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ABSTRACT

Preterm infants undergo a highly critical and stressful intensive care process in neonatal intensive care units (NICUs) to sustain
life. During this period, they are exposed daily to numerous repeated painful invasive procedures and the associated stress. However,
current knowledge regarding the long-term consequences of early-life pain and stress exposure in preterm infants remains limited,
underscoring the need for further investigation.

The present study aimed to investigate the effects of pain and stress induced by an experimental model of repeated invasive
procedures-designed to mimic the neonatal intensive care experience of preterm infants-on early physical growth and motor
development, as well as on later behavioral outcomes and learning performance in neonatal rats. A total of 16 neonatal Wistar albino
rats were included in this study. The experimental group (n = 8) was subjected to repeated invasive procedures from postnatal day
(PN) 1 to PN10. Specifically, ten invasive stimulations were administered daily at 1-hour intervals using a sterile 24-gauge branula
needle to the skin of the neck, forelimbs and thoracic region.

Early physical development parameters-including body weight gain, timing of eye opening, ear unfolding and tooth eruption-
were assessed in both the intervention and control groups. Motor reflex development (crawling, walking, cliff avoidance, grasping
reflex, righting reflex and other motor tests) was also evaluated. In later life, behavioral performance, learning capacity, motor
balance, pain responses and brain histopathological findings were examined and compared between groups. Neonatal rats that
were not subjected to invasive procedures exhibited significantly greater body weight gain compared to those exposed to repeated
interventions (p < 0.05). No significant differences were observed between groups in terms of motor reflex development tests (p >
0.05).

In young adulthood, rats exposed to repeated invasive procedures demonstrated increased fear- and anxiety-related behaviors
compared to controls. Additionally, attention, learning and memory performance were significantly impaired in the intervention
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group (p < 0.05). Social interaction levels were significantly higher in the control group than in the intervention group during young

adulthood (p < 0.05).

Rats exposed to repeated invasive procedures showed delayed responses to painful stimuli and exhibited increased pain tolerance

compared to controls (p < 0.05).

Histopathological evaluation in young adulthood revealed significantly higher numbers of apoptotic cells in the hippocampal
CA1 region, dentate gyrus, parietal cortex, prefrontal cortex and retrosplenial cortex in the intervention group compared to controls

(p < 0.001).

In conclusion, the findings of this study indicate that pain-induced stress resulting from repeated invasive procedures in preterm
neonatal rats adversely affects physical growth, motor development, behavioral outcomes and learning performance.

Keywords: Preterm neonatal rats, Repeated invasive procedures, Pain, stress, Anxiety, Physical development, Behavioral outcomes,

Learning performance

1. Introduction

According to the World Health Organization, approximately
15 million infants are born preterm each year worldwide and
this number continues to rise'. Preterm infants particularly
those born between 24 and 32 weeks of gestation require
intensive and specialized care in neonatal intensive care units
(NICUs) to survive. During this life-saving care process,
preterm infants are exposed daily to repeated procedural pain
and the associated stress. Although preterm infants possess the
necessary nociceptive circuitry to perceive pain, these systems
are not yet fully functionally mature*?. Infants born before 35
weeks of gestation demonstrate central sensitization in response
to repeated invasive painful stimuli*®. Neonatal pain responses
vary depending on gestational age, sleep—wake state and the
intensity and duration of the invasive procedure®!°.Clinicians
often face challenges in accurately recognizing and effectively
managing pain in preterm infants. Pharmacological treatments
are not considered ideal for routine pain management in this
population''. Although non-pharmacological strategies are
recommended as first-line approaches, invasive procedures in
NICUs are frequently performed without adequate supportive
interventions'?.

Stress hormones are glucocorticoids that regulate gene
transcription in both the body and the brain (cortisol in humans
and corticosterone in rodents)". In physiologically immature
neonates, prolonged activation of the hypothalamic-pituitary-
adrenal (HPA) axis may therefore lead to long-term alterations
in hormonal (e.g., growth and glucocorticoid regulation),
physiological (e.g., metabolic and immune) and behavioral
systems (e.g., anxiety and depression)'*'°,

Despite the high number of invasive procedures required
during their stay in the NICU, preterm infants often exhibit
lower-than-expected cortisol levels'®. In an experimental study,
rat offspring exposed to prolonged maternal separation during
early life demonstrated reduced hippocampal glucocorticoid
receptor expression and increased production of corticotropin-
releasing factor (CRF), adrenocorticotropic hormone (ACTH)
and corticosterone in adulthood'. Prolonged stress exposure
in preterm infants has also been associated with alterations in
glucocorticoid receptor expression in the hippocampus and
prefrontal cortex, which may contribute to long-term structural
and functional changes in the brain'®.

The neonatal brain contains two particularly vulnerable
cell populations: subplate neurons and pre-oligodendrocytes.

Pain-related stress in the neonatal period may disrupt
pre-oligodendrocytes cells that ensheath axons prior to
differentiation into myelin-producing oligodendrocytes thereby
interfering with normal myelination". Subplate neurons are
among the earliest-generated neurons in the mammalian
cerebral cortex and represent the first cortical neurons to receive
excitatory synaptic input from thalamic axons, forming transient
connections between thalamic projections and their ultimate
cortical targets®>.

During early development, N-methyl-D-aspartate (NMDA)
receptors play a critical role in pain signal transmission.
Compared to NR2B, the NR2A receptor subunit becomes
developmentally more active. Repeated procedural pain may
induce excessive glutamate release and calcium influx, leading
to excitotoxicity and apoptosis of subplate neurons*?%. The
immature state of subplate neurons renders them particularly
vulnerable to reactive oxygen and nitrogen species, as well as
to cytokines released by activated microglia®>'. Procedural
pain triggers both oxidative stress and inflammatory responses,
potentially impairing myelination processes®>.

Procedural pain and stress experienced in the NICU have
been shown to be associated with abnormal brain development
in very preterm infants up to term-equivalent age****. Consistent
with these findings, animal models have demonstrated that both
inflammatory pain and repeated injections increase apoptosis in
the neonatal rat brain®***’. Moreover, the impact of neonatal pain-
related stress appears to extend beyond early life, influencing
long-term neurodevelopmental outcomes®*3¢,

In a cohort study, greater exposure to skin-breaking
procedures in the NICU was associated with reduced cortical
gray matter thickness in 21 of 66 cerebral regions at 7 years of
age, predominantly affecting the frontal and parietal lobes®. In
very preterm infants, stress related to invasive pain has also been
linked to alterations in spontaneous brain activity at school age
and was negatively correlated with visual-perceptual abilities*.

Although advances in neonatology have significantly
improved survival rates among preterm infants, more than
one-quarter of survivors experience moderate to severe
neurodevelopmental impairments. In preterm infants, an
imbalance between pain-excitatory and inhibitory mechanisms
results in increased nociceptive signaling within the central
nervous system, contributing to excitotoxicity, oxidative stress
and inflammation in vulnerable cell populations*'.
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During their NICU stay, preterm infants are exposed to an
average of approximately 10 invasive and stressful procedures
per day, amounting to nearly 200 painful procedures in total.
Other reports indicate that neonates in the NICU undergo
between 7 and 17 painful procedures daily*>*. Furthermore,
long-term cohort studies have shown that neonates exposed to
repeated painful stimuli exhibit significantly lower intelligence,
motor performance and behavioral regulation at school age
compared to term-born peers*. Greater exposure to invasive pain
during the preterm period has also been associated with poorer
cognitive and motor outcomes, as well as increased anxiety- and
depressive-like behaviors later in life?*#5:4,

In light of the aforementioned literature, prolonged exposure
to repeated procedural pain appears to exert significant
developmental effects on the neonatal brain. Stress associated
with neonatal pain may adversely influence brain maturation
and these neurodevelopmental consequences seem to persist
throughout life.

The aim of the present study was to investigate the effects
of pain induced by repeated invasive procedures in a preterm
neonatal rat model on early physical growth and motor reflex
development, as well as on long-term pain tolerance responses,
motor coordination and cognitive functions.

2. Materials and Methods

Animals and experimental design; This study was conducted
following approval from the Dokuz Eyliil University Animal
Experiments Local Ethics Committee (Protocol No: 09/2022).
A total of 16 neonatal Wistar albino rats born to three different
dams were obtained from the Multidisciplinary Experimental
Research Laboratory of Dokuz Eyliil University Faculty of
Medicine.

Offspring from each dam were randomly assigned to
either the invasive intervention (experimental) group or the

Rat pups underwent invasive
procedures 10 times a day at
one-hour intervals between

days PNL-10, front/hind leg suspension, and others.

|
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non-intervention (control) group. Dams and their litters were
housed in standard rodent cages under controlled environmental
conditions (12-hour light/12-hour dark cycle, temperature
22-25°C, relative humidity 50-60%). Dams were fed standard
rodent pellet chow ad libitum.

Neonatal rats are born weighing approximately 4-5 g. The first
10 postnatal days are considered developmentally comparable
to the premature period in humans. In rats, postnatal days 1-21
correspond to the lactation period; days 32-48 represent sexual
maturation; days 49-70 correspond to adolescence; and after day
100, rats are considered adults®’.

Neonatal rats were selected as the experimental model
because the first 10 postnatal days reflect a developmental
stage comparable to prematurity in humans, thereby enabling
simulation of the clinical conditions experienced by preterm
infants. In the present study, behavioral, learning and memory
assessments were conducted between postnatal days 30
and 60, corresponding to the human childhood/school-age
developmental period.

The timeline of repeated invasive procedures and the
schedule of experimental assessments are presented in (Figure
1):

2.1. Experimental groups and study design

* Control group (no invasive intervention) (n = 8):
Offspring were separated from their dams 10 times daily
between postnatal days (PN) 1 and 10. No invasive
procedures were performed during these separations.

*  Experimental group (repeated invasive intervention) (n
= 8): Offspring were separated from their dams 10 times
daily between PN1 and PNI10. During each separation,
invasive procedures were administered at 1-hour intervals
using a 24-gauge needle to three different skin regions
(neck, forelimb and thoracic area).

Motor reflex development tests in rat pups:
crawling, cliff avoidance, negative genotaxis,

Behavioral, social communication, pain tolerance,
learning, and memory tests in later life.

|
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Figure 1: Timeline of Repeated Invasive Procedures and Behavioral Assessments.

Repeated Invasive Procedure in Neonatal Rats; Repeated
invasive procedures were administered to neonatal rats begin-
ning on postnatal day 1. Offspring were separated from their
dams and placed on a cloth warmed to mimic maternal body
temperature. Invasive stimulation was performed at 1-hour

Figure 2: Repeated Invasive Procedures in Neonatal Rats.

3

intervals using a sterile 24-gauge branula needle inserted into
the skin of the neck, forelimb and thoracic regions (Figure 2).
Each procedure lasted approximately 1-2 minutes.

All procedures were conducted daily between 08:00 and
17:00 under standardized experimental conditions.

N
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The experimental protocol was designed in consideration of
the average length of stay of preterm infants in neonatal intensive
care units***’, During each session, three invasive stimulations
were administered to each neonatal rat, targeting three different
anatomical regions: the neck, forelimb and lateral thoracic wall.

Because the procedures were repeated 10 times daily at
1-hour intervals, each offspring received a total of 30 invasi-
ve stimulations per day. As the intervention period lasted for 10
consecutive days, each neonatal rat was exposed to a total of 300
invasive procedures.

Given that one postnatal day in rats is considered approxima-
tely equivalent to 19 human days, the 10-day intervention period
was assumed to simulate approximately 5—6 months of NICU
exposure in a preterm infant.

Invasive procedures were performed using a sterile 24-gauge
branula needle inserted subcutaneously. During handling,
offspring were touched using gloved hands and a clean cloth.
Care was taken to avoid skin injury and bleeding. If minor blee-
ding occurred at the intervention site, it was gently cleaned with
sterile cotton before the offspring were returned to their dams.
This precaution was taken to prevent the potential development
of cannibalistic behavior in the dams.

3.Assessment Methods of Repeated Invasive Procedures
in Preterm Neonatal Rats

3.1. Evaluation of early-life effects

*  Body weight monitoring: Neonatal rats that completed the
first 24 hours after birth were considered postnatal day 1.
Body weights of both intervention and control groups were
measured daily at the same time to monitor weight gain.

e Assessment of physical development: Physical
developmental milestones were recorded in both groups,
including ear unfolding (detachment of the pinna from the
head), fur development, eye opening, eruption of incisors
and transition to solid food.
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e Assessment of motor reflex development: To evaluate the
potential effects of repeated invasive procedures on motor
reflex development, standardized motor reflex tests were
performed according to previously published protocols™*!.
Assessments were conducted once daily between postnatal
days 3 and 18, between 09:00 and 12:00 a.m.

All motor tests were video-recorded and independently
scored by two researchers blinded to group allocation.

Beginning on postnatal day 3, the following motor reflexes
were evaluated: crawling, forelimb and hindlimb grasp reflex,
forelimb and hindlimb suspension, cliff avoidance, negative
geotaxis, auditory startle response, accelerated righting reflex
and grip strength.

The timing of motor developmental assessments was deter-
mined based on the literature (Figure 3).

3.2. Evaluation of long-term effects

Assessment of Learning, Memory and Behavior; To evalua-
te the long-term effects of repeated painful invasive procedures
on learning, memory and behavior, offspring were subjected to
the open field test (PN32-33), Y-maze test (PN35-38) and social
interaction test (PN43-44).

Open Field Test: The open field test was performed on post-
natal days 32-33 to assess exploratory behavior and anxiety-like
responses following repeated painful interventions. The open
field test is widely used to evaluate both anxiety-related behavi-
or and locomotor activity.

Behavioral recordings and analyses were conducted using
the Noldus video tracking system (Figure 4). Reduced time
spent in the center of the arena and increased time spent in the
periphery or corners were considered indicators of anxiety-like
behavior®>,
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Figure 3: Motor Reflex Tests in Neonatal Rats and Their Time Schedule.
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Y-Maze Test: The Y-maze test was conducted on postnatal
days 35-38 to assess short-term memory, spatial exploration and
attention™. The apparatus consisted of three arms (15 cm arm
width x 50 cm arm length % 30 cm wall height) constructed from
black polypropylene.

In animals with intact prefrontal cortical function, there is a
natural tendency to explore a novel arm rather than returning to
previously visited arms.

During the training phase, one arm was closed and each rat
was allowed to explore the two open arms for 10 minutes daily
at the same time of day. On the test day (day 4), the previously
closed arm was opened and the number of entries into the novel
and familiar arms, as well as the time spent in each arm, were
recorded over a 10-minute test period.

Behavioral data were recorded and analyzed using the Noldus
video tracking system. The maze was cleaned with 70% ethanol
after each trial. Time spent in arms A, B and C was calculated
from the video recordings. The duration of time each rat spent in
arms A, B and C was calculated from the recordings (Figure 5).

24 hours after the training

Closed arm  [E—

New arm

Rat's starting arm Rat's starting arm

Training phase (3 days, 10 minutes) Test phase (Day 4, 10 minutes)

Figure 5: Y Maze Test Arena.

Figure 6: Social interaction Test Arena.

Each rat was gently restrained using a towel and
approximately 3—4 cm of the distal tail was immersed in a water
bath maintained at 52 + 0.5°C. A stopwatch was activated at
the moment of tail immersion. The latency (in seconds) to tail
withdrawal or flicking was recorded as an index of thermal pain
sensitivity 7,

Formalin Test; The formalin test was conducted on postnatal
day 53 to assess responses to chemically induced nociceptive
stimulation. Prior to testing, rats were habituated to a transparent
plexiglass observation chamber for 30 minutes to reduce novelty-
induced stress.

To control for potential circadian influences on nociceptive
and analgesic sensitivity, all procedures were performed between
10:00 and 13:00. Each rat received a subcutaneous injection of

JM Med Stu | Vol: 3 & Iss: 1

Social Interaction Test: The social interaction test was
performed on postnatal days 43-44, approximately five weeks
after repeated invasive procedures™. The test arena (90 x 45.5
x 40 cm) was divided into three equal compartments using
plexiglass walls (Figure 6). The apparatus consisted of a central
chamber and two side chambers accessible through sliding
doors.

Prior to testing, stimulus rats of similar age were habituated
for two days (10 minutes per day) in small wire cages (20 x 14 x
13 cm) placed within the test arena.

On the test day, the experimental rat was initially placed
in the central compartment with the doors closed and baseline
behavior was recorded for 5 minutes. After this period, an
unfamiliar, same-sex conspecific (previously habituated to the
cage) was placed in a wire cage in one of the side chambers,
while an empty cage was placed in the opposite chamber. The
doors were then opened and the experimental rat’s behavior was
recorded for 10 minutes.

Following this phase, the experimental rat was returned to
the central chamber. A novel, same-sex unfamiliar rat was placed
in the previously empty cage and behavior was recorded for an
additional 10 minutes after reopening the doors.

All behavioral recordings were performed and analyzed
using the Noldus video tracking system. The arena was cleaned
with 70% ethanol after each trial (Figure 6).

3.3. Assessment of responses to noxious stimuli

Hot Water Tail-Flick Test; The hot water tail-flick test
was performed on postnatal days 4749 to evaluate thermal
nociceptive responses following repeated painful invasive
procedures. All tests were conducted between 10:00 and 13:00
to minimize circadian variability.

0.05 mL of 2.5% formalin into the plantar surface of the left hind
paw using a 24-gauge branula needle. Immediately following
injection, a stopwatch was started.

The number of paw withdrawals and licking behaviors
during the first 5 minutes following injection was recorded
as indicators of nociceptive response™*’. Behavioral scoring
was performed by an observer blinded to group allocation. To
minimize data loss, behavioral responses were video-recorded
and independently monitored by at least two observers.

Assessment of Balance and Motor Coordination; Balance
and motor coordination were evaluated on postnatal days 50-52
to determine the effects of pain- and stress-related exposure on
motor performance. All assessments were conducted between
10:00 and 13:00.
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For the motor balance test, a wooden beam measuring 105
cm in length, 4 cm in width and 3 cm in height was elevated
80 cm above the floor. One end of the beam was designated as
the starting point, while a platform containing the rat’s home
cage was positioned at the opposite end (Figure 7). A line was
marked 20 cm from the starting point and the rat was placed

- ]

Figure 7: Rat Motor Balance Test Bar and its Characteristics.

Brain Histopathological Evaluation; On postnatal day 54,
approximately eight weeks after repeated invasive procedures,
rats were anesthetized with ketamine (50 mg/kg) and xylazine
(10 mg/kg) and positioned supine on a surgical platform.
Following sternotomy, the thoracic cavity was opened.

While cardiac activity was maintained, the right atrium
was incised to allow blood drainage and 3040 mL of
physiological saline was perfused through the left ventricle to
remove circulating blood from the vascular system and tissues.
Subsequently, transcardial perfusion was performed with 30-40
mL of 10% formaldehyde to achieve whole-body fixation.

After perfusion, craniotomy was performed and the brain and
cerebellum were removed en bloc. Histopathological evaluation
focused on the hippocampal CA1 region, dentate gyrus, parietal
cortex and prefrontal cortex.

Statistical Analysis; Statistical analyses were performed
using the Statistical Package for the Social Sciences (SPSS)
software (version 24.0). Descriptive statistics were expressed as
mean =+ standard deviation (SD).

Normality of data distribution was assessed using the
Shapiro—Wilk test. For comparisons between groups, the
Kruskal-Wallis test was used for non-parametric data and
post hoc pairwise comparisons were performed using the
Mann—Whitney U test when appropriate. Independent-samples
t-tests were used to compare means between two groups when
parametric assumptions were met.

All models constructed for six variables satisfied parametric
assumptions. Statistical significance was defined as p < 0.05.

4. Results

Body Weight Changes; Comparison of body weight gain
between the experimental and control groups demonstrated
higher weight gain in the control group between postnatal days
(PN) 4 and 18. A statistically significant difference in mean body
weight between the groups was observed on PNS (p <0.05).

Although body weight gain remained higher in the control
group after PNI18, statistical significance was no longer

JM Med Stu | Vol: 3 & Iss: 1

within this designated starting area, facing toward its home cage.

The stopwatch was initiated immediately upon placement of
the rat. The time required for the rat to traverse the beam and
reach the home cage platform with all four paws was recorded

as the latency to completion®.

:E L { Starting p{)int
T
Rat house ‘ll %n
|
o

observed. After PN40, the difference in body weight between
the two groups was no longer evident.

Assessment  of  Physical Development;  Physical
developmental parameters, including timing of ear unfolding,
separation of toes, eruption of upper and lower incisors, fur
development and eye opening, were compared between the
experimental and control groups. No statistically significant
differences were observed between groups for any of these
developmental milestones.

In-Cage Sibling Interaction Behavior; Offspring exposed to
repeated invasive procedures exhibited increased activity levels
and more aggressive and competitive behaviors toward both
intervention-exposed and non-exposed littermates within the
cage environment. Prolonged fighting episodes and dominance-
related behaviors were more frequently observed in the
experimental group compared with controls.

Abnormal Vocalization; Abnormal vocalizations were
observed in rats exposed to repeated invasive procedures
beginning on the second and third days of the experiment when
handled manually. Following separation from their dams for
interventions and motor testing, these animals produced intense
vocal sounds, showed escape-related reactions and increasingly
attempted to protect the intervention sites.

Notably, despite having unopened eyes during this
developmental  period, intervention-exposed  offspring
demonstrated clear protective responses toward the stimulated
body regions.

Motor Reflex Development; Motor reflex development
was evaluated to determine the effects of repeated invasive
procedures. No significant differences were detected between
experimental and control groups in crawling onset, righting reflex,
cliff avoidance, forelimb and hindlimb grasp reflexes, forelimb
and hindlimb suspension tests, walking onset, grip strength, hind
paw placement, auditory startle response, negative geotaxis, eye
opening time or accelerated righting reflex performance.

4.1. Learning, memory and behavioral assessment results

Open Field Test; The open field test was performed to
evaluate the effects of repeated invasive procedures on anxiety-
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like behavior and locomotor activity. The mean values, standard
deviations and p-values of open field test variables for the
experimental and control groups are presented in (Table 1).

According to the open field test results, rats in the control
group demonstrated a higher frequency of entries into the central
zone and spent significantly more time in the center compared
with the experimental group. Comparison of time spent in the
central area revealed a statistically significant difference between
groups (p <0.05).

In contrast, rats exposed to repeated invasive procedures
showed a greater preference for the peripheral areas of the open
field arena.

JM Med Stu | Vol: 3 & Iss: 1

Social Interaction Test; The social interaction test was
conducted on postnatal days 43-44 to assess the effects of
repeated invasive procedures on social behavior. Comparison
of sociability and social preference parameters demonstrated
significantly higher sociability scores in the control group
compared with the experimental group (p <0.05) (Table 1).

Y-Maze Test; The Y-maze test was performed to evaluate
learning and memory performance. Rats in the control group
exhibited significantly higher numbers of entries into the novel
arm and spent more time in the novel arm compared with rats
exposed to repeated invasive procedures (p <0.05).

Mean values, standard deviations and p-values of Y-maze
test variables according to study groups are presented in (Table
1).

Table 1: Learning, Memory and Behavioral Assessment Outcomes in Experimental and Control Groups.

Tests Variables Control group (Mean £SD) Experimental group (Mean+SD) pP*
Frequency of entering the center 7,7£5,5 4,84+2.8 0,034
Time spent at the center (seconds) 16,8+9,5 10,2+6,3 0,045
Open Field Frequency of periphery entry 5,745,5 6,6+2,9 0,356
Peripheral presence time (seconds) 287,1+9.4 332,846,3 0,250
Social Interaction Social skills score 0,32+0,3 0,18+0,26 0,043
Social preference score 0,09+0,41 0,05+0,53 0,538
¥ Maze Time spent on the new arm (sec.) 275,9+114,9 169,3+150,1 0,032
New arm input count 9,13+3,36 5,29+1,49 0,029

*T-test.
4.2. Assessment of responses to painful stimuli

Formalin Test; The formalin test was performed to compare
nociceptive responses between rats exposed to repeated inva-
sive procedures and control animals. Rats in the experimental
group exhibited fewer hind paw withdrawal and licking beha-
viors following formalin injection compared with the control
group. Comparison of hind paw withdrawal counts revealed a

statistically significant difference between the groups (p <0.05)
(Table 2).

Hot Water Tail-Flick Test; The hot water tail-flick test was
conducted to evaluate responses to thermal nociceptive stimula-
tion. Rats exposed to repeated invasive procedures demonstra-
ted longer tail withdrawal latencies compared with control rats.
Comparison of tail withdrawal times between the two groups
showed a statistically significant difference (p < 0.05) (Table 2).

Table 2: Results of the Formalin Test and Hot Water Tail-Flick Test.

Tests Variables Control group Experimental group pP*
. Rear Leg Pull Count
Formalin Median (Min-Max) 36(23-56) 29 (13-47) 0,025
Hot Water Tail Immersion | L Pulling Time (seconds) | 5 4 52+03 0,033
Average + SS
*MWU -test
4.3. Balance and motor coordination assessment results (Table 3).

The effects of repeated invasive procedures on balance
and motor coordination in later life were evaluated in preterm
neonatal rats. Rats in the control group crossed the balance beam
in a shorter time compared with rats in the experimental group

Table 3: Balance and Motor Coordination Test Results.

Statistical comparison between the two groups revealed a
significant difference in performance (p <0.05). In addition, rats
in the experimental group were observed to fall from the balance
beam more frequently during testing.

Motor Balance Test

Control group Experimental group P*

Time to Cross the Balance Bar (seconds) Average + SS

16,2 £3,3 7,3+0,9 0,003*

*T -test
4.4. Brain histopathological evaluation results

Histopathological analyses were performed to evaluate brain
regions associated with learning, memory, behavior and pain
processing following repeated invasive procedures. The effects

of repeated invasive interventions on apoptotic cell counts were
examined in the hippocampal CA1 region, dentate gyrus, parie-
tal cortex and prefrontal cortex.

Rats exposed to repeated invasive procedures demonstrated
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higher numbers of apoptotic cells in the hippocampal CA1 regi-
on, dentate gyrus, parietal cortex and prefrontal cortex compared
with control animals.

The mean apoptotic cell counts, standard deviations and
statistical comparisons between the experimental and control
groups are presented in (Table 4). Representative histopatho-
logical images demonstrating apoptotic neuron density in the
hippocampal CAIl region, dentate gyrus, parietal cortex and
prefrontal cortex are shown in (Figure 8).

Table 4: Apoptotic Cell Counts in Different Brain Regions.

. . Control group Experimental "
Brain Region (Mean+SD) | group (Mean+SD) P
Hippocampus CA 1 1,33+0,56 10,83+4,3 0,001
apoptotic cell numbers
Gyrus dentatus apopto- | 5 )¢ 4 g 13,6148,06 0,001
tic cell numbers
Parietal cortex apopto- | 10 )¢ 4511 | 26,01 +12,43 0,001
tic cell numbers
Prefrontal cortex 6,67 +2,28 14,83 6,29 0,001
apoptotic cell numbers
*T test
Control group Experimental group
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Figure 8: Histopathological Evaluation of Brain Regions and
Apoptotic Cells.

5. Discussion

Effects on Body Weight Gain; In the present study, pain-
and stress-related exposure caused by repeated invasive proce-
dures negatively affected body weight gain in preterm neona-
tal rats. Offspring exposed to repeated interventions exhibited
lower weight gain compared with controls, with the difference
reaching statistical significance particularly on postnatal day 8
(p <0.05). However, during later developmental stages when
invasive procedures were discontinued, the difference in body
weight gradually diminished and was no longer statistically
significant. These findings are consistent with the study condu-
cted by Anand et al., in which repeated invasive stimulation
was associated with reduced weight gain in neonatal rats®'. Our
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results suggest that repeated procedural pain and stress expe-
rienced during early life may contribute to growth impairment,
a condition that may also be relevant to preterm infants exposed
to frequent invasive procedures in neonatal intensive care units.

Effects on Physical Development; Repeated invasive proce-
dures and the associated pain-related stress did not produce
significant alterations in physical developmental milestones,
including fur development, ear unfolding, eye opening or erup-
tion of incisors. A review of the literature indicates a lack of
studies systematically evaluating physical developmental para-
meters following repeated invasive procedures in neonatal rat
models. Therefore, the present findings contribute additional
information regarding the potential dissociation between soma-
tic developmental milestones and early-life pain exposure.

Behavioral Responses and Vocalization in Preterm Neonatal
Rats; Despite having unopened eyes during the early postnatal
period, rats exposed to repeated invasive procedures appeared to
recognize and respond to painful needle stimulation beginning
approximately on the second or third day of exposure. These
animals demonstrated escape-related behaviors during handling
and produced pronounced vocalizations when separated from
the experimenter or subjected to procedures. The observation
that neonatal rats exhibited protective responses and increased
vocalization suggests that repeated painful experiences may be
encoded even during very early developmental stages. Such
vocalizations may represent instinctive defensive behaviors
or communicative warning signals aimed at increasing safety
within the litter environment. To our knowledge, similar behavi-
oral observations related to early procedural pain exposure have
not been extensively reported in previous studies, highlighting a
potentially novel contribution of the present work.

Effects of Repeated Invasive Procedures on In-Cage Social
Behavior; Repeated invasive procedures appeared to influence
both dam—offspring interactions and sibling relationships within
the home cage environment. Intervention-exposed offspring
demonstrated increased aggressive and competitive behaviors
compared with non-exposed littermates. These animals were
observed to disturb both their dams and siblings more frequent-
ly. These findings may indicate that prolonged exposure to pain
and stress during the premature period contributes to behavioral
dysregulation later in development. Although extensive research
has examined neurodevelopmental outcomes following neonatal
pain exposure, studies specifically evaluating naturalistic social
interactions within the home cage remain limited. In this respect,
the present study may provide a novel behavioral perspective.

Effects of Repeated Invasive Procedures on Motor Reflex
Development; In the current study, repeated invasive procedures
administered during the first 10 postnatal days did not signifi-
cantly affect motor reflex development in neonatal rats. Compre-
hensive assessment of multiple motor reflex parameters revealed
comparable developmental trajectories between experimen-
tal and control groups. A review of the literature suggests that
studies evaluating motor reflex development following repeated
neonatal invasive exposure in such a comprehensive manner are
limited. Therefore, our findings may help address an important
gap in the existing literature.

Effects of Repeated Invasive Procedures on Behavior, Lear-
ning and Memory; The findings of the present study demons-
trate that pain and stress induced by repeated invasive proce-
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dures during the premature period lead to increased fear- and
anxiety-like behaviors and negatively affect attention, learning,
memory performance and motor balance coordination in later
life. These results support the hypothesis that procedural pain
and stress experienced by preterm infants in neonatal intensi-
ve care units may contribute to neurodevelopmental disturban-
ces with long-lasting neurobehavioral consequences. Previous
experimental and clinical studies provide substantial evidence
supporting these findings. Vinall et al. reported that repeated or
persistent pain exposure during the neonatal period increases
neuronal apoptosis and is associated with anxiety-like behaviors
in adulthood. Furthermore, pain-related stress experienced in the
NICU environment has been shown to alter spontaneous brain
activity at school age and negatively influence visual—percep-
tual development in preterm children®'. Similarly, Ranger et al.
demonstrated that the cerebellum of preterm infants is particular-
ly vulnerable to painful stimuli during early life and exposure to
neonatal procedural pain was associated with reduced cerebellar
vermis volume at seven years of age. Importantly, this structural
alteration was linked to poorer working memory performance®.
In another study, Cook et al. reported a negative association
between increased exposure to invasive procedures and later
language performance in preterm infants®. Large cohort studies
conducted by Selvanathan et al. further showed that greater
exposure to early-life pain adversely affects brain maturation
and overall neurodevelopment in very preterm infants®. Consis-
tent with these findings, neonatal invasive procedures have also
been associated with altered white matter microstructure, which
in turn correlates with poorer cognitive outcomes at school age
among children born preterm®. Taken together, these findin-
gs support the behavioral and cognitive alterations observed
in the present study and suggest that repeated painful stimula-
tion during critical periods of brain development may disrupt
neurodevelopmental processes. Early-life exposure to repeated
nociceptive stress may therefore induce long-term alterations in
cognitive, emotional and motor functions, reinforcing eviden-
ce from both experimental animal models and clinical human
studies.

Effects of Repeated Invasive Procedures on Responses to
Painful Stimuli: In the present study, preterm neonatal rats expo-
sed to repeated invasive procedures demonstrated reduced beha-
vioral responses to painful stimuli in later life, suggesting incre-
ased pain tolerance. This finding indicates that early repeated
painful experiences may modulate neurophysiological mecha-
nisms involved in pain perception and processing, potentially
leading to an adaptive alteration in nociceptive responsiveness.
These results suggest that repeated exposure to pain during the
neonatal period may induce long-lasting changes in pain percep-
tion. Such adaptations may manifest as increased pain tolerance
or hypo-responsiveness to noxious stimuli later in life, which
may subsequently influence neurobehavioral development.
Previous clinical studies support this interpretation. Grunau et al.
reported that neonates exposed to greater numbers of procedural
painful events exhibited reduced cortisol responses to stress at
approximately 32 weeks of postmenstrual age. These long-term
alterations have been suggested to arise from the heightened
vulnerability of brain regions rich in glucocorticoid receptors,
particularly the hippocampus and prefrontal cortex, to early-life

stress exposure®.

Effects of Repeated Invasive Procedures on Brain Histopat-
hology; In the present study, repeated invasive procedures during
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the premature period resulted in increased apoptotic cell counts
in several brain regions of neonatal rats. These histopathologi-
cal alterations may contribute to persistent learning and memory
impairments as well as long-term behavioral abnormalities
observed later in life. Consistent with our findings, Anand et al.
demonstrated in a neonatal rat model that repeated pain exposure
significantly increases neuronal apoptosis®. Similarly, Ranger et
al. reported that early exposure to repeated procedural pain has
long-lasting effects on brain development extending into scho-
ol age, with greater exposure to painful procedures in preterm
infants being associated with reduced cortical thickness in the
frontal and parietal lobes at seven years of age®. Lammertink
et al. further showed that increased exposure to invasive proce-
dures during the neonatal period delays structural connectivity
maturation within limbic networks, including the hippocampus
and amygdala, until term-equivalent age in preterm infants.
Reduced connectivity within these limbic structures has been
associated with increased behavioral problems during early chil-
dhood®. Repeated procedural pain is known to trigger oxidative
stress and inflammatory responses, both of which may interfere
with normal neurodevelopmental processes. These mechanisms
can impair the maturation of premyelinating cells and disrupt
myelination. Previous studies have indicated that pain-related
stress during the neonatal period affects pre-oligodendrocytes
cells that ensheath axons prior to differentiation into mature
myelin-forming oligodendrocytes thereby increasing vulnerabi-
lity of the developing brain®’. Taken together, the present findin-
gs are consistent with experimental evidence demonstrating that
both inflammatory pain and repeated injections promote apop-
tosis in the neonatal rat brain, supporting the hypothesis that
early-life nociceptive stress may induce long-term structural and
functional alterations in the developing nervous system.

6. Conclusion

The present study demonstrates that pain and stress induced
by repeated invasive procedures during the premature period
negatively affect early-life body weight gain in neonatal rats and
are associated with increased anxiety-like, hyperactive, aggres-
sive and competitive behaviors within the home cage environ-
ment. Notably, despite having unopened eyes during the early
postnatal period, neonatal rats appeared capable of recognizing
and retaining painful stimuli, exhibiting behavioral responses
suggestive of early nociceptive memory formation. Exposure to
repeated invasive procedures during the premature period resul-
ted in long-term neurobehavioral alterations, including incre-
ased fear- and anxiety-related behaviors, impaired social inte-
raction and reduced learning and memory performance in later
life. In addition, decreased responsiveness to painful stimuli and
impaired balance and motor coordination were observed. Histo-
pathological findings further revealed increased apoptotic cell
counts in the hippocampal CAl region, dentate gyrus, parietal
cortex and prefrontal cortex, suggesting that early-life nocicepti-
ve stress may contribute to structural alterations in brain regions
critical for cognitive and behavioral regulation.

Overall, these findings indicate that repeated invasive proce-
dures during critical stages of brain development may lead to
persistent behavioral and cognitive alterations extending into
later life. From a translational perspective, the results suggest
that frequent invasive procedures performed in neonatal inten-
sive care units may have potential long-term consequences for
physical, behavioral and neurocognitive development in preterm
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infants. Therefore, minimizing the number of invasive procedu-
res whenever possible, ensuring effective and safe pain manage-
ment strategies and increasing clinical awareness regarding both
short- and long-term consequences of neonatal pain exposure
may be essential for improving neurodevelopmental outcomes
in this vulnerable population.

6.1. Limitations of the experimental model

One limitation of the present study is that stress hormone
levels were not measured during the period of repeated invasive
procedures. Assessment of corticosterone levels through blood
sampling during the first 10 postnatal days could have provided
additional insight into the physiological stress response
associated with repeated nociceptive exposure. However, such
measurements would have required the use of a larger number
of neonatal animals and therefore hormonal analyses were not
performed in the current study.
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