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A B S T R A C T

Effective pain management in neonates without the unwanted central nervous system (CNS) side effects remains
an unmet need. To circumvent these central effects we tested the peripherally acting (brain sparing) opioid
agonist loperamide in neonate rats. Our results show that: 1) loperamide (1mg/kg, s.c.) does not affect the
thermal withdrawal latency in the normal hind paw while producing antinociception in all pups with an in-
flamed hind paw. 2) A dose of loperamide 5 times higher resulted in only 6.9 ng/mL of loperamide in the
cerebrospinal fluid (CSF), confirming that loperamide minimally crosses the blood–brain barrier (BBB). 3)
Unexpectedly, sustained administration of loperamide for 5 days resulted in a hyperalgesic behavior, as well as
increased excitability (sensitization) of dorsal root ganglia (DRGs) and spinal nociceptive neurons. This indicates
that opioid induced hyperalgesia (OIH) can be induced through the peripheral nervous system. Unless pre-
vented, OIH could in itself be a limiting factor in the use of brain sparing opioids in the neonate.

Introduction

Unrelieved pain in the term and preterm neonate initiates mala-
daptive plasticity that can persist later in life (Schwaller and Fitzgerald,
2014; Walker et al., 2016). Opioids can prevent this plasticity while
providing analgesia. There are concerns, however, that opioids have
unwanted effects on the immature brain (Attarian et al., 2014; Beltran-
Campos et al., 2015; de Graaf et al., 2011; Ferguson et al., 2012;
Rozisky et al., 2011). For instance preemies who received opiates in the
neonatal intensive care unit (NICU), can develop a smaller head-cir-
cumference, lower body weight, short-term memory impairments, and
difficulty socializing (Attarian et al., 2014; Ferguson et al., 2012). In
animal models, administrating opioids during the post-natal period
leads to altered mu-opioid receptors (MORs) expression in the forebrain
(Handelmann and Quirion, 1983), and increased pain behavior later in
life (Rozisky et al., 2011). Given that opioids are effective analgesics for
acute pain, a possible strategy is to use brain sparing (peripherally
acting) opioids in the newborn. To explore this approach we chose the
brain sparing MOR agonist loperamide (Guan et al., 2008; Kumar et al.,
2012; Nozaki-Taguchi and Yaksh, 1999). Loperamide produces an-
algesia in adult models of inflammatory (Shannon and Lutz, 2002),
cancer, and neuropathic pain (Chung et al., 2012; Guan et al., 2008) by
acting on the peripheral opioid receptors (DeHaven-Hudkins et al.,
1999; Guan et al., 2008). Accordingly, MORs in the periphery are

critically involved in the analgesic effects of opioids (Taddese et al.,
1995; Wang et al., 2010). Since there is a greater expression of MORs in
primary sensory neurons during the first 2 post-natal weeks (Beland and
Fitzgerald, 2001; Nandi et al., 2004), we postulated that newborns
would be ideal candidates for loperamide induced antinociception. We
tested loperamide in newborn rats, which are developmentally similar
to premature humans (Romijn et al., 1991; Sengupta, 2013). We first
assessed the effects of loperamide on the nociceptive withdrawal
threshold in normal newborns, and then in newborns with an inflamed
hind paw after a local carrageenan injection (Fehrenbacher et al.,
2012). We then determined if loperamide crosses the blood–brain
barrier (BBB) of the neonate rat. Finally, given that brain penetrant
opioids can produce pro-nociceptive effects (Roeckel et al., 2017), we
tested the effect of daily loperamide on the nociceptive threshold, the
peripheral neuronal activity using patch clamp recordings, and the CNS
activity using Fos immunochemistry.

Materials and methods

Experimental animals

Male and female Sprague-Dawley rats (Charles River Lab, USA),
post-natal day 3 (P3) at the start of the experiment, were studied. Pups
were kept with their littermates and mother in a dedicated room with
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alternating 12 h of light-dark cycle. Food and water were available ad
libitum. For each experimental group, 8–10 pups were used. No adverse
effects of loperamide were observed during the experiment.

Ethics

Procedures for the maintenance and use of the experimental animals
conformed to the regulations of UCSF Committees on Animal Research
and were carried out in accordance with the guidelines of the NIH
regulations on animal use and care (Publication 85–23, Revised 1996).
The UCSF Institutional Animal Care and Use Committee approved the
protocols for this study.

Experimental protocols

Loperamide and chemicals were purchased from Sigma-Aldrich
unless noted otherwise.

For acute experiments, a single dose (1mg/kg, s.c.) of loperamide
1mg/mL or equal volume of vehicle (sterile 5% DMSO) was adminis-
tered 30min before carrageenan (1% in 0.9% saline, 20 μl, intradermal
with a 30 ga needle) in the left hind paw. This preemptive analgesia
mimics protocols promoting early interventions (drugs or others) in the
NICU to prevent the long-term effects of untreated pain (Cignacco et al.,
2009; Cruz et al., 2016; Laprairie et al., 2008).

Prior to the injection of carrageenan, but not prior to loperamide
(Fig. 1A), rats were tested for the baseline thermal withdrawal latency
(Hargreaves plantar test). In preliminary experiments we observed that
loperamide 1mg/kg did not increase the withdrawal latency in the
Hargreaves test. We also found that decreasing the number of heat
exposures in neonates minimizes the risk of stimulus induced paw
sensitization. Rats were then retested at 5min, 30min, 1 h and 4 h after
the carrageenan injection.

For chronic experiments, loperamide was administered once daily
(1 mg/kg, s.c.) starting at P3 lasting until P7 (total of 5 days). Hind paw
withdrawal latency to the heat stimulus was evaluated everyday
starting on the first day prior to the initial dose of loperamide and then
daily 6 h after each injection. This delay of 6 h, between the loperamide
injection and the Hargreaves test, ensured that the nociceptive
threshold was measured when the plasma levels of loperamide were
high (He et al., 2000; Heel et al., 1978; Killinger et al., 1979; Miyazaki
et al., 1979; Streel et al., 2005). Testing animals immediately prior to
the daily injection of loperamide might have also showed hyperalgesia,
whereas it could have been part of an early opioid withdrawal instead
(Lee et al., 2011).

On each day, after pups were administered loperamide or tested,
they were immediately returned to the dam. Precautions were taken to
ensure that none of these newborns were rejected by their mother.
During all manipulations and testing procedures, care was taken to

maintain body temperature constant.
Control animals received the same volume of vehicle (sterile 5%

DMSO) on the same schedule. After the last dose of loperamide or ve-
hicle, pups (P7) were randomly injected with carrageenan or saline
(20 μl, intradermal) in the left hind paw. Their lumbar spinal cord was
collected and processed for Fos immunocytochemistry 3 h later.

Heat sensitivity (Hargreaves plantar test)

An investigator blind to the treatment groups performed the beha-
vioral studies. Heat pain latency was measured using the Hargreaves
plantar test device (Harvard apparatus, USA) (Cheah et al., 2017). Rats
were placed into the test area 60min prior to testing. The glass plate on
which they were free to move was preheated to 30 °C to keep them
comfortable. The withdrawal latency from a heat stimulus was mea-
sured 3 times for each hind paw, with a 5-min interval between in-
dividual measures. The mean value in seconds was used as the thermal
nociceptive threshold. Although never reached, a cutoff of 20 s was
used to prevent skin damage.

Biological fluid samples

To assess for possible penetration of loperamide in the CNS, we
determined the concentration of loperamide in the CSF in P3 rats
(n= 8) using mass spectroscopy (Rubelt et al., 2012). Serum levels
were also determined by the same method. Based on a plasma half-life
of 9–13 h (Doser et al., 1995; Killinger et al., 1979; Yu et al., 2004), a
time to peak plasma concentration of 2.5 to 6 h (He et al., 2000; Heel
et al., 1978; Killinger et al., 1979; Miyazaki et al., 1979; Streel et al.,
2005), and a duration of action of up to 3 days (Heel et al., 1978), CSF
and blood samples were acquired 6 h after a high dose of loperamide
(5mg/kg, s.c.).

CSF was obtained by puncture of the dura overlying the cisterna
magna using an operating microscope and a pulled glass capillary
pipette while the animals were under hypothermic anesthesia (Liu and
Duff, 2008). Care was taken to make sure that the CSF was not con-
taminated by blood. Collection of blood was done by cardiac puncture
into a 1.5 mL tube containing EGTA. The blood was spun down at
1500 g for 10min in a refrigerated centrifuge. The supernatant (serum)
was collected into a clean tube. CSF and serum samples were kept at
−20 °C prior to analysis.

Serum and CSF loperamide levels were determined by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) using Agilent LC
1260-AB Sciex 5500 (binary pump, Agilent, USA). Each analyte was
ionized using electrospray ionization in the negative mode and mon-
itored by multiple reactions. The serum and CSF were prepared for LC-
MS/MS analysis by solid phase extraction using Waters Oasis HLB
cartridge (10mg, 1mL). Each cartridge was washed with 5 column

Fig. 1. Effect of a single dose of loperamide on thermal
withdrawal latency, and systemic vs. central distribu-
tion. (A) Loperamide (1mg/kg) or its vehicle were
injected s.c. and 30min later carrageenan (1% in 0.9%
saline, 20 μl, intradermal) was injected in the left hind
paw. The antinociceptive effect of loperamide was then
monitored for the following 4 h (n=10 for both
groups) using the Hargreaves plantar test. P values are
obtained after comparing Vehicle vs. Loperamide
groups at each time point. (B) Concentrations of lo-
peramide in the serum and CSF. Mass spectrometry
showed that loperamide poorly penetrates the blood-
brain barrier in neonates (P3). Six hours following
5mg/kg, s.c., the concentration of loperamide in
serum was 334 ng/mL, while in the CSF it was 6.9 ng/
mL. P values are obtained by comparing the con-
centration of each treatment group with the 3 others. *
P < .05, ** P < .01, *** P < .001.
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volumes of methanol prior to activation with water for loading of serum
or CSF. The column was washed with 1mL 5% methanol before each
analyte was eluted with 1mL of methanol. The eluates were evaporated
under a stream of nitrogen gas after which they were reconstituted in
10% methanol for column injection. A 5 μl aliquot of the extract was
used for each replicate injection of the sample. Chromatographic se-
paration of the analytes was achieved by gradient elution using MeOH/
H2O (97/3, v/v)+ 10mM ammonium acetate+ 0.1% acetic acid as
solvent A, and MeOH/H2O (10/90, v/v)+ 5mM ammonium
acetate+ 0.1% formic acid as solvent B. The elution gradient employed
was 0–0.5 min= 30% B; 0.5–1min= 75% B; 1–4min=100% B;
4–5.5min=100% B; and 5.5–6min=30% B. The analytes had a
quantitation limit of 0.1 ng/mL (part per billion). Data analysis was
conducted using AB Sciex Analyst 1.6 and AB Sciex MultiQuant 2.1
software packages.

Patch clamp recordings

The method for intact DRG recordings has recently been described
(Gong et al., 2016b). This method preserves the neuroglial interactions
as well as the afferent and efferent axons to obtain data closer to in vivo
conditions. On P7 (on the 5th day of daily loperamide administration)
neonatal rats were euthanized and the spines were quickly removed.
The spines were then placed into ice-cold carbogenized artificial CSF
(aCSF). The aCSF contained: 124mM NaCl, 2.5mM KCl, 1.2mM
NaH2PO4, 1.0 mM MgCl2, 2.0mM CaCl2, 25mM NaHCO3, and 10mM
glucose. Laminectomies were performed and the spinal cords were re-
moved. Following this, the DRGs were collected under the dissection
microscope (Wild, Germany). Each DRG was transferred to a recording
chamber after the surrounding connective tissue was removed. There, it
was perfused with aCSF at a rate of 2–3mL/min. A small area of the
collagen layer on the surface of each DRG was digested to expose
neurons to the recording pipette. For this purpose we used the enzyme
mix “Liberase” (Roche, USA). A fine mesh anchor (SHD-22L, Harvard,
USA) was used to anchor down the DRGs during recordings.

DRG neurons were visualized with a 40X water-immersion objective
using a microscope (FN-600; Nikon, Japan) equipped with infrared
differential interference contrast optics. The image was captured with
an infrared-sensitive CCD (IR-1000, Dage MTI, USA) and displayed on a
black and white video monitor. Currents were recorded with an Axon
200B amplifier (Molecular Devices, USA) connected to a Digidata in-
terface (Digidata 1322A, Molecular Devices, USA) and low-pass filtered
at 5 kHz, sampled at 1 kHz, digitized, and stored using pCLAMP 10.2
(Molecular Devices, USA). Patch pipettes were pulled from borosilicate
glass capillary tubing (BF150-86-10, Sutter, USA) with a P97 puller
(Sutter, USA). The resistance of the pipette was 4–5MΩ when filled
with recording solution which contained: 140mM KCl, 2 mM MgCl2,
10 mM HEPES, 2mMMg-ATP, 0.5mM Na2GTP, pH 7.4. Osmolarity was
adjusted to 290–300mOsm. After a gigaseal was established on a
neuron, the membrane was broken and the cell was selected for further
study if it had a resting membrane potential of less than −50mV. The
access resistance was 10–20MΩ and continuously monitored. Data
were discarded if the access resistance changed more than by 15%
during an experiment. Small diameter neurons, i.e. dark neurons, were
exclusively selected for patch clamp recordings (Gong et al., 2016a;
Gong and Jasmin, 2017; Lawson, 1979). The size of the neurons was
determined by measuring the diameter on the screen.

Tissue preparation and immunostaining protocol

The DAB method was used to label Fos positive cells in the lumbar
spinal dorsal horn. Three hours after an intradermal injection of 20 μl
1% carrageenan or vehicle, rats were perfused intracardially with
physiologic saline, followed by 10% formalin, pH 7.4. The L3-5 spinal
cord segments were processed for immunostaining. The samples were
post-fixed for 2 h and then placed in a 30% buffered sucrose solution

overnight. Ten micron transverse sections were cut with a cryostat. Fos
immunostaining was then performed. Briefly, after blocking by 10%
normal goat serum in phosphate buffered saline (PBS) with 0.3% Triton
X-100 (PBS-TX) for 1 h at room temperature, the sections were in-
cubated with the anti-Fos primary antibody (1:20,000, rabbit, a gift
from Prof. Dennis Slamon, UCLA) for 24 h at 4 °C. The sections were
then rinsed and incubated with biotinylated anti-rabbit secondary an-
tibody (1:500, Sigma, USA) for 1 h at room temperature. The sections
were rinsed again and incubated with Extravidin (1:100, Sigma, USA)
for 1.5 h. Then a DAB kit (Sigma, USA) was used for final staining of
Fos. Sections were put under the dissection microscope for visual de-
termination of the reaction time. We used ultra pure water to end the
reaction. The sections were dehydrated and covered for further ana-
lysis.

Cell counting

Counts of Fos-labeled cells were made on 6 randomly selected
lumbar spine sections for each rat. The investigator responsible for
plotting and counting the labeled cells was blind to the drug treatment
of individual animal. The superficial dorsal horn of the spinal cord was
identified using dark-field illumination (Molander et al., 1984; Steiner
and Turner, 1972). A nucleus was counted as Fos positive if it was
entirely filled with black reaction product. Based on nuclear size, cell
shape, and extensive experience of our laboratory with this technique,
we determined that the Fos positive cells counted were neurons.

Statistical analysis

All results are presented as the mean ± SEM. For the analysis of
thermal threshold, repeated-measures one-way ANOVA followed by
Bonferroni post hoc or Student’s t-test were used. For patch clamp re-
cordings, the Student's t-test was used. For the Fos labeled cell counts,
statistical comparisons were performed using the Student’s t test (un-
paired, two tailed) to compare the means between groups. Differences
between means were considered statistically significant at P < .05.

Results

Dose of loperamide and body weights

Based on preliminary experiments and data from Guan and collea-
gues (Guan et al., 2008), we used 1mg/kg, s.c. of loperamide for be-
havioral experiments. The average body weight of pups was 9 ± 0.5 g
at P3, 11.1 ± 0.6 g at P4, 14.9 ± 0.4 g at P5, 17.2 ± 0.6 g at P6, and
19.8 ± 0.5 g at P7. Administration of loperamide for 5 consecutive
days did not affect the body weight when comparing with the standard
growth curve (Yuan et al., 2000).

Antinociceptive effect of loperamide

A single injection of loperamide (1mg/kg s.c.) did not prolong the
paw withdrawal latency compared to vehicle in the Hargreaves test
(7.1 ± 0.5 s vs. 6.5 ± 0.4 s; p > .05; n=10 in each group) (Fig. 1A).
This is consistent with the effect of 1mg/kg of morphine in adult rats
submitted to the Hargreaves test (Morgan et al., 2006). Subsequent
intraplantar injection of carrageenan, to produce a local inflammation,
exposed the antinociceptive effect of loperamide. Rats were injected
with carrageenan 1% (20 μl) in the left hind paw and were tested 5min,
30min, 1 h, and 4 h later (Fig. 1A). At 5min, vehicle treated rats had a
marked decreased withdrawal latency from 6.5 ± 0.4 s to 1.9 ± 0.3 s
(p < .05). Loperamide produced significant antinociception at all time
points, with some remaining nociception at 5min when comparing pre-
(7.1 ± 0.5 s) vs. post-carrageenan (5.1 ± 1.2 s) withdrawal latencies
(Fig. 1A).
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Concentration of loperamide in the serum and CSF

To determine if loperamide penetrates the BBB after systemic ad-
ministration, we injected a single dose of 5mg/kg, s.c. and measured
the concentration of loperamide in the serum and the CSF 6 h later
(n=8) using mass spectrometry. The serum concentration of loper-
amide was 334.7 ng/mL while in the CSF concentration was only
6.9 ng/mL of loperamide, which is about 50 times less (Fig. 1B).

Loperamide induced hyperalgesia and hyperexcitability of sensory neurons

To further investigate whether loperamide could induce opioid in-
duced hyperalgesia (OIH) in the neonates, just as morphine does (Zhang
and Sweitzer, 2008; Zissen et al., 2006; Zissen et al., 2007), we ad-
ministered loperamide daily (1mg/kg, s.c.) from P3 to P7 and per-
formed daily Hargreaves plantar tests. Compared to rats receiving ve-
hicle (n= 10), those receiving loperamide (n= 10) did not show any
significant change in the withdrawal latency from the nociceptive sti-
mulus during the first 3 days (P3 to P5). However, starting at P6, the
loperamide group exhibited a significantly decreased latency with an
average latency of 5.8 ± 0.3 s compared to the vehicle group with an
average latency of 7.8 ± 0.4 s (Fig. 2A, p < .05). This difference be-
tween the two groups was accentuated on P7 with an average with-
drawal latency of 5.1 ± 0.6 s for the loperamide group vs. 7.6 ± 0.3 s
(p < .01) for the vehicle group.

The lumbar DRGs from the above rats were then collected on P7.
Patch clamp recordings on small diameter neurons (< 30 µm) were
conducted on whole DRGs as we previously reported (Gong et al., 2014,
2016a,b; Gong and Jasmin, 2017). DRG neurons from the loperamide
group (treated for 5 consecutive days) demonstrated an average current
threshold of 145.1 ± 15.1 pA, which was significantly lower than that
of the vehicle treated group (240.2 ± 39.7 pA, p < .001, Fig. 2Bi).
Also, in the loperamide group the membrane threshold was reduced to
–22.1 ± 3.9mV from −14.1 ± 2.7mV (vehicle treated group,
p < .01, Fig. 2Bii).

Finally, we sought to determine if loperamide induced hyperexcit-
ability of primary sensory neurons would result in a greater activation
of spinal superficial dorsal horn neurons, where primary nociceptive
afferents terminate. Rats were treated with loperamide or vehicle for
5 days (P3 to P7, 1mg/kg, s.c., n= 10). Six hours after the last dose of
loperamide or vehicle, carrageenan 1% (20 μl) or its vehicle (saline
0.9%) was injected in the left hind paw, and rats were euthanized 3 h
later. We did not do a heat latency testing prior to euthanasia to avoid a
second stimulus, which would have been a confounding variable. The
lumbar spinal cords were collected and processed for Fos

immunocytochemistry. Fos positive cells were counted in the four dif-
ferent groups. The increased in the number of immunopositive cells was
localized mainly in the superficial dorsal horn (layer I/II of Rexed).
There, in vehicle-carrageenan treated rats Fos neuronal count was
25.1 ± 6.1 per section (Fig. 3A). However, in loperamide-carrageenan
treated rats Fos was seen in twice as many neurons: 52.4 ± 7.5 per
sections (Fig. 3B and C, p < .001). Lastly, in both vehicle and loper-
amide treated rats, when saline instead of carrageenan was injected in
the left hind paw much fewer Fos expressing cells could be detected:
2.3 ± 1.1 and 2.4 ± 3.1 cells per section respectively (Fig. 3C).

Discussion

Our results show that a peripherally acting opioid is antinociceptive
in the newborn rat, and induces OIH within a few days with continued
administration. We suggest that these effects of loperamide are enabled
by an high expression of MORs in primary sensory neurons during the
first 2 post-natal weeks (Beland and Fitzgerald, 2001; Nandi et al.,
2004).

Loperamide and the blood-brain barrier

We chose loperamide because it is a MOR agonist (DeHaven-
Hudkins et al., 1999; Guan et al., 2008; Kumar et al., 2012; Nozaki-
Taguchi and Yaksh, 1999) which does not cross the BBB (Schinkel et al.,
1996). It is also antinociceptive in models of inflammatory, cancer, and
neuropathic pain (Chung et al., 2012; Guan et al., 2008; Menendez
et al., 2005; Shannon and Lutz, 2002). Clinically, loperamide is used
mainly to treat traveler’s diarrhea and has been listed as one the fun-
damental drugs by the World Health Organization. Only a few reports
suggest a possible analgesic effect in humans, for instance when it is
applied topically (Nozaki-Taguchi et al., 2008). Limited data is found
on its use during neonatal period and mainly pertains to the treatment
of short bowel syndrome in the NICU (Amin et al., 2013).

In rodents and human neonates, a therapeutic dose of loperamide
should produce antinociception essentially through the periphery given
that the BBB is formed and functional (Daneman et al., 2010; Mollgard
and Saunders, 1986; Saunders et al., 2012). In agreement, we measured
only 6.9 ng/mL (parts per billion) of loperamide in the CSF of P3 rats
after a high systemic dose. While statistically significant, such a low CSF
concentration is unlikely to be antinociceptive since, in adult rats, at
least 30 μg of intrathecal loperamide is needed to produce significant
antinociception (Ray and Yaksh, 2008). Given that the total volume of
CSF in an adult rat is approximately 275 μl (Chiu et al., 2012), a dose of
30 μg of loperamide should result in a CSF concentration of about

Fig. 2. Effect of daily administration of loperamide (1mg/kg, s.c.) for 5 days (P3 to P7) on nociceptive paw withdrawal latency and DRG neuron membrane conductance. (A) Behavioral
hyperalgesia to a heat stimulus appeared on the 4th day (P6) of loperamide administration (P values are obtained by comparing Vehicle vs. Loperamide groups at each time point). (B)
Patch clamp recordings of small diameter DRG neurons were done on the 5th day (P7) of loperamide administration. Neurons in the loperamide group showed lower rheobase (i) and
membrane threshold (ii) compared with the vehicle group. Numerals in each column stand for the number of neurons recorded. n=10 rats for both groups; * P < .05, ** P < .01, ***
P < .001.
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109 ng/mL, which is 15 times greater than the 6.9 ng/mL observed
here. Because the CSF dosage was obtained after a dose 5 times greater
than that needed to produce a robust antinociceptive effect, we suggest
that the systemic dose of loperamide of 1mg/kg in our protocol was too
low to alter the pain behavior through a direct effect on the CNS.

Opioid induced hyperalgesia (OIH)

Within days of receiving loperamide, neonates exhibited a de-
creased nociceptive latency, which is characteristic of OIH. This was an
unexpected result and to our knowledge the first demonstration of OIH
following the administration of a peripherally acting opioid.
Peripherally mediated OIH, however, was recently reported in adult
mice, after the combined administration of morphine and a peripherally
acting opioid antagonist blocked the appearance of hyperalgesia from
daily morphine (Corder et al., 2017). By using conditional knockout
mice for MOR in TRPV1 neurons, the authors also concluded that DRGs
nociceptive neurons are critical in the appearance of morphine asso-
ciated hyperalgesia and tolerance (Corder et al., 2017). This is con-
sistent with our results showing that peripheral sites (DRGs) are in-
volved in OIH.

Tolerance to loperamide, in turn, was previously reported for adult
rats (He et al., 2013), which is significant since it shares some, but not
all, cellular mechanisms with OIH (Fang et al., 2017; Ferrini et al.,
2013; Jin et al., 2017; Song et al., 2015). Also, OIH has been previously
reported in neonates after repeated administration of the brain pene-
trant opioid morphine (Zhang and Sweitzer, 2008; Zissen et al., 2006;
Zissen et al., 2007).

Repeat administration of opioids profoundly affects peripheral
neuronal physiology in adult rats (Gong et al., 2016a; Gong and Jasmin,
2017). Patch clamp recordings in newborns showed similar hyper-
excitability in DRG neurons, which is in agreement with our behavioral
data. After 5 days of loperamide treatment, small diameter DRG neu-
rons from P7 rats displayed increased excitability and decreased
threshold. These results confirm previous studies showing that primary

sensory neurons are involved in OIH (Gong et al., 2016a).
In loperamide treated rats, the increased Fos expression in the su-

perficial dorsal horn suggests that the OIH associated increased excit-
ability of primary sensory neurons leads to central sensitization. In fact,
OIH is generally seen as a form of central sensitization (Lee et al.,
2011), involving glutamate, dynorphins, descending facilitation, and
greater response to nociceptive neurotransmitters (Lee et al., 2011).
Recent studies suggest, however, that the peripheral nervous system is
also involved. Notably, Corder and colleagues (Corder et al., 2017)
recently found that opioid induced long-term potentiation (LTP) at the
first synapse in the spinal cord was dependent on pre-synaptic MOR
expressing nociceptive neurons. Opioid induced sensitization of per-
ipheral nerve endings (Araldi et al., 2017) and DRG neurons (Gong
et al., 2016a; Gong and Jasmin, 2017) would result from transcriptional
changes and post-translational changes such as phosphorylation medi-
ated relocalization and upregulation of receptors and ion channels
(Araldi et al., 2017; Gong et al., 2016a; Gong and Jasmin, 2017). Ion
channels would open more frequently and for longer times, causing
increased nociceptive afferent activity. The sensitization of primary
sensory neurons would result in an increase in synaptic transmission at
the spinal level and ensuing plasticity. An opioid induced increase in
activity of nociceptive afferents term and preterm neonate’s nervous
system might shape sensory responses for life (Koch and Fitzgerald,
2013). Features that facilitate this plasticity in the newborn include:
greater amounts of Ca++ permeable GluN2B containing NMDA re-
ceptors (NMDARs) (Monyer et al., 1994; Yashiro and Philpot, 2008), a
widespread distribution of NMDARs throughout the spinal dorsal horn
(Gonzalez et al., 1993; Hori and Kanda, 1994), and increased respon-
siveness to glutamate (Tahayori and Koceja, 2012).

All these data indicate that despite their non-brain penetrant ad-
vantage, peripherally acting opioids might still have an impact on the
CNS. Since MOR is involved in the initiation but not the maintenance of
OIH (Araldi et al., 2017), preventing or reversing the post-translational
changes might allow maintaining the analgesic effects of opioids
without OIH. This hypothesis, however, remains to be tested.

Fig. 3. Fos expression in the lumbar spinal cord following daily administration of loperamide (1mg/kg, s.c.) for 5 days. Photomicrographs of representative sections of the superficial
dorsal horn from vehicle-carrageenan (A), and loperamide-carrageenan (B) treated pups show greater number of Fos positive neurons for loperamide treated pups. Arrows in A and B
point to Fos positive neurons. In C, the histogram shows the average number of Fos positive cells for individual treatment groups. Within each treatment group (Vehicle or Loperamide)
the number of Fos cells after a saline vs. carrageenan stimulus is compared (white bars vs. red bars) and the p values are showed with stars (*). A second level of comparison is made
between the Vehicle and Loperamide, and the p values are showed with hash tags (#). *** P < .001, ### P < .001. Data are from 8 animals per group. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Conclusion

We chose a peripherally acting opioid, both because neonates get
significant antinociception and because the BBB can be impermeable to
these drugs. Serendipitously we observed that within days loperamide
treated rats developed OIH and central sensitization. These findings
support the use of brain sparing opioids in the newborn. Strategies to
avoid the hyperalgesic effect of peripheral opioids will need to be de-
veloped to transition to clinical trials.

Disclosures

The authors have no conflicts of interest to declare.

Funding

This work was supported by the Painless Research Foundation.

References

Amin, S.C., Pappas, C., Iyengar, H., Maheshwari, A., 2013. Short bowel syndrome in the
NICU. Clin. Perinatol. 40, 53–68.

Araldi, D., Ferrari, L.F., Levine, J.D., 2017. Hyperalgesic priming (type II) induced by
repeated opioid exposure: maintenance mechanisms. Pain 158, 1204–1216.

Attarian, S., Tran, L.C., Moore, A., Stanton, G., Meyer, E., Moore, R.P., 2014. The neu-
rodevelopmental impact of neonatal morphine administration. Brain Sci. 4, 321–334.

Beland, B., Fitzgerald, M., 2001. Mu- and delta-opioid receptors are downregulated in the
largest diameter primary sensory neurons during postnatal development in rats. Pain
90, 143–150.

Beltran-Campos, V., Silva-Vera, M., Garcia-Campos, M.L., Diaz-Cintra, S., 2015. Effects of
morphine on brain plasticity. Neurologia 30, 176–180.

Cheah, M., Fawcett, J.W., Andrews, M.R., 2017. Assessment of thermal pain sensation in
rats and mice using the hargreaves test. Bio Protoc. 7.

Chiu, C., Miller, M.C., Caralopoulos, I.N., Worden, M.S., Brinker, T., Gordon, Z.N.,
Johanson, C.E., Silverberg, G.D., 2012. Temporal course of cerebrospinal fluid dy-
namics and amyloid accumulation in the aging rat brain from three to thirty months.
Fluids Barriers CNS 9, 3.

Chung, C., Carteret, A.F., McKelvy, A.D., Ringkamp, M., Yang, F., Hartke, T.V., Dong, X.,
Raja, S.N., Guan, Y., 2012. Analgesic properties of loperamide differ following sys-
temic and local administration to rats after spinal nerve injury. Eur. J. Pain 16,
1021–1032.

Cignacco, E., Hamers, J., van Lingen, R.A., Stoffel, L., Buchi, S., Muller, R., Schutz, N.,
Zimmermann, L., Nelle, M., 2009. Neonatal procedural pain exposure and pain
management in ventilated preterm infants during the first 14 days of life. Swiss Med.
Wkly 139, 226–232.

Corder, G., Tawfik, V.L., Wang, D., Sypek, E.I., Low, S.A., Dickinson, J.R., Sotoudeh, C.,
Clark, J.D., Barres, B.A., Bohlen, C.J., Scherrer, G., 2017. Loss of mu opioid receptor
signaling in nociceptors, but not microglia, abrogates morphine tolerance without
disrupting analgesia. Nat. Med. 23, 164–173.

Cruz, M.D., Fernandes, A.M., Oliveira, C.R., 2016. Epidemiology of painful procedures
performed in neonates: a systematic review of observational studies. Eur. J. Pain. 20,
489–498.

Daneman, R., Zhou, L., Kebede, A.A., Barres, B.A., 2010. Pericytes are required for blood-
brain barrier integrity during embryogenesis. Nature 468, 562–566.

de Graaf, J., van Lingen, R.A., Simons, S.H., Anand, K.J., Duivenvoorden, H.J., Weisglas-
Kuperus, N., Roofthooft, D.W., Groot Jebbink, L.J., Veenstra, R.R., Tibboel, D., van
Dijk, M., 2011. Long-term effects of routine morphine infusion in mechanically
ventilated neonates on children's functioning: five-year follow-up of a randomized
controlled trial. Pain 152, 1391–1397.

DeHaven-Hudkins, D.L., Burgos, L.C., Cassel, J.A., Daubert, J.D., DeHaven, R.N.,
Mansson, E., Nagasaka, H., Yu, G., Yaksh, T., 1999. Loperamide (ADL 2–1294), an
opioid antihyperalgesic agent with peripheral selectivity. J. Pharmacol. Exp. Ther.
289, 494–502.

Doser, K., Meyer, B., Nitsche, V., Binkert-Graber, P., 1995. Bioequivalence evaluation of
two different oral formulations of loperamide (Diarex Lactab vs Imodium capsules).
Int. J. Clin. Pharmacol. Ther. 33, 431–436.

Fang, M., Li, J., Zhu, D., Luo, C., Li, C., Zhu, C., Fan, M., Yung, K.K., Mo, Z., 2017. Effect of
sinomenine on the morphine-dependence and related neural mechanisms in mice.
Neurochem. Res. 42, 3587–3596.

Fehrenbacher, J.C., Vasko, M.R., Duarte, D.B., 2012. Models of inflammation:
Carrageenan- or complete Freund's Adjuvant (CFA)-induced edema and hypersensi-
tivity in the rat. Curr. Protoc. Pharmacol Chapter 5, Unit 5.4.

Ferguson, S.A., Ward, W.L., Paule, M.G., Hall, R.W., Anand, K.J., 2012. A pilot study of
preemptive morphine analgesia in preterm neonates: effects on head circumference,
social behavior, and response latencies in early childhood. Neurotoxicol. Teratol. 34,
47–55.

Ferrini, F., Trang, T., Mattioli, T.A., Laffray, S., Del'Guidice, T., Lorenzo, L.E., Castonguay,
A., Doyon, N., Zhang, W., Godin, A.G., Mohr, D., Beggs, S., Vandal, K., Beaulieu, J.M.,
Cahill, C.M., Salter, M.W., De Koninck, Y., 2013. Morphine hyperalgesia gated
through microglia-mediated disruption of neuronal Cl(-) homeostasis. Nat. Neurosci.

16, 183–192.
Gong, K., Kung, L.H., Magni, G., Bhargava, A., Jasmin, L., 2014. Increased response to

glutamate in small diameter dorsal root ganglion neurons after sciatic nerve injury.
PLoS One 9, e95491.

Gong, K., Bhargava, A., Jasmin, L., 2016a. GluN2B N-methyl-D-aspartate receptor and
excitatory amino acid transporter 3 are upregulated in primary sensory neurons after
7 days of morphine administration in rats: implication for opiate-induced hyper-
algesia. Pain 157, 147–158.

Gong, K., Ohara, P.T., Jasmin, L., 2016b. Patch clamp recordings on intact dorsal root
ganglia from adult rats. J Vis Exp.

Gong, K., Jasmin, L., 2017. Sustained morphine administration induces TRPM8-depen-
dent cold hyperalgesia. J. Pain 18, 212–221.

Gonzalez, D.L., Fuchs, J.L., Droge, M.H., 1993. Distribution of NMDA receptor binding in
developing mouse spinal cord. Neurosci. Lett. 151, 134–137.

Guan, Y., Johanek, L.M., Hartke, T.V., Shim, B., Tao, Y.X., Ringkamp, M., Meyer, R.A.,
Raja, S.N., 2008. Peripherally acting mu-opioid receptor agonist attenuates neuro-
pathic pain in rats after L5 spinal nerve injury. Pain 138, 318–329.

Handelmann, G.E., Quirion, R., 1983. Neonatal exposure to morphine increases mu opiate
binding in the adult forebrain. Eur. J. Pharmacol. 94, 357–358.

He, H., Sadeque, A., Erve, J.C., Wood, A.J., Hachey, D.L., 2000. Quantitation of loper-
amide and N-demethyl-loperamide in human plasma using electrospray ionization
with selected reaction ion monitoring liquid chromatography-mass spectrometry. J.
Chromatogr. B Biomed. Sci. Appl. 744, 323–331.

He, S.Q., Yang, F., Perez, F.M., Xu, Q., Shechter, R., Cheong, Y.K., Carteret, A.F., Dong, X.,
Sweitzer, S.M., Raja, S.N., Guan, Y., 2013. Tolerance develops to the antiallodynic
effects of the peripherally acting opioid loperamide hydrochloride in nerve-injured
rats. Pain 154, 2477–2486.

Heel, R.C., Brogden, R.N., Speight, T.M., Avery, G.S., 1978. Loperamide: a review of its
pharmacological properties and therapeutic efficacy in diarrhoea. Drugs 15, 33–52.

Hori, Y., Kanda, K., 1994. Developmental alterations in NMDA receptor-mediated
[Ca2+]i elevation in substantia gelatinosa neurons of neonatal rat spinal cord. Brain
Res. Dev. Brain Res. 80, 141–148.

Jin, H., Sun, Y.T., Guo, G.Q., Chen, D.L., Li, Y.J., Xiao, G.P., Li, X.N., 2017. Spinal TRPC6
channels contributes to morphine-induced antinociceptive tolerance and hyper-
algesia in rats. Neurosci. Lett. 639, 138–145.

Killinger, J.M., Weintraub, H.S., Fuller, B.L., 1979. Human pharmacokinetics and com-
parative bioavailability of loperamide hydrochloride. J. Clin. Pharmacol. 19,
211–218.

Koch, S.C., Fitzgerald, M., 2013. Activity-dependent development of tactile and noci-
ceptive spinal cord circuits. Ann. N.Y. Acad. Sci. 1279, 97–102.

Kumar, R., Reeta, K.H., Ray, S.B., 2012. Antinociceptive effect of intrathecal loperamide:
role of mu-opioid receptor and calcium channels. Eur. J. Pharmacol. 696, 77–82.

Laprairie, J.L., Johns, M.E., Murphy, A.Z., 2008. Preemptive morphine analgesia at-
tenuates the long-term consequences of neonatal inflammation in male and female
rats. Pediatr. Res. 64, 625–630.

Lawson, S.N., 1979. The postnatal development of large light and small dark neurons in
mouse dorsal root ganglia: a statistical analysis of cell numbers and size. J.
Neurocytol. 8, 275–294.

Lee, M., Silverman, S.M., Hansen, H., Patel, V.B., Manchikanti, L., 2011. A comprehensive
review of opioid-induced hyperalgesia. Pain Physician 14, 145–161.

Liu, L., Duff, K., 2008. A technique for serial collection of cerebrospinal fluid from the
cisterna magna in mouse. J. Vis. Exp.

Menendez, L., Lastra, A., Meana, A., Hidalgo, A., Baamonde, A., 2005. Analgesic effects of
loperamide in bone cancer pain in mice. Pharmacol. Biochem. Behav. 81, 114–121.

Miyazaki, H., Nambu, K., Matsunaga, Y., Hashimoto, M., 1979. Disposition and meta-
bolism of [14C]loperamide in rats. Eur. J. Drug Metab. Pharmacokinet. 4, 199–206.

Molander, C., Xu, Q., Grant, G., 1984. The cytoarchitectonic organization of the spinal
cord in the rat. I. The lower thoracic and lumbosacral cord. J. Comp. Neurol. 230,
133–141.

Mollgard, K., Saunders, N.R., 1986. The development of the human blood-brain and
blood-CSF barriers. Neuropathol. Appl. Neurobiol. 12, 337–358.

Monyer, H., Burnashev, N., Laurie, D.J., Sakmann, B., Seeburg, P.H., 1994.
Developmental and regional expression in the rat brain and functional properties of
four NMDA receptors. Neuron 12, 529–540.

Morgan, M.M., Fossum, E.N., Stalding, B.M., King, M.M., 2006. Morphine antinociceptive
potency on chemical, mechanical, and thermal nociceptive tests in the rat. J. Pain 7,
358–366.

Nandi, R., Beacham, D., Middleton, J., Koltzenburg, M., Howard, R.F., Fitzgerald, M.,
2004. The functional expression of mu opioid receptors on sensory neurons is de-
velopmentally regulated; morphine analgesia is less selective in the neonate. Pain
111, 38–50.

Nozaki-Taguchi, N., Yaksh, T.L., 1999. Characterization of the antihyperalgesic action of
a novel peripheral mu-opioid receptor agonist–loperamide. Anesthesiology 90,
225–234.

Nozaki-Taguchi, N., Shutoh, M., Shimoyama, N., 2008. Potential utility of peripherally
applied loperamide in oral chronic graft-versus-host disease related pain. Jpn. J. Clin.
Oncol. 38, 857–860.

Ray, S.B., Yaksh, T.L., 2008. Spinal antinociceptive action of loperamide is mediated by
opioid receptors in the formalin test in rats. Neurosci. Lett. 448, 260–262.

Roeckel, L.A., Utard, V., Reiss, D., Mouheiche, J., Maurin, H., Robe, A., Audouard, E.,
Wood, J.N., Goumon, Y., Simonin, F., Gaveriaux-Ruff, C., 2017. Morphine-induced
hyperalgesia involves mu opioid receptors and the metabolite morphine-3-glucur-
onide. Sci. Rep. 7, 10406.

Romijn, H.J., Hofman, M.A., Gramsbergen, A., 1991. At what age is the developing
cerebral cortex of the rat comparable to that of the full-term newborn human baby?
Early Hum. Dev. 26, 61–67.

G. Kerui, L. Jasmin Neurobiology of Pain 3 (2018) 1–7

6

http://refhub.elsevier.com/S2452-073X(17)30029-6/h0005
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0005
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0010
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0010
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0015
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0015
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0020
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0020
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0020
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0025
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0025
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0030
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0030
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0035
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0035
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0035
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0035
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0040
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0040
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0040
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0040
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0045
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0045
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0045
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0045
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0050
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0050
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0050
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0050
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0055
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0055
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0055
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0060
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0060
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0065
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0065
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0065
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0065
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0065
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0070
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0070
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0070
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0070
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0075
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0075
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0075
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0080
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0080
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0080
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0085
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0085
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0085
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0090
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0090
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0090
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0090
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0095
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0095
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0095
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0095
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0095
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0100
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0100
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0100
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0105
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0105
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0105
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0105
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0110
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0110
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0115
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0115
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0120
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0120
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0125
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0125
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0125
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0130
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0130
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0135
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0135
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0135
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0135
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0140
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0140
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0140
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0140
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0145
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0145
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0150
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0150
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0150
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0155
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0155
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0155
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0160
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0160
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0160
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0165
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0165
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0170
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0170
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0175
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0175
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0175
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0180
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0180
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0180
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0185
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0185
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0190
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0190
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0195
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0195
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0200
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0200
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0205
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0205
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0205
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0210
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0210
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0215
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0215
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0215
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0220
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0220
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0220
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0225
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0225
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0225
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0225
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0230
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0230
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0230
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0235
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0235
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0235
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0240
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0240
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0245
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0245
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0245
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0245
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0250
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0250
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0250


Rozisky, J.R., Medeiros, L.F., Adachi, L.S., Espinosa, J., de Souza, A., Neto, A.S., Bonan,
C.D., Caumo, W., Torres, I.L., 2011. Morphine exposure in early life increases noci-
ceptive behavior in a rat formalin tonic pain model in adult life. Brain Res. 1367,
122–129.

Rubelt, M.S., Amasheh, S., Grobosch, T., Stein, C., 2012. Liquid chromatography-tandem
mass spectrometry for analysis of intestinal permeability of loperamide in physiolo-
gical buffer. PLoS One 7, e48502.

Saunders, N.R., Liddelow, S.A., Dziegielewska, K.M., 2012. Barrier mechanisms in the
developing brain. Front. Pharmacol. 3, 46.

Schinkel, A.H., Wagenaar, E., Mol, C.A., van Deemter, L., 1996. P-glycoprotein in the
blood-brain barrier of mice influences the brain penetration and pharmacological
activity of many drugs. J. Clin. Invest. 97, 2517–2524.

Schwaller, F., Fitzgerald, M., 2014. The consequences of pain in early life: injury-induced
plasticity in developing pain pathways. Eur. J. Neurosci. 39, 344–352.

Sengupta, P., 2013. The laboratory rat: relating its age with human's. Int. J. Prev. Med. 4,
624–630.

Shannon, H.E., Lutz, E.A., 2002. Comparison of the peripheral and central effects of the
opioid agonists loperamide and morphine in the formalin test in rats.
Neuropharmacology 42, 253–261.

Song, L., Wu, C., Zuo, Y., 2015. Melatonin prevents morphine-induced hyperalgesia and
tolerance in rats: role of protein kinase C and N-methyl-D-aspartate receptors. BMC
Anesthesiol. 15, 12.

Steiner, T.J., Turner, L.M., 1972. Cytoarchitecture of the rat spinal cord. J. Physiol. 222,
123P–125P.

Streel, B., Ceccato, A., Klinkenberg, R., Hubert, P., 2005. Validation of a liquid chroma-
tographic-tandem mass spectrometric method for the determination of loperamide in

human plasma. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 814, 263–273.
Taddese, A., Nah, S.Y., McCleskey, E.W., 1995. Selective opioid inhibition of small no-

ciceptive neurons. Science 270, 1366–1369.
Tahayori, B., Koceja, D.M., 2012. Activity-dependent plasticity of spinal circuits in the

developing and mature spinal cord. Neural. Plast. 2012, 964843.
Walker, S.M., Beggs, S., Baccei, M.L., 2016. Persistent changes in peripheral and spinal

nociceptive processing after early tissue injury. Exp. Neurol. 275 (Pt 2), 253–260.
Wang, H.B., Zhao, B., Zhong, Y.Q., Li, K.C., Li, Z.Y., Wang, Q., Lu, Y.J., Zhang, Z.N., He,

S.Q., Zheng, H.C., Wu, S.X., Hokfelt, T.G., Bao, L., Zhang, X., 2010. Coexpression of
delta- and mu-opioid receptors in nociceptive sensory neurons. Proc. Natl. Acad. Sci.
U.S.A. 107, 13117–13122.

Yashiro, K., Philpot, B.D., 2008. Regulation of NMDA receptor subunit expression and its
implications for LTD, LTP, and metaplasticity. Neuropharmacology 55, 1081–1094.

Yu, J.H., Kim, H.J., Lee, S., Hwang, S.J., Kim, W., Moon, C.J., 2004. LC-MS determination
and bioavailability study of loperamide hydrochloride after oral administration of
loperamide capsule in human volunteers. J. Pharm. Biomed. Anal. 36, 421–427.

Yuan, C.S., Attele, A.S., Zhang, L., Lynch, J.P., Xie, J.T., Shi, Z.Q., 2000. Leptin reduces
body weight gain in neonatal rats. Pediatr. Res. 48, 380–383.

Zhang, G.H., Sweitzer, S.M., 2008. Neonatal morphine enhances nociception and de-
creases analgesia in young rats. Brain Res. 1199, 82–90.

Zissen, M.H., Zhang, G., Kendig, J.J., Sweitzer, S.M., 2006. Acute and chronic morphine
alters formalin pain in neonatal rats. Neurosci. Lett. 400, 154–157.

Zissen, M.H., Zhang, G., McKelvy, A., Propst, J.T., Kendig, J.J., Sweitzer, S.M., 2007.
Tolerance, opioid-induced allodynia and withdrawal associated allodynia in infant
and young rats. Neuroscience 144, 247–262.

G. Kerui, L. Jasmin Neurobiology of Pain 3 (2018) 1–7

7

http://refhub.elsevier.com/S2452-073X(17)30029-6/h0255
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0255
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0255
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0255
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0260
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0260
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0260
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0265
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0265
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0270
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0270
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0270
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0275
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0275
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0280
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0280
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0285
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0285
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0285
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0290
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0290
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0290
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0295
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0295
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0300
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0300
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0300
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0305
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0305
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0310
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0310
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0315
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0315
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0320
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0320
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0320
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0320
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0325
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0325
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0330
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0330
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0330
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0335
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0335
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0340
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0340
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0345
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0345
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0350
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0350
http://refhub.elsevier.com/S2452-073X(17)30029-6/h0350

	Dual effects of brain sparing opioid in newborn rats: Analgesia and hyperalgesia
	Introduction
	Materials and methods
	Experimental animals
	Ethics
	Experimental protocols
	Heat sensitivity (Hargreaves plantar test)
	Biological fluid samples
	Patch clamp recordings
	Tissue preparation and immunostaining protocol
	Cell counting
	Statistical analysis

	Results
	Dose of loperamide and body weights
	Antinociceptive effect of loperamide
	Concentration of loperamide in the serum and CSF
	Loperamide induced hyperalgesia and hyperexcitability of sensory neurons

	Discussion
	Loperamide and the blood-brain barrier
	Opioid induced hyperalgesia (OIH)

	Conclusion
	Disclosures
	Funding
	References




