significant me-
chanical and heat hyper-responsiveness compared to controls. When
assessing all cells at P7, we found no differences between control mice
and GHRHr—/— animals regarding mechanical responsiveness
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Fig. 3. Mechanical and heat sensitivity in GHRHr KO mice at P21.

A-C: Male and female GHRHr+/— (Male: n = 9; Female: n = 17) and GHRHr —

/— (Male: n = 5; Female: n = 5) mice show no differences in mechanical with-

drawal threshold compared to WT controls (Male: n = 9; Female: n = 5) at P21 (Male: F 47, 1.2, p = 0.33; Female: F; 54, 0.7, p = 0.5; Combined: F5 47, 0.05,
p = 0.96). D-E: Similar results are also found regarding heat withdrawal latencies in which male and female GHRHr mutants are no different than WT C57 mice
(Male: Hg g5, 0.4, p = 0.83; Female: F5 54, 1.6, p < 0.3). F: GHRHr +/— were found to be different than WT overall but this was not found to be different than
GHRHr —/— mice (Combined: Hy4 9,12, 6.6). # p < 0.04 vs WT but not GHRHr —/—. One-way ANOVA with Holm-Sidak post hoc test (parametric) or one-way
ANOVA on Ranks’ with Dunn’s post hoc test (non-parametric) as appropriate.
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Fig. 4. GH receptor staining in DRGs and response properties of primary afferents in GHRHr KO mice as assessed with ex vivo recording at P7 and P14.
Immunocytochemical staining for GH receptor (GHr; red) in the lumbar DRGs of GHRHr +/— (A) and GHRHr —/— (B) mice show ample labeling in various cells
including putative neurons (arrows). Some staining is also evident in axon bundles within the DRGs (dashed arrow in B). Higher magnification (100x) images (inserts
in A and B) indicate some cells also contain nuclear GHr labeling in addition to cytoplasmic staining. Scale Bar in 100x insert, 20um. Negative control staining (no
primary antibody) indicates binding specificity of the antibody (C). DAPI staining was also used to mark nuclei (blue). Ex vivo electrophysiological analysis of P7
GHRHr —/— (n = 12) mice showed an increase in firing rate (F;17, 5.2, p < 0.04) (D) and mean peak instantaneous frequency (IF; E) (F;,17, 15.4, p < 0.001) of
myelinated HTMR mechanical responses relative to controls (n = 7). F: Combined analysis of all heat responsive primary afferents revealed significant increases in
firing to heat stimulation of the skin in GHRHr —/— mice (n = 4) compared to control afferents (n = 3; F; 5, 10.6, p < 0.03). At P14, CM neurons were found to
display significant reductions in mechanical thresholds in GHRHr —/— mice (n = 10) compared to controls (n = 9; F 17, 15.9, p < 0.001), (G) while CPM neurons
showed lower mechanical (H) [U;q s, 19.0, p = 0.05] and heat (I) [Control: n = 3; GHRHr—/—:n = 4; F; 5, 8.0, p < 0.04] thresholds in the GHRHr —/— animals
vs controls. Example responses for each parameter are provide below each panel. * p < 0.05 vs. control, one-way ANOVA with Holm-Sidak post hoc test (para-
metric) or Mann-Whitney Rank Sum test (non-parametric) as appropriate.
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Table 3
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Response properties from various cell types using ex vivo recording in control and GHRHr —/— mice. *p < 0.05 vs. control. One-way ANOVA with Tukey’s

post hoc or one-way ANOVA on Rank’s with Dunn’s post hoc as appropriate.

Mechanical Mechanical Firing Mechanical Inst. Heat Threshold Heat Firing Rate Mechanical Heat
Threshold (g) Rate (Hz) Frequency (Hz) (°C) (Hz) Responders Responders
pP7
All Cells  Controls 40.72 + 7.88 4.78 = 0.90 47.76 + 8.93 39.82 + 4.33 3.33 = 0.67 n=29 n=3
GHRHr—/— 24.06 + 5.07 4.62 = 0.56 69.07 + 9.05 4231 * 2.24 6.75 + 0.75 n=34 n=4
CPM Controls 7.40 = 4.49 7.40 = 1.94 48.97 + 11.72 39.82 + 4.33 3.33 £ 0.67 n=>5 n=3
GHRHr—/—- 15.50 = 11.69 7.75 = 1.25 62.49 * 13.08 45.13 * 2.17 7.5 + 1.5 n=4 n=2
CM Controls 57.91 + 13.09 4.40 = 1.96 58.17 + 18.71 n=11
GHRHr—/— 49.60 = 12.35 2.40 = 0.4 31.03 = 10.17 n=10
P14
All Cells  Controls 45.38 + 7.63 5.15 * 0.69 51.96 * 6.55 41.16 = 2.33 3.83 + 1.51 n=33 n=6
GHRHr—/— 12.47 * 2.88" 6.21 = 0.80 100.31 + 13.43" 39.76 + 3.74 1.5 = 0.29 n =34 n=
HTMR Controls 43.33 = 28.92 4.0 = 1.41 57.97 * 17.17 nd nd n=5 n=0
GHRHr—/- 12.83 + 7.61 6.67 + 2.54 107.03 + 36.62 nd nd n=6 n=0
P21
All Cells  Controls 39.53 * 6.91 5.57 + 0.73 107.42 + 22.18 43.47 = 2.97 2.29 + 0.81 n =37 n=
GHRHr—/— 37.50 + 7.12 4.67 = 0.59 107.82 = 20.05 44.64 = 1.79 2.27 * 0.49 n =36 n=11

(Table 3). However, when analyzing individual subtypes, the myeli-
nated, high threshold mechano-receptors (HTMRs), in GHRHr—/—
mice showed a significant increase in their mechanical firing rates
(Fig. 4D) and mean peak instantaneous frequencies (Fig. 4E) versus
controls. We were not able to determine the specific sub-population
that resulted in afferent heat hypersensitivity due to low total numbers
of heat responders obtained among the various subtypes. Regardless,
we did find overall that primary sensory neurons in GHRHr —/— mice
displayed significantly enhanced firing to heat stimulation of the skin
compared to controls (Fig. 4F; Table 3). GHRHr—/— afferents that
responded to heat (89.3 + 11.5Hz) also displayed significantly in-
creased mean peak instantaneous frequencies to heat stimulation versus
controls (36.0 = 10.5Hz; Fi6, 6.2, p < 0.05). No differences in
polymodal C-fibers (CPM) or mechanically sensitive, thermally in-
sensitive C-fibers (CM) were found at P7 (Table 3).

When examining the primary afferents at P14, we found that cells in
GHRHr —/— mice were hypersensitive overall to mechanical stimuli
compared to controls (Table 3). Assessments of individual subpopula-
tions indicated no differences in responsiveness to mechanical or heat
stimuli among the myelinated HTMRs at P14 (Table 3), but we did
observe significant alterations in the C-fiber populations. CM fibers
displayed significant reductions in mechanical threshold in GHRHr —/
— mice compared to controls (Fig. 4G). However, no statistical differ-
ences between control and GHRHr—/— CMs were found for either
mean peak instantaneous frequencies (Control: 59.1 + 7.7 Hz;
GHRHr—/—: 32.0 = 11.1Hz; F;35, 4.2, p < 0.06) or firing rates
(Control: 3.3 = 0.8Hz; GHRHr—/-: 4.8 * 1.2Hz Fy;, 1.1,
p < 0.32) to mechanical stimuli. Similarly, polymodal c-fibers (CPM)
displayed significant reductions in mechanical threshold in GHRHr —/

— mice compared to controls (Fig. 4H) but did not show any alterations
in firing rate (Control: 4.1 = 0.8 Hz; GHRHr—/—:5.1 *= 0.7 Hz; F; 16,
0.9, p < 0.4) to mechanical stimuli. They did however display in-
creased mean peak instantaneous frequencies to mechanical deforma-
tion of the skin (Control: 36.7 = 6.7 Hz; GHRHr—/—: 64.9 = 7.7 Hz;
Fi16, 7.7, p < 0.02). GHRHr—/— CPM neurons also showed sig-
nificantly reduced heat thresholds compared to controls (Fig. 4I).
However, no differences in firing (FR: Control: 4.0 = 1.8 Hz;
GHRHr-/—-: 1.4 *= 0.2Hz; F,;5 2.0, p < 0.2; IF: Control:
29.3 = 13.6Hz; GHRHr—/—: 8.3 + 5.2Hz; F; 5, 2.1, p < 0.2) to
heat stimuli were observed between control (n = 5) and GHRHr—/—
(n = 5) CPMs.

Consistent with behavioral results at P21, we found no differences
in any primary afferent subtype between control and GHRHr—/— an-
imals. Examples of select data from P21 primary afferent HTMRs and
CPMs are provided for reference (Fig. 5; Table 3). We also did not
observe any differences among all other fiber subtypes at any age be-
tween control and GHRHr —/— mice including the low threshold
mechanoreceptors (D-Hairs or SA1) or mechanically sensitive, and cold
sensitive C-fibers (CMC; not shown).

Analysis of L2/L3 DRG gene expression in mice with GHD shows age related
alterations

As GHD-induced hypersensitivity appeared to take effect at least in
part through the primary afferents, we wanted to begin to determine
some of the receptor mechanisms by which this could occur. We
therefore performed realtime PCR on the L2/L3 DRGs from P7, P14 and
P21 WTC57 and GHRHr —/ — mice for a variety of sensory transducing
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Fig. 5. Response properties of primary afferents in GHRHr KO mice as assessed with ex vivo recording at P21.
Ex vivo analysis showed no differences in GHRHr —/— mice vs. controls in regard to firing to mechanical stimuli in HTMR neurons (A) [n = 5 per group; F; g, 0.02,
p < 0.91] or thresholds to mechanical (B) [Hy211, 0.4, p < 0.53] or heat (C) [Hg o, 0.0, p = 1.0] stimuli in CPM fibers. One-way ANOVA (parametric) or one-way

ANOVA on Ranks’ (non-parametric) as appropriate.
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Table 4

Percent change in gene expression in the L2/L3 DRGs of GHRHr —/— mice relative to WT at P7, P14 and P21. *p < 0.05, one-way ANOVA with Tukey’s post hoc test. "data analyzed with Kruskal Wallis and

Dunn’s post hoc tests.

ASIC3 P2X3 Piezo 2 TRPV1 TRPM3 P2Y1 GFRal GFRa3 trkA Esrl Esr2

IGFrl

Gene

208 = 9%
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5+ 57%

=17 = 17%
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14 + 19%
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receptors/channels (n = 3-10 per condition/age).

Interestingly at P7, of the tested genes, only insulin-like growth
factor 1 receptor (IGFrl) and the estrogen receptors 1 (Esrl) and 2
(Esr2) were found to be different between GHRHr—/— and WTs.
However, by P14, many genes were upregulated in the L2/L3 DRGs of
GHRHr —/— mice. In addition to IGFrl, we found significant upregu-
lation of acid sensing ion channel 3 (ASIC3), the ATP receptor, P2X3,
mechanically sensitive channel, piezo2, heat channels, transient re-
ceptor potential (TRP) vanilloid type 1 (TRPV1) and TRP melastatin 3
(TRPM3), and ADP sensing G-protein coupled receptor, P2Y1. We fur-
ther found significant upregulation of the artemin receptor, glial cell
line-derived neurotrophic factor (GDNF) family receptor alpha 3
(GFRa3) and of the nerve growth factor receptor, trkA. We did not
observe upregulation of the GDNF receptor, GFRal, and Esrl and Esr2
were no longer upregulated.

Surprisingly, at P21, many of the upregulated receptors remained
elevated despite a restoration of behavior and afferent function to
control levels at this age. Specifically, we found that P2X3, piezo2,
TRPV1, P2Y1 and trkA remained increased in GHRHr—/— DRGs re-
lative to WT. GFRal was also found to be upregulated in the mutants at
this age (Table 4).

Discussion

Reports show that GHD can be associated with pain (Bennett, 2004;
Cuatrecasas et al., 2010; Cimaz et al., 2001). We found that developing
GHRHr —/— mice display mechanical and heat hypersensitivity in an
age-related fashion (Fig. 1-3). In addition, systemic reduction in GH
levels was able to alter primary afferent function that corresponded
with results from behavioral experimentation (Fig. 4-5). Results closely
mimicked those obtained previously in mice with cutaneous injury
(Jankowski et al., 2014; Liu et al., 2017), advancing evidence that GH is
an important modulator of peripheral sensitivity during early life.
Furthermore, gene expression analysis of the L2/L3 DRG in mice with
GHD showed changes in expression of various sensory transducing re-
ceptors and modulators of neuronal development across the different
developmental ages (Table 4). Surprisingly however, upregulation of
certain genes was observed in the DRGs of older animals (P21), when
both behavioral and afferent hypersensitivity returned to control levels.
Hypersensitivity was also observed at ages (P7-P14) prior to when overt
alterations in body weight are detected (P21) in mice with GHD. Results
indicate that GH can regulate the functional development of peripheral
sensitivity but that early life GH signaling may be able to influence
sensory responsiveness later in life.

Much of our current knowledge of growth hormone action involves
its role in growth and tissue repair (Devesa et al., 2017, 2016; Tuffaha
et al., 2016). However, some reports have shown reduced GH levels in
patients with cutaneous ulcers, erythromelalgia, and in subsets of FM
patients corresponds with pain. Treatment of these patients with exo-
genous GH can relieve their pain (Cimaz et al., 2001; Cuatrecasas et al.,
2012, 2010; Dr. John Rose, CCHMC, personal communication). Addi-
tional evidence suggests that GH may also be an adjunct pain therapy
for patients with low back pain (Dubick et al., 2015). We recently re-
ported that reduced GH levels may be important in driving hy-
persensitivity to peripheral inflammation in neonates (Liu et al., 2017).
Here we examined whether a GHD state during development was alone
sufficient to produce a pain-like state. We found that during both the
first and second weeks of life, GHRHr —/— mice were behaviorally
hypersensitive to evoked mechanical and thermal stimuli (Fig. 1,2).
Interestingly, at P7, male mice showed no differences in mechanical
hypersensitivity while females did (Fig. 1A, B). This difference was
most likely the result of the GHRHr +/ — females having a significantly
lower withdrawal threshold than the heterozygous males, as the
homozygous mutants did not differ between the sexes. Male GHRHr — /
— did eventually display mechanical hypersensitivity by P14. Although
to our knowledge, no sex specific effects of GHD are well-documented
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regarding pain, reports do indicate that GH may be a strong modulator
of sensory function during early stages of life (Liu et al., 2017; Bennett
2004; Cimaz et al. 2001; Devesa et al., 2017). Results of our current
report support this notion as by P21, GHRHr —/— mice did not display
any evoked hypersensitivity like P7 and P14 animals (Figs. 1-3),
though the necessary switch of tests for mechanical responsiveness at
P21 does somewhat limit this interpretation. Our data also indicates an
interesting time-dependent effect of GHD on sensory function that is
differentially expressed in males and females. It is important to note
that Esrl and Esr2 were both upregulated specifically at P7 (Table 4). It
will be interesting in the future to assess how GH signaling may influ-
ence or is responsive to alterations in sex hormone signaling.

Injury to neonates can also produce considerable functional changes
in primary afferent responses (Jankowski et al., 2014; Boada et al.,
2010, 2011; Ririe et al., 2008; Vega-Avelaira et al., 2009; Nandi et al.,
2004). Specifically, injury during this period can cause age-specific
sensitization of fast conducting, broad spiking “A”-fiber and slowly
conducting, broad spiking “C”-fiber populations (Jankowski et al.,
2014; Liu et al., 2017). Here we found that systemic GHD similarly
caused age specific changes in these distinct subpopulations primary
sensory neurons. As shown in previous studies (Jankowski et al., 2014;
Liu et al., 2017), the A-fiber population became sensitized at P7, while
at P14, C-fibers, specifically showed hypersensitivity to peripheral sti-
muli (Fig. 4; Table 3). Changes in afferent sensitivity at P7 were found
specifically in regard to increased mechanical firing rate (FR) and mean
peak instantaneous frequencies (IF) of the GHRHr—/— myelinated
HTMR subpopulation. Increased heat FR was also observed, but this
was only obtained when analyzing all fibers.

At P14, afferent sensitivity was not due to increased FR as pre-
viously reported after inflammation (Liu et al., 2017; Jankowski et al.,
2014), but rather a decrease in the mechanical thresholds of CM and
CPM fibers, as well as, a reduction in heat threshold of the CPMs.
Distinct sensitization patterns may have arisen due to a strain difference
as here, inbred C57Bl/6 lines were assessed, while in previous reports
analyzing responses to inflammation, an outbred Swiss Webster line
was used (Liu et al., 2017; Jankowski et al., 2014). It is also important
to note that behaviorally, GHRHr+/— mice were different than WT
controls (Figs. 1-2). However, this appeared to be sex and modality
specific. Due to low cell numbers obtained electrophysiologically from
these different parameters, we are not able to fully confirm whether
behavioral results are a result of specific alterations in the primary af-
ferents. Confirmation of strain and sex-related effects on afferents in
future experimentation will be important to fully appreciate a role for
GH modulating sensory development. Nevertheless, we do observe a
strong effect of GHD on sensory responsiveness specifically during early
life.

Interestingly, even though we observed mechanical and thermal
hyper-responsiveness both behaviorally and in the primary sensory
neurons during the first two weeks of life, this subsided completely by
P21 when assessing both of these aspects of peripheral sensitization
(Figs. 3-5). This could imply that GH influences sensory function to a
greater degree early in life, but potentially not by the time the sensory
system is more functionally developed. This will again need to be ex-
plored further in future examination as we cannot fully rule out a role
for the central nervous system in GHD-related hypersensitivity. None-
theless, our data do support a role for the PNS in behavioral deficits
observed in mice with GHD. Additionally, as these results may be si-
milar to that observed after injury (Liu et al., 2017), it will be necessary
in the future to explore the effect of peripheral injury in GHRHr KO
mice, and whether early life hypersensitivity observed in these animals
can modulate injury responses acutely or later in life (e.g. Moriarty
et al., 2018).

Changes in gene expression in DRGs have been linked with altered
sensory function after peripheral injury (Jankowski et al., 2010;
Jankowski et al., 2012a; Jankowski et al., 2012b; Jankowski et al.,
2014) and can help drive behavioral and afferent hypersensitivity
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(Figs. 1-5) (Jankowski et al., 2009a, 2009b, Jankowski et al., 2010
Wang et al., 2003; Wu et al., 2016). Behavioral and sensory neuron
changes at the P7 time point, corresponded with an upregulation of
IGFrl in GHRHr —/ — mice (Table 4). IGF-1 and IGFr1 have previously
been established as potential modulators of hypersensitivity (Miura
etal., 2011; Zhang et al., 2014). Even though systemic IGF-1 is at lower
levels at some of the time points assessed (Donahue and Beamer, 1993),
data may still suggest that IGFrl is one player at this time point, and
that dynamically altered levels of other targets, such as the TRP chan-
nels, or purinergic receptors are not related to GHD induced hy-
persensitivity. Of course, this does not indicate that IGFrl is the only
mechanism of GHD-related hypersensitivity in neonates. Although we
did not assess other genes such as calcium channels, it is possible that
these other factors are upregulated in GHD mice at this stage of de-
velopment since IGFrl has been shown to mediate its effects on afferent
function through modulation of calcium channels (Zhang et al., 2014).
Modulation of sodium or potassium channels may also be affected in
our mutants, but this would need to be confirmed in the future. Inter-
estingly, results at P7 somewhat differ from that observed in our pre-
vious reports in which mice experienced peripheral inflammation (Liu
et al., 2017; Jankowski et al., 2014). Although IGFrl1 was implicated in
those and the current study (Table 4), other upregulated genes were not
observed here at P7. The obvious difference between the current and
the previous report is that mice were injured whereas here they were
not. Many other mechanisms may be at play under conditions of per-
ipheral inflammation (and GHD) and this should be investigated further
to fully appreciate the interplay between GHD-related hypersensitivity
and inflammation-induced nociceptive pain.

In contrast with P7 however, almost every gene examined at P14
was upregulated in the GHRHr —/— mice (Table 4). Two of the more
pronounced changes in upregulation were TRPV1 and the artemin co-
receptor, GFRa3. TRPV1 is a known heat channel (Caterina et al.,
2000), while artemin has been associated with enhancing TRPV1 ex-
pression (Jankowski et al., 2010; Elitt et al., 2006). This corresponded
well with behavioral results and ex vivo data (Fig. 2,4), as both mea-
surements indicated heat hypersensitivity in GHRHr —/— mice. It is
also possible that upregulation of P2Y1 could be responsible for
changes in thermal sensitivity at the afferent level since we observed
altered thresholds in the CPM fibers, and this receptor has been shown
to regulate the thermal thresholds of the CPM population (Jankowski
et al., 2012a). In addition, upregulation of genes associated with me-
chanical stimuli, such as ASIC3, P2 x 3, and piezo2 (Walder et al.,
2010; Tsuda et al., 2000; Kim et al., 2012; Szczot et al., 2018) provide a
good connection to the enhanced mechanical responsiveness seen be-
haviorally and in the primary sensory neurons. Direct manipulation of
these individual genes will be necessary to fully confirm whether they
drive the observed alterations in GHRHr —/— mice.

Surprisingly, many of the upregulated genes at P14 were also ele-
vated at P21, even though behavior and afferent function were restored
by this time. Results from gene expression analysis may thus challenge
the notion that GH may more specifically influence functional sensory
development during early life (Table 4). The gene changes we see at
P14 that are also upregulated at P21 could be potential targets for in-
fluencing nociceptive processing in adulthood. Other than causing
acute changes in sensory function, injury during the neonatal period
also has been shown to have long-term implications. Disruption during
an early life critical period can lead to a re-wiring of the nociceptive
system in the spinal cord and upon re-injury cause hypersensitivity to
persist for abnormally extended periods of time. This concept is one of
the leading potential mechanisms behind the transition from acute to
chronic neonatal pain (Moriarty et al., 2018; Cignacco et al., 2009;
Fitzgerald and Walker, 2009; Walker et al., 2009; Ren et al., 2004;
Beggs et al., 2012). Regarding GH signaling, the maintenance of P2X3
and Piezo2 in mice with GHD at P21 could shape mechanical hy-
persensitivity, while sustained upregulation of TRPV1 and P2Y1 may
influence altered thermal responses in injured adults. Thus, it is
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conceivable that while IGFrl could be one driver of acute hypersensi-
tivity at P7 and P14, that GHD-related hypersensitivity in neonates
could affect adult responses to peripheral injury through other upre-
gulated genes such as P2X3, Piezo2, TRPV1, and P2Y1. This will be an
important area of future investigation.

One curious result was the observed upregulation of the NGF re-
ceptor, trkA by P14. We and others have shown that trkA levels begin to
decrease substantially after PO and are also downregulated post neo-
natal injury (Jankowski et al., 2014; Luo et al., 2007, 2009; Molliver
et al.,, 1997; Weskamp and Reichardt, 1991). Peripheral insults can
delay the switch from NGF to GDNF responsiveness in sensory neurons
of the DRG. Systemic GHD may also affect this phenotypic switch as it
appears that it can postpone trkA downregulation and delay the upre-
gulation of the GDNF co-receptor, GFRal (Table 4). Future analysis of
the neurochemical development of the DRG will be therefore be war-
ranted in GHRHr —/— animals.

Discovery of a safe but effective alternative analgesic for use in
infants and children is particularly valuable. Our recent data suggest
that GH may potentially fill this need. This is supported by multiple
studies, which show that treatment of growth hormone deficient pa-
tients with GH can help improve pain outcomes (Cimaz et al., 2001;
Bennett et al., 1992; Bagge et al., 1998; Jacobson et al., 1995; Bennett
et al., 1998; Cuatrecasas et al., 2012). Considering the potentially
harmful side effects of current analgesics, low dose growth hormone
could be a useful option for the treatment of pediatric pain.
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