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Repetitive noxious stimuli during early development affect
acute and long-term mechanical sensitivity in rats
N. J. van den Hoogen 1,2, J. Patijn1, D. Tibboel3 and E. A. Joosten1,2

BACKGROUND: Prematurely born infants are frequently exposed to painful procedures in the neonatal intensive care unit, causing
changes to the development of the nervous system lasting into adulthood. The current study aims to study acute and long-term
consequences of neonatal repetitive noxious stimulation.
METHODS: Rat pups received either 4 or 10 unilateral needle pricks per day, while control littermates received 4 or 10 tactile stimuli
in the first postnatal week. Behavioural sensitivity was assessed in the neonatal phase, in adulthood, and after re-injury of the same
dermatome in adulthood.
RESULTS: An increase in the number of repetitive painful stimuli, from 4 to 10 needle pricks per day, resulted in increased
mechanical hypersensitivity during the neonatal period. In adulthood, repetitive painful stimuli resulted in hyposensitivity to
mechanical stimuli, while thermal sensitivity was unaffected. After re-injury of the same dermatome in adulthood, the number of
repetitive noxious stimuli did not affect mechanical hypersensitivity. Both needle prick groups showed an increased duration of
postoperative hypersensitivity compared to control.
CONCLUSION: This study shows that repetitive noxious stimulation during the early postnatal period affects acute and long-term
mechanical sensitivity. Therefore, the amount of nociceptive stimuli should be minimized or adequately treated in a clinical setting.
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INTRODUCTION
Prematurely born infants are frequently exposed to painful
procedures in the neonatal intensive care unit (NICU) and a
subset is subsequently exposed to a variety of analgesic drugs.1,2

Clinical studies have shown that new-born neonates in the NICU
undergo up to 14 painful procedures each day of admission, and
this number has not decreased over the past 10 years.1–4 Several
lines of evidence show that early life pain leads to changes in
basal and post-surgical nociception in adulthood in both human
studies and in experimental models,5–11 and persistent modality-
specific changes in sensory processing in extreme prematurely
born infants who underwent procedural pain in early life were
shown in an 11-year follow-up.8 Moreover, repeated exposure to
invasive procedures places premature infants at particular risk,
due to possible interference with the extensive developmental
mechanisms and functional changes taking place in the central
nervous system during the period in the NICU.12,13 The repetitive
nature of small invasive noxious procedures experienced during
NICU admittance will certainly affect the activity-dependent
maturation of the nociceptive system in different ways than with
a single stimulus.12 The amount of procedural pain in extremely
preterm neonates was associated with somatosensory thalamic
development previously.14 In addition, repeated invasive proce-
dures will lead to prolonged exposure to noxiousness compared
to a single noxious event.15 Until now, preclinical studies have
modelled different procedures experienced during NICU admit-
tance, like skin incision, inflammation, surgery, anaesthesia,
maternal separation, and heel lances, showing long-term changes

in sensitivity to mechanical, thermal, and re-injury stimuli.7,16–21

Repetitive needle pricking-induced pain in the first week
following birth has shown to lead to alterations in spinal and
supraspinal nociceptive processing at the neonatal phase, lasting
into adulthood.16,17,22–24 Nevertheless, it remains unclear whether
the number and intensity of pain experienced during early
development is related to the severity of the long-term
consequences. The current study aims to study the relation
between the number of neonatal noxious events and the acute
and long-term consequences hereof. Therefore, we have used a
repetitive needle prick model as previously described.17,23 In this
model, rat pups undergo 4 needle pricks into the hind-paw
per day from day of birth (postnatal day 0 (P0)) to P7, leading to
hypersensitivity during the neonatal phase. In addition, the
repetitive needle prick model results in an increased duration of
post-operative hypersensitivity in adulthood.17,23 By investigating
the effect of different numbers of repetitive painful stimuli, ten
instead of four, we aim to mimic the clinical situation more closely
and assess how the number of repetitive painful stimuli during
early development affects the maturation of the nociceptive
system. Hence, we compared the effect of four versus ten needle
pricks into the hind-paw on acute (neonatal) mechanical
sensitivity, long-term adult mechanical and thermal sensitivity,
and recovery of mechanical sensitivity after re-injury of the same
dermatome in adulthood. We hypothesized that an increase in
the number of needle pricks per day during the early develop-
ment of the nociceptive system affects acute and long-term
sensory sensitivity.
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METHODS
Animals
A total of 79 Sprague Dawley male and female rat pups were used.
Rat pups (littermates) either received 4 or 10 tactile stimulations
(cotton swab to the left hind-paw, 4 swabs N= 12 males and 8
females; 10 swabs N= 8 males and 12 females) or 4 or 10 noxious
needle pricks (4 pricks N= 9 males and 11 females; 10 pricks N=
10 males and 9 females). All rats were born on the 21st or 22nd
day of gestation from time-pregnant Sprague-Dawley dams
(Charles River, delivered at 13th day of gestation) at Maastricht
University animal facility. Litters were culled to a maximum of ten
pups. At P21, pups were weaned and housed in same-sex
standard cages with 2–3 littermates in a temperature (19–24 °C)
and humidity (55 ± 15%) controlled room with a reversed 12 h/12h
day–night cycle. Food and water was available ad libitum for the
duration of the study. All animals underwent behavioural testing
in 3 blocks: neonatal (P0–P7), adult (P21–P56), and post-operative
(P56–P65).
All animal experiments were performed in accordance with the

European Directive for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes (86/609/EEC) and
were approved by the Committee for Experiments on Animals,
Maastricht, The Netherlands (DEC 2014–090).

Neonatal procedures and behaviour
To assess the effect of the amount of procedural pain, a neonatal
repetitive needle prick model as described before was adapted
and used.17,23 Rat pups received either 4 or 10 unilateral needle
pricks per day from day of birth to P7 in the left hind paw, divided
over a total of 4 h (4 times needle prick group, NP4, males n= 9,
females n= 11; 10 times needle prick group, NP10, males n= 10,
females n= 9). Tactile control pups were handled in the same way
and received 4 or 10 tactile stimuli (4 times tactile control group,
TC4, males n= 12, females n= 8; 10 times tactile control group,
TC10, males n= 8, females n= 12) (Table 1). For each procedure,
the entire nest was briefly separated from the dam and returned
quickly. Mechanical sensitivity to von Frey filaments was assessed
using dorsal application of calibrated Von Frey filaments (0.407;
0.692; 1.202; 2.041; 3.63 (from P4 on); and 5.495 (from P6 on)
before (baseline, BS) and 1, 3, and 5 h after the last needle prick
each day (P0–P7). Each filament, starting with 0.407, was applied 5
times to the dorsal surface of the hind-paws, until a 5 out of 5 paw
withdrawal response was noted. After this, the measurement was
completed and no higher filaments were applied. After the first
block of behavioural testing, the animals were left with the dam
until weaning to recover. At weaning, the injury to the left hind-
paw was completely healed in all experimental groups, whereas
no differences were observed in hind-paw condition in animals
who underwent 4 or 10 needle pricks or who underwent tactile
stimulation.

Mechanical sensitivity to Von Frey filaments
Mechanical sensitivity was assessed during development from
weaning to adulthood (P21–P56, 3–8 weeks of age) using plantar
application of calibrated Von Frey hairs as described previously.23

Briefly, animals were placed in a Plexiglas cage on a mesh floor.

Filaments with logarithmically increasing force were applied to the
plantar surface of the hind-paws (1.202; 2.041; 3.63; 5.495; 8.511;
15.136; and 28.84 g) for 5 s using the up–down method described
by Chaplan.25 Mechanical sensitivity was tested each week from 3
to 8 weeks of age.

Thermal sensitivity to Hargreaves thermal test
Thermal sensitivity was assessed by measuring the paw with-
drawal latency to a noxious thermal stimulus using a Hargreaves
apparatus (Plantar test apparatus 37370, Ugo-Basille, Italy).
Animals were placed in Plexiglas cages and a focus radiant heat
source was placed under the ipsilateral hind-paw. A cut-off score
of 20.1 s was implemented to prevent tissue damage.

Post-operative pain model in adulthood
At 8 weeks of age, all animals underwent a 1-cm ipsilateral paw
incision through the skin and fascia under isoflurane anaesthesia
(4% induction, 2–2.5% maintenance). The underlying plantaris
muscle was elevated using curved forceps and longitudinally
incised over 1–2mm.26 Skin was sutured using 5–0 sutures, and
animals were placed in their homecage for recovery. Mechanical
sensitivity was tested as described above, 1, 3, 5, 7, and 9 days
post-incision.

Data processing and analysis
From the Von Frey data, 50% withdrawal thresholds were
calculated and log transformation was performed to allow
parametric testing. First, the effect of sex was assessed in all data
sets. On neonatal, long-term, and perioperative behaviour,
repeated-measures analysis of variance (ANOVA) with Bonferroni
multiple testing corrections was performed (Graphpad Prism
version 7.04). In addition, for the neonatal period an area under
the curve (AUC) analysis was performed. For this, Graphpad Prism
was used to calculate AUCs for all groups over the whole neonatal
period (P0–P7). AUCs were compared using one-way ANOVA with
Bonferroni multiple testing correction.

RESULTS
An increased number of neonatal repetitive needle prick
stimulations increases ipsilateral mechanical sensitivity in the early
postnatal period
Since there was no effect of sex on pain behaviour at any time
point during the early postnatal period, data from male and
female rat pups was pooled to increase power. Ipsilateral
mechanical sensitivity was tested during the first week of life.
Overall, mechanical threshold increased over time (effect of time:
F (31, 2325)= 32.02, p < 0.0001). Mechanical sensitivity of needle
prick animals increased over time, visible as a decrease in
mechanical threshold compared to tactile control from P2 on.
This effect was more pronounced in NP10 animals compared to
NP4 animals (effect of procedure: F (3, 75)= 3.746, p= 0.0145;
interaction effect procedure and time: F (93, 2325)= 1.921, p <
0.007). In addition, NP10 animals showed a deviation from tactile
control more often compared to NP4 animals (21 versus 8 times).
Subsequent AUC analysis of the entire neonatal period showed a
significantly decreased AUC in NP10 animals compared to all
other groups (effect of procedure: F (3, 75)= 4.135, p < 0.001). The
mechanical sensitivity of tactile control animals did not differ
between TC4 and TC10 (Fig. 1).

An increased number of neonatal repetitive needle prick
stimulations leads to ipsilateral mechanical hyposensitivity in
adulthood but does not affect thermal sensitivity
Next, the effect of 4 or 10 neonatal repetitive procedures on
ipsilateral mechanical and thermal sensitivity was assessed in
developing rats, from P21 (3 weeks) to 8 weeks. Overall,
mechanical sensitivity of all animals decreased over time, visible

Table 1. Sample of animals for each experimental condition

Condition Animals

TC4 12 males, 8 females

TC10 8 males, 12 females

NP4 9 males, 11 females

NP10 10 males, 9 females
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as an increase in 50% paw withdrawal threshold (effect of time:
F (4, 300)= 75.83, p < 0.0001). Animals undergoing neonatal
needle pricks (NP4 and NP10) showed significantly decreased
mechanical sensitivity compared to tactile control animals
(effect of neonatal procedure: F (3, 75)= 3.901, p= 0.012). Post
hoc analysis revealed no difference between NP4 and NP10
animals (Fig. 2).
In addition, thermal sensitivity was tested. There was no effect

of time on thermal sensitivity (effect of time: F (4, 224)= 0.9175, p
= 0.4545). In addition, no differences were found at any time point
between the neonatal procedure groups (effect of neonatal
procedure: F (2, 56)= 1.024, p= 0.3658) (Fig. 2).

An increased number of neonatal repetitive needle prick
stimulations do not alter recovery of mechanical hypersensitivity
after ipsilateral paw incision in adulthood
At the age of 8 weeks, animals from all groups underwent an
ipsilateral paw incision as a model for acute post-surgical pain. All
animals developed acute mechanical hypersensitivity from 1 day
after incision (effect of time: F (5, 335)= 93.96, p < 0.0001).
Neonatal needle prick NP4 and NP10 significantly increased
duration of post-incision mechanical hypersensitivity (effect of
neonatal procedure: F (2, 67)= 3.124, p= 0.05, no interaction
effect). The mechanical sensitivity of both neonatal tactile control
groups returned to pre-surgery baseline values 5 days after
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Fig. 1 Mechanical sensitivity during the first week of life following repeated neonatal painful procedures. Mechanical withdrawal thresholds
in the ipsilateral paw at baseline (BS), and at 1, 3 and 5 h after needle prick/tactile control (NP/TC). a Mechanical withdrawal threshold
increased after the third postnatal day in tactile controls (TC4 and TC10, effect of time: F (31, 2325)= 32.02, p < 0.0001, two-way analysis of
variance (ANOVA)). Following needle pricks, mechanical withdrawal thresholds were significantly lower compared to tactile controls (effect of
neonatal procedure: F (3, 75)= 3.746, p= 0.015; interaction between procedure and time: F (93,2325)= 1.921, p < 0.0001, two-way ANOVA).
The effect was more evident in animals receiving 10 needle pricks (NP10) compared to animals receiving 4 needle pricks (NP4). b shows the
separate graphs for days P6 and P7. c Area under the curve (AUC) analysis over the whole neonatal period showed a significantly lower AUC in
NP10 animals compared to other conditions (effect of procedure: F (3, 75)= 4.135, p < 0.001). TC4: tactile control 4×; TC10: tactile control 10×;
NP4: needle prick 4×; NP10: needle prick 10×. All data presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, between
treatment comparisons
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incision, while both neonatal needle prick groups recovered at
7 days post-incision. Post hoc analysis revealed no difference in
recovery between NP4 and NP10 animals (Fig. 3).

DISCUSSION
Behavioural analysis of mechanical sensitivity throughout devel-
opment shows that the amount of nociceptive stimuli in early life
affects both neonatal and adult sensitivity. More specifically, an
increase in the number of repetitive painful stimuli, from 4 to 10
needle pricks per day from postnatal day P0 to P7, resulted in
increased mechanical hypersensitivity during the neonatal period.
From 3 to 8 weeks of age, repetitive painful stimuli in early life
resulted in increased hyposensitivity to mechanical stimuli, while
thermal sensitivity was unaffected. After re-injury of the same
dermatome in adulthood, the number of repetitive noxious stimuli
(4 compared to 10 needle pricks per day from P0 to P7) did not
affect the intensity or duration of mechanical hypersensitivity.
Both NP4 and NP10 showed an increased duration of post-
operative hypersensitivity compared to animals undergoing tactile
stimulation during early life, as shown previously for NP4.17,22,23

As shown before, this study showed acute mechanical
hypersensitivity in animals undergoing needle pricks from P0 to
P7.17,23 As hypothesized, we have shown that an increased
number of four to ten repetitive noxious stimuli in the neonatal
phase lead to increased acute hypersensitivity. In addition, we
showed that increasing the number of tactile stimuli from four to
ten per day did not alter acute mechanical sensitivity.
Next, the effect of an increased number of repetitive painful

stimuli in the neonatal phase on long-term mechanical and
thermal sensitivity in the adult was assessed. Thermal sensitivity,
tested with a Hargreaves apparatus, was unaltered in the needle
prick groups compared to tactile controls. However, this study
shows a mechanical hyposensitivity from 5 to 8 weeks of age in
animals undergoing 4 or 10 repetitive needle pricks per day from
P0 to P7. The findings on hyposensitivity in adulthood after ten
needle prick are in line with those reported using other, more
invasive neonatal noxious stimulus models.7,19,21,27 Models in
which rats undergo tonic inflammatory pain during early life show
thermal hyposensitivity after P34.21,28 In addition, surgical pain
and anaesthesia lead to thermal and mechanical hyposensitivity in
later life.7,27 It seems that a more severe pain stimulus in early life,
whether tonic inflammation, post-surgical pain, or a large amount
of needle pricks per day leads to hyposensitivity in adulthood in
several animal models of neonatal pain. Our ten needle prick
group might therefore resemble an inflammatory pain stimulus.
Interestingly, we have found a hyposensitivity in animals under-
going four needle pricks during the first postnatal week as well.
Previous studies by our group using this model did not show
mechanical hyposensitivity in later life.17,23,29 However, several

studies have suggested changes in nociception in adulthood after
early life maternal separation,30,31 showing reduction in sensitivity
in adult females after neonatal maternal separation.31 Possibly, the
cumulative separation stress and needle pricks led to hyposensi-
tivity as observed here. To fully understand this, a study using a
separate group of maternal separated but not tactile or noxious
stimulated animals would be necessary.
After re-injury to the same dermatome, animals undergoing

repetitive neonatal needle pricks showed a longer duration of
post-operative hypersensitivity to mechanical stimulation com-
pared to tactile control animals. Interestingly, no differences in
adult post-operative hypersensitivity were observed between
animals undergoing 4 or 10 needle pricks per day from P0 to
P7. This suggests that the amount of neonatal needle pricks does
not alter the intensity or duration of post-operative hypersensi-
tivity after re-injury of the same dermatome, while it does alter
baseline sensitivity to mechanical stimulation. It might be that the
total plasticity caused by repetitive painful stimuli in early life is
limited, and therefore an increase in repetitive noxious stimuli in
early life is unable to increase the long-term effect on re-injury
behaviour. Indeed, previous experiments showed a re-injury in
adulthood following repetitive needle pricks in early life was not
able to increase spinal excitability to the same extent as re-injury
in naive animals.24 In order to further examine the plasticity
capacity of the spinal nociceptive network in early life, more
research using functional and molecular outcome measures is
needed.
Overall, it seems that the stimulation-dependent physiological

maturation of the nociceptive system is disturbed by early life
overstimulation with noxious events.5,15,32–35 It is clear that the
nociceptive physiological maturational processes are affected by
nociceptive input in early life. This suggests that the immature
nociceptive system of preterm infants admitted into the NICU is
vulnerable to stress and painful stimuli. As maturation of the
nociceptive system in early life is dependent on stimulation,
overstimulation with noxious stimuli can have detrimental effects.
As shown by this study, it seems that long-term pain behaviour is
altered after a large, repetitive amount of needle pricks in early
life. Possibly, treatment of early life pain would aid in preventing
long-term changes to a developing nociceptive system, as shown
before with paracetamol treatment in the 4× needle prick
model.23

In conclusion, while an increased amount of painful input in the
first week of life did not alter mechanical sensitivity after re-injury
in adulthood, it does alter acute and adulthood sensitivity to
mechanical threshold in a rat model of neonatal needle pricking.
An increase of noxious stimuli further increased hypersensitivity
during the neonatal period. These findings stress the need to
reduce the number of painful procedures or to adequately treat
procedural pain in this vulnerable age population.
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