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Inflammation appears as a cardinal mediator of the deleterious effect of early life
stress exposure on neurodevelopment. More generally, immune activation during the
perinatal period, and most importantly elevations of pro-inflammatory cytokines levels
could contribute to psychopathology and neurological deficits later in life. Cytokines
are also required for normal brain function in homeostatic conditions and play a role in
neurodevelopmental processes. Despite these latter studies, whether pro-inflammatory
cytokines such as Tumor Necrosis Factor (TNF) impact neurodevelopmental trajectories
and behavior during the immediate postnatal period remains to be elucidated. To
address this issue, we have injected mouse pups daily with recombinant TNF from
postnatal day (P)1 to P5. This yielded a robust increase in peripheral and central TNF at
P5, and also an increase of additional pro-inflammatory cytokines. Compared to control
pups injected with saline, mice injected with TNF acquired the righting and the acoustic
startle reflexes more rapidly and exhibited increased locomotor activity 2 weeks after
birth. Our results extend previous work restricted to adult behaviors and support the
notion that cytokines, and notably TNF, modulate early neurodevelopmental trajectories.

Keywords: TNF, neurodevelopmental disorders, reflex acquisition, behavior, cytokine

INTRODUCTION

Early life stress (ELS) exposure enhances susceptibility to neurodevelopmental disorders.
Inflammation appears as a cardinal mediator of the deleterious effect of ELS on
neurodevelopmental trajectories (Cattane et al., 2020). More generally, immune activation
during the perinatal period, and most importantly elevations of pro-inflammatory cytokines
levels could contribute to psychopathology and neurological deficits later in life (Cattane et al.,
2020). Tumor Necrosis Factor (TNF) is a pro-inflammatory cytokine historically known as a chief
orchestrator of the innate immune response (Holbrook et al., 2019), via signaling through two
membrane receptors, TNFR1 and TNFR2. TNF is expressed as a 27 kDa transmembrane form
(mTNF) that can be cleaved into a soluble 17 kDa form (sTNF) released in tissues and blood
(Kriegler et al., 1988). mTNF signals through both TNFR1 and TNFR2, while sTNF only signals
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through TNFR1 (Gough and Myles, 2020). TNF and its
receptors are also expressed outside the immune compartment,
and notably in the brain (Probert, 2015). Cells of the brain
parenchyma (neural stem cells, neuronal progenitors, neurons,
oligodendrocytes, astrocytes and microglia), as well as endothelial
cells of the blood-brain-barrier (BBB) express TNF and its
receptors (Probert, 2015).

In animal studies, immune activation induces a surge in both
peripheral and central pro-inflammatory cytokines, including
TNF (Probert, 2015). This is accompanied by neuroinflammation
and behavioral changes collectively known as sickness
behavior, which range from anxiodepressive-like behaviors,
hypolocomotion, cognitive, and social deficits (Dantzer et al.,
2008). In adult rodents, the sole intracerebroventricular injection
of TNF recapitulates the hallmarks of sickness behavior (Connor
et al., 1998; Kaster et al., 2012), while central blockade of
TNF with etanercept alleviated sickness behavior induced by
lipopolysaccharides (LPS) (Camara et al., 2015). Also, the acute
intraperitoneal injection of TNF induced sickness behavior
associated with a spiked increase in the brain levels of TNF,
IL-6, and CCL2, as well as astrocytic and microglial activation
(Hayley et al., 2002; Biesmans et al., 2015). Finally, TNF was
shown to mediate synaptic and learning deficits after systemic
poly(I:C) immune challenge, by increasing dendritic spine
elimination in the cortex and altering motor learning processes
(Garre et al., 2017).

These neuroinflammatory conditions, in which massive
induction of TNF in the brain appears deleterious for brain
function and behavior, differ from physiological conditions, in
which TNF is constitutively secreted in minute amounts by
neurons and glia (Probert, 2015). In these conditions, TNF is
required for brain cell maintenance and homeostasis (Probert,
2015). Notably, TNF promotes proliferation of oligodendrocyte
progenitors and remyelination (Arnett et al., 2001). Also, TNF
enhances hippocampal, cortical and striatal synaptic scaling, a
form of homeostatic plasticity that enables adjustment of synaptic
strength at the neuron-scale in response to sustained activity
(Beattie et al., 2002; Santello et al., 2011; Lewitus et al., 2014).
Behavioral studies in Tnf-knockout (KO) mice have shown that
maternal TNF determined the fear response of the adult offspring
(Zupan et al., 2017), as well as spatial memory associated with
increased hippocampal neurogenesis (Liu et al., 2014).

Tumor necrosis factor also has neuromodulatory function
during early neurodevelopment. In mice, TNF is expressed
in various brain regions during the first two postnatal weeks
of life, a time of active neurogenesis and synaptogenesis
(Garay et al., 2013). Moreover, low doses of TNF promote the
survival, proliferation, and neuronal differentiation of mouse
neonatal neural precursor cells cultures, while higher doses were
apoptotic (Bernardino et al., 2008). Furthermore, young Tnf-
KO mice exhibit an accelerated maturation of the dentate gyrus
hippocampal region, but with pyramidal neurons harboring a
smaller dendritic arborization in CA1 and CA3 regions (Golan
et al., 2004). Finally, both in vitro and in vivo studies have shown
that developing pyramidal neurons from the cortex of Tnf-KO
mice are deficient in synaptic scaling, that is critical for the
activity-dependent refinement of neural circuitry during early

development (Stellwagen and Malenka, 2006; Kaneko et al., 2008;
Ranson et al., 2012).

This suggests a role for TNF in shaping the nervous system
during early developmental stages and that elevated TNF levels
triggered by ELS could impact neurodevelopment. However, the
consequences of TNF loss-of-function or gain-of-function has
been exclusively studied in adult animals and the impact of
TNF on behavior in the early postnatal period has not been
investigated so far. We hypothetized that TNF gain-of-function
during an early postnatal window could impact developmental
trajectories and pups behavior. We therefore studied the impact
of TNF gain-of-function in the perinatal period on systemic and
central cytokine levels and behavior of mouse pups.

MATERIALS AND METHODS

Animals and Treatments
Animal housing and experimentation were conducted in facilities
certified by regional authorities (Direction Départementale de
Protection des Populations des Alpes-Maritimes, accreditation
#C-06-152-5). The study was in accordance to procedures
approved by the Ministère de l’Enseignement Supérieur et
de la Recherche (APAFIS#19129-201902071212672). Timed-
mated OF1 female mice [Charles River (L’Arbresles, France)]
were purchased at 15.5 days of gestation [corresponding to
embryonic day (E) 15.5 post-conception]. Mice were housed in
a temperature (22–24◦C) and hygrometry (70–80%)-controlled
room with a 12 h light/dark cycle (lights on from 8:00 a.m. to
8:00 p.m.) with ad libitum access to water and food (standard
chow, reference 4RF25, Mucedola, Milan, Italy). Pregnant dams
were housed into individual cages and remained in the same
cages until the end of the experiment. The day and time of birth
were recorded and only pups born on E19.5 were used. The
day of birth was considered as postnatal day 0 (P0). At P1, pups
were sexed and only male pups were used for the experiments
described here forth. Since both epidemiological and animal
studies suggest sex differences in responses to early adversity and
a higher susceptibility of males to neurodevelopmental disorders
(Davis and Pfaff, 2014), only males were considered in this
exploratory study.

Environmental factors, maternal effects, and litter effects
are acknowledged confounding variables in developmental and
behavioral studies. To overcome the maternal prenatal effect,
litters of 12–14 male pups from distinct mothers were randomly
formed and fostered to new single mothers. Each litter was
housed individually with its newly reassigned mother. Also,
the conditions tested (TNF doses or vehicle treatment), were
represented in each individual litter. To keep track of the
treatment group, pups were labeled on the back according to their
group with distinct colors using ink odorless markers. Marking
was renewed every other day to guarantee clear identification
over the course of the experiments. In doing so, we obtained
both TNF-treated and control pups bred by the same mother,
thus excluding the confounding effect of differential maternal
care or milk quality, that could contribute to developmental
or behavioral differences. In the pilot experiment used to

Frontiers in Behavioral Neuroscience | www.frontiersin.org 2 March 2022 | Volume 16 | Article 845458

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-16-845458 March 11, 2022 Time: 12:13 # 3

Paraschivescu et al. TNF Impacts Neurodevelopmental Trajectories

determine the optimal TNF dose to be used, pups were injected
intraperitoneally (under the iliac fossa, on the right side of the
pup, between 10 and 12 a.m) with either carrier- and endotoxin-
free recombinant murine soluble TNF (#575204, Biolegend,
London, United Kingdom) diluted in sterile PBS, or PBS as
vehicle for the control group. We administered 5 µL of solution
per pup, with the concentration of 0.25, 1, 5, and 20 µg/Kg
adjusted to a standard pup weight for each day of the treatment.
Pups were treated once a day from P1 to P5. At P5, body mass
(BM) was recorded and pups were sacrificed 3 h post TNF
injection by decapitation, then blood and brain were collected.

In further experiments, we used the highest TNF dose of
20 µg/Kg and three independent cohorts were generated and
subjected to behavioral testing. Again in this set of experiments,
to control for the litter effect, newly formed litters were randomly
assigned to new mothers and half of each litter was randomly
assigned to the two treatment groups (TNF or vehicle). To
keep track of treatment group, each pup was labeled on the
back according to its treatment group. Altogether 46 pups
were injected with TNF and 47 with PBS, once a day for
5 days, from P1 to P5.

Pups Behavioral Phenotyping
The acquisition of developmental milestones and reflexes
ontology as well as early life behavior were assessed using
procedures derived from Fox’s battery of tests and Wahlsten’s
adaption of Fox’s tests (Fox, 1965), as described in Heyser (2004)
and Feather-Schussler and Ferguson (2016). Pups were tested
individually, preferably in the morning (9 a.m.–1 p.m). To limit
stress due to maternal separation, the time spent by the pup away
from the mother and home cage was limited to the duration of
each test. At the end of each test the pup was immediately put
back in its home cage.

Ambulation Test
Ambulation was assessed every day between P6 and P12 to
monitor the acquisition of walking proficiency. Each pup was
placed on a flat, hard surface and the walking pattern was
assessed over 1 min, according to previous scoring criteria
(Feather-Schussler and Ferguson, 2016): 0 = no movement,
1 = crawling with asymmetric limb movement, 2 = slow crawling
but symmetric limb movement, and 3 = fast crawling/walking.

Ear Development
The day of the opening of the ear canal, defined as a fully detached
outer ear membrane, was recorded in pups aged P3–P5. A fixed
score of 0, 1 or 2, according to the number of ears everted per
animal was assigned.

Eyelid Opening
The day of the eyelid opening, defined as any visible break in the
membrane covering the eye, was recorded in pups aged P12–P16.
A fixed score of 0, 1 or 2, according to the number of eyelids
opened per animal was assigned.

Righting Reflex
Every 2 days between P2 and P6, each pup was placed on its back
on a flat, hard surface and kept immobile for 5 s. The pup was

then released and the time taken to return to the upright position
was recorded. Animals unable to perform the righting after 1 min
were assigned a score of 60 s.

Acoustic Startle Reflex
Pups aged P10–P14 were examined daily to determine the day of
reflex acquisition. A cell counter was used to generate an auditive
stimulus and the presence (score: 1) or absence (score: 0) of a
startle response was recorded.

Ultrasonic Vocalisations Communication
At P6, individual pups were placed on a cotton-padded dish
into a thermo-controlled (26◦C) soundproof chamber. USV
were recorded for 5 min using the UltraSoundGate Condenser
Microphone and 116 USB Audio device (Avisoft Bioacoustics), as
described (Scattoni et al., 2009; Ferhat et al., 2016). Sonograms
were analyzed with the Avisoft-SASLab Pro software (version
5.2.12, Avisoft Bioacoustics, Glienicke, Germany) using a 25 kHz
cut-off frequency and a 5–10 ms element separation, as described
in Ferhat et al. (2016). Automatedly identified USV identified
using an automated process embedded in Avisoft-SASLab Pro
software were then manually curated and the number and
duration of each USV was extracted. We verified that there
was no significant change in body temperature before and
after USV recording using a thermosensor placed at the
nape of the neck.

Olfactory Orientation
Each pup was separated from its litter and placed into the center
of a rectangular-shaped transparent plastic box divided into three
zones: the “maternal” zone on one side, the central zone and
the “clean” zone on the opposite side from the maternal zone.
The maternal zone contained freshly sampled maternal bedding,
while the clean zone contained clean bedding. A Plexiglas odor
separator was placed above the central zone to prevent the
maternal smell from permeating. The movement of the pup was
video-recorded over a period of 10 min. The ANY-maze video
tracking software (reference) was used to determine: the latency
to the first entry in the maternal bedding zone and the time spent
in each of the three zones.

Exploratory Behavior
At P13, each pup was individually placed into a rectangular-
shaped transparent plastic box. The movement of the pup was
recorded over a period of 10 min and the videos were analyzed
using the ANY-maze videotracking software to determine
the total distance traveled and the time spent mobile. The
exploratory index was then computed by dividing the distance
by the time mobile.

Collection of Samples
Pups were sacrificed by decapitation at age P5 in the pilot
cohort used to determine the optimal TNF dose (Figure 1) and
one other independent cohort injected with TNF (20 µg/Kg)
or vehicle used to determine cytokine levels in serum and
brain at P5 (Figure 2A). The three cohorts injected with TNF
(20 µg/Kg) or vehicle, that were subjected to behavioral testing
(Figures 2B, 3, 4), were sacrificed at P16 by a lethal injection
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of anaesthetic. The blood was collected either from the trunk
at the moment of decapitation (at P5), or by cardiac puncture
(at P16) into clean 1.5 ml Eppendorf tubes and allowed to clot
for 1 h at room temperature (RT). Blood was then centrifuged
(10,000 × g, 4◦C, 20 min) and serum was transferred to clean
0.5 ml Eppendorf tubes, immediately frozen in liquid nitrogen
and stored at −80◦C until further analysis. Whole brains were
removed from the skull, parted in hemibrains, immediately
snapped-frozen in liquid nitrogen, and stored at −80◦C until
further analysis.

Serum and Brain Cytokine
Measurements
Hemibrain samples were homogenized using a Dounce potter
in a lysis buffer (50 mM Tris pH 7.4, NaCl 150 mM, MgCl2
1.25 mM, Triton 0.5%) containing protease and phosphatase
inhibitors (Pierce, ThermoFisher Scientific, Illkirch, France) and
centrifuged (17,000 × g, 10 min, 4◦C). The protein content
of the resulting supernatant was dosed using the Bradford
method (Biorad, Marnes-la-Coquette, France). Cytokines were
measured in serum samples diluted to 1:4 and in 200 µg of
brain proteins using either the V-PLEX R© Mouse TNF Kit for
TNF single measures or the V-PLEX R© Pro-inflammatory Panel
1 Mouse Kit for multiplex measures (IFN-γ, IL-1β, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-12p70, CXCL1, and TNF), according to the
manufacturer’s instructions (Meso Scale Diagnostics, Rockville,
MD, United States). Briefly, eight serial dilutions of standards and
buffer only (in duplicates) were run together with samples run in
singlicate using the Sector Imager 2,400 plate reader (Meso Scale
Diagnostics, Rockville, MD, United States). Concentrations of
cytokines in each sample were interpolated from standard curves
generated with a five-parameter logistic regression equation in
Discovery Workbench 3.0 software (Meso Scale Diagnostics,
Rockville, MD, United States). IL-2, IL-4, and IL-12p70 were
below the Lower Limit of Detection (LLOD) in the majority of
the samples and were therefore not considered.

Statistics
Univariate Analysis
Data normality was assessed using the Kolmogorov-Smirnov test.
For normal data, the two-tailed unpaired Student’s t-test was
used. If normality was not reached after log-transformation, the
non-parametric Mann-Whitney’s U-test was used. For multiple
group comparisons, a two-way analysis of variance (ANOVA)
with post-hoc Sidak’s correction for multiple comparisons was
used. Statistical significance was set at p-value (p) lower than 0.05.
All univariate analysis was performed using GraphPad Prism
version 6.00 for Windows (Graphpad Software, San Diego, CA,
United States). Details regarding statistical analyses outcomes are
reported in Supplementary Table 1.

Multivariable Analysis of Developmental and
Behavioral Outcomes
To account for correlations between repeated measures on the
same individual, and random effects due to the cohort and
developmental time of measurement, we used the generalized
estimating equations (GEE) approach to model each outcome,

considering treatment, cohort and time as covariates (Burton
et al., 1998; Aktas Samur et al., 2014). GEE can be considered
as an extension of generalized linear models (GLM) applied
to longitudinal data (Burton et al., 1998). Instead of modeling
the within-individual covariance structure, GEE models the
average response, thereby estimating the changes in average
response for every one-unit increase in a covariate across the
population. Of note, the GEE allows to capture global effects of
the variables (treatment, time, cohort) on the outcomes of interest
(developmental milestones, reflex acquisition or behavior), and
does not allow to determine effects at defined time points. The R
Package geepack was used to implement GEE (Højsgaard et al.,
2006). GEE outcomes are reported in Supplementary Table 1.

RESULTS

Perinatal Tumor Necrosis Factor
Injections Yield Increased Serum and
Brain Levels of Tumor Necrosis Factor at
P5
To determine the optimal dose of TNF to use in the study, we
performed a pilot experiment in which mouse pups were injected
with TNF doses ranging from 0.25 to 20 µg/Kg (Figure 1A).
Even when injected with the highest TNF dose, all pups survived
and there was no overt visual sign of inflammation (redness,
swelling) on the injected flank. There was no significant effect
of TNF treatment on body weight in all groups, suggesting that
TNF treatment did not impair growth (Figure 1B). Compared
to saline-injected mice, pups injected with low doses of TNF
(0.25, 1 µg/Kg) did not exhibit changes in circulating levels of
TNF at P5. For pups injected with higher doses, 5 and 20 µg/Kg,
there was a dose-dependent increase in serum TNF levels at P5,
respectively (Figure 1C). Based on these results, the highest dose
of TNF (20 µg/Kg) was used in further experiments.

Perinatal Tumor Necrosis Factor
Injections in Pups Induce Changes in
Cytokine Levels in Serum and Brain
At P5, pups injected with TNF (20 µg/Kg) exhibited increased
serum levels of TNF, IL-1β, IL-6, IL-10, and CXCL1, as compared
to vehicle-injected pups, while IL-5 and IFN-g levels were not
impacted (Figure 2A). This was accompanied by an increase
of TNF and IL-1β levels in the brain of TNF-injected pups,
compared to vehicle-injected pups, while IL-6, IL-10, CXCL1,
IL-5, and IFN-g levels were not impacted (Figure 2B).

At P16, vehicle- and TNF-injected pups exhibited similar
levels of TNF, IL-1β, IL-6, CXCL1, IL-5, and IFN-γ in both
serum and brain samples (Figures 2C,D). In contrast, there was a
twofold increase in the brain levels of IL-10 in TNF-injected pups,
as compared to vehicle-injected pups, while serum IL-10 was not
impacted (Figures 2C,D).

These results suggest that perinatal injections of TNF from
P1 to P5 induce an immediate acute systemic inflammation,
that spreads to the brain. However, by P16, inflammation
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FIGURE 1 | Tumor necrosis factor (TNF) perinatal injections in pups yield a dose-dependent increase in serum TNF concentrations. Timeline: OF-1 newborn pups
were injected intraperitoneally with four different doses of TNF (0.25, 1, 5, and 20 µg/kg) or PBS (Vehicle, Veh) from P1 to P5 and serum TNF levels were measured
at P5 (A). Body weight of pups at P2 and P4; n = 6 Veh, n = 6 TNF; 2-way ANOVA: p(Treatment) = 0.4368, p(Postnatal age) < 0.0001, p(Interaction) = 0.0002 (B).
TNF serum levels at P5; data are presented as means ± SEM; n = 6 Veh, n = 6 TNF; Kruskal-Wallis test: p(Treatment) = 0.0001; Dunn’s post–hoc test for treatment
effect: *p < 0.05, **p < 0.01, ***p < 0.001 (C). Only statistically significant differences are presented.

has resumed and only the anti-inflammatory cytokine IL-10
appears overexpressed.

Tumor Necrosis Factor-Injected Pups
Exhibit a Precocious Acquisition of
Sensorimotor Reflexes
To monitor the behavioral consequences of perinatal systemic
inflammation induced by TNF treatment, pups injected with
TNF (20 µg/Kg) or vehicle from P1 to P5 were subjected
to a battery of tests (Figure 3A). There were significant

effects of time and cohort on BM, but no significant effect of
TNF treatment (Figures 3B,C), suggesting that TNF did not
impact general growth. Furthermore, TNF treatment did not
impact the acquisition of developmental milestones: ambulation
abilities progression (Figure 3D,E), or kinetics for ear eversion
(Figures 3F,G) or eyelid opening (Figures 3H,I), while there were
significant effects of time and cohort variables. This suggested
that TNF did not induce gross developmental changes.

However, TNF treatment had a significant effect on the
acquisition of early reflexes over time (Figures 3J–M). Both
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FIGURE 2 | Serum and brain cytokine levels in tumor necrosis factor (TNF)-injected pups at P5 and P16. Serum cytokine levels at P5: n = 16 Vehicle (Veh), n = 16
TNF (20 mg/Kg) (A). Brain cytokine levels at P5: n = 11 Veh, n = 11 TNF (B). Serum cytokine levels at P16: for TNF, n = 30 Veh, n = 31 TNF. For IL-1β, IL-6, IL-10,
IFN-γ, IL-5, and CXCL1, n = 20 Veh, n = 21 TNF (C). Brain cytokine levels at P16: n = 11 Veh, n = 12 TNF (20 mg/Kg) (D). For panels (A–D), data are presented as
means ± SEM. Mann-Whitney’s U-tests: *p < 0.05, **p < 0.01, and ****p < 0.0001. Only statistically significant differences are presented.

the righting reflex (Figures 3J,K) and the acoustic startle reflex
(Figures 3L,M) occurred at earlier stages in TNF-injected pups
compared to control animals. At P2, TNF-injected pups took
almost half the time to resume a normal body position than
control pups (Figure 3J). By P14, all the TNF-injected mice had
acquired the acoustic startle reflex, while only 50% of the control
pups had acquired it (Figure 3L).

Tumor Necrosis Factor-Injected Pups
Exhibit Increased Locomotor Activity
and Exploratory Behavior
We further studied the impact of perinatal TNF treatment
(Figure 4A) on communication abilities by measuring USV
emissions upon a short maternal separation. TNF-treated
pups emitted a similar number of vocalizations than vehicle-
injected mice (Figure 4B). Moreover, there was no difference
in the loss of body temperature between TNF treatment and
control during the USV test (Figure 4C) suggesting that TNF
did not induce thermoregulation issues which could interfere
with USV measures.

In the olfactory orientation test, TNF- and vehicle-injected
pups performed equally well as measured by the latency to first

reach maternal bedding (Figure 4D) and the equal time spent
in the three zones of the set-up (Figure 4E). This indicated that
sensorimotor processing was similar in both groups for this task.

Regarding locomotor activity, TNF-injected pups spent more
time mobile (Figures 4F,G) and traveled longer distances
(Figure 4H) than vehicle-injected pups, but there was no
effect of time or cohort variables on these parameters. This
suggests that TNF increased locomotor activity in pups. Given
that by P12 both TNF-injected and control pups had acquired
a mature walking pattern (Figures 3D,E), it may reflect an
increased exploratory activity in TNF-injected pups, as shown
by an increased exploratory index as compared to control
pups (Figure 4I).

DISCUSSION

Tumor Necrosis Factor Perinatal
Injections in the Periphery Trigger
Transient Changes in Peripheral and
Brain Cytokine Levels
Our study is based on gain-of-function experiments in which
mouse pups are injected intraperitoneally with recombinant
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FIGURE 3 | Tumor necrosis factor (TNF) impacts reflex acquisitions in pups but not overall growth and developmental milestones. Timeline of the experiment (A). P1
to P16 body mass (BM) of pups injected with TNF (20 mg/Kg) or vehicle, presented as means ± SEM, note overlapping curves and reduced SEM (B). GEE
estimates, 95% CI and p-values associated with the effects of treatment, time and cohort on BM: p(Treatment) = 0.2183, p(Time) < 0.0001, p(Cohort) < 0.0001 (C).
Ambulation abilities scored from 0 to 3 in pups aged P6–P12, presented as means ± SEM, note overlapping curves and reduced SEM (D). GEE estimates, 95% CI
and p-values associated with the effects of treatment, time and cohort on ambulation abilities: p(Treatment) = 0.5604, p(Time) < 0.0001, and p(Cohort) = 0.0216 (E).
Ear development of pups aged P3–P5: a score of 0, 1 or 2 was set according to the number of ears everted/animal, presented as means ± SEM (F). GEE estimates,
95% CI and p-values associated with the effects of treatment, time and cohort on ear development: p(Treatment) = 0.729, p(Time) < 0.0001, p(Cohort) < 0.0001
(G). Eye opening of pups aged P12–P16: score of 0, 1 or 2 was set according to the number of eyes opened/animal, presented as means ± SEM (H). GEE
estimates, 95% CI and p-values associated with the effects of treatment, time and cohort on eye opening: p(Treatment) = 0.212, p(Time) < 0.0001,
p(Cohort) < 0.0001 (I). Righting reflex latency to turn of pups aged P2–P8, presented as means ± SEM (J). GEE estimates, 95% CI and p-values associated with
the effects of treatment, time and cohort on righting reflex acquisition: p(Treatment) = 0.0308, p(Time) < 0.0001, p(Cohort) = 0.840 (K). Acoustic startle reflex of
pups aged P10–P14: a score of either 0 or 1, where 1 is given to pups with startle and 0, to pups without startle, presented as means ± SEM (L). GEE estimates,
95% CI and p-values associated with the effects of treatment, time and cohort on the acoustic startle acquisition: p(Treatment) = 0.0332, p(Time) < 0.0001,
p(Cohort) = 0.0101 (M). n = 29–30 PBS, n = 29–32 TNF depending on the test. *p < 0.05, ****p < 0.0001. Only statistically significant differences are presented.

TNF daily from P1 to P5. We show that this yielded a
robust increase in serum TNF levels at P5. Concomitantly,
we observed an increase in the serum levels of the pro-
inflammatory cytokines IL-1β and IL-6, the chemokine CXCL1,
and the anti-inflammatory cytokine IL-10. This suggests that

exogenous TNF injected peripherally triggers the secretion of
other peripheral cytokines.

The effects of TNF injections appear more selective in the
brain. Indeed, we show that, at P5, TNF-injected pups exhibit
increased brain levels of both TNF and IL- 1β, while other
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FIGURE 4 | Tumor necrosis factor (TNF) increases locomotor activity and exploratory behavior in pups, but has no impact on USV communication, body temperature
regulation and olfactory orientation. Timeline (A). USV call rates at P6 in pups injected with TNF (20 mg/Kg) or vehicle, presented as means ± SEM, Mann-Whitney’s
U-test: p > 0.05 (B). Change in pup body temperature during USV recording, presented as means ± SEM, Mann-Whitney’s U-test: p > 0.05 (C). Olfactory
orientation at P9: latency to the first entry in the maternal bedding zone, presented as means ± SEM, Mann-Whitney’s U-test: p > 0.05 (D); time spent in maternal
bedding zone, center zone and clean bedding zone, presented as means ± SEM, 2-way ANOVA: p(Treatment) = 0.9602, p(Time) < 0.0001, p(Interaction) = 0.7046
(E). Exploratory behavior at P13: time spent mobile in pups aged P13, by 2-min time segments, presented as means ± SEM (F). GEE estimates, 95% CI and
p-values associated with the effects of treatment, time and cohort on time spent mobile: p(Treatment) = 0.0014, p(Time) = 0.1632, p(Cohort) = 0.6345 (G). Total
distance traveled, presented as means ± SEM, Mann-Whitney’s U-test: p(Treatment) = 0.0157 (H). Exploratory index, presented as means ± SEM, Mann-Whitney’s
U-test: p(Treatment) = 0.0266 (I). n = 29–30 Veh, n = 29–32 TNF depending on the test; *p < 0.05, **p < 0.01. Only statistically significant differences are presented.

cytokines are unimpacted. Since it was demonstrated in 3-days
old rat pups that radiolabeled soluble TNF injected peripherally
crossed the BBB using a saturable transport system (Gutierrez
et al., 1993), it is likely that at least a fraction of the recombinant
TNF that we injected peripherally crossed the BBB, contributing
to the twofold increase in TNF brain levels. Even though
peripheral IL-1β is also able to cross the BBB (Banks et al.,
1991), it is more likely that the increase in brain IL-1β levels
is due to a local brain production, possibly via microglia, as
the magnitude of IL-1β increase in the brain (threefold) is
higher than in serum (1.27-fold). Upon TNF injections, the lack
of elevation of other cytokines in the brain at P5 (including
pro-inflammatory cytokines) suggests that their transfer from
the periphery to the brain or their local production in the
brain relies on distinct regulatory processes, independently
of TNF or IL-1β.

The increases in pro-inflammatory cytokine levels are
transient, as, by P16, the levels of all these cytokines have returned

to control levels in brain or serum. By P16, the only cytokine
exhibiting higher levels is the anti-inflammatory cytokine IL-10.
It is possible that IL-10 elevation is consecutive to the transient
increase in pro-inflammatory cytokines TNF and IL-1β in the
brain at P5. Indeed, IL-10 is a potent anti-inflammatory cytokine
secreted to resume inflammation notably by inhibiting TNF
and IL-1β expression by activated immune cells and microglia
(Saraiva et al., 2020).

Of note, classically activated M1-polarized microglia secretes
high levels of the pro-inflammatory cytokines TNF and IL-1β

in response to brain insults (Amici et al., 2017). In contrast,
M2-polarized microglia promotes tissue repair via release of
anti-inflammatory cytokines such as IL-10 and low levels of pro-
inflammatory cytokines (Amici et al., 2017). We can envision
that at P5, repeated TNF injections have skewed microglia
toward the M1 state and that by P16, when TNF and IL-1β are
no longer elevated, the microglia has transitioned to the M2
phenotype and secretes IL-10. This could explain why IL-10 is
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the only cytokine remaining elevated in the brain of TNF-injected
animals at this stage.

Tumor necrosis factor brain levels are constitutively low
and TNF homeostatic function should be studied in conditions
of modest increase (3–5-fold) (Heir and Stellwagen, 2020), in
contrast to the massive increase in peripheral cytokines levels
observed upon systemic inflammation resulting from immune
activation obtained for example after LPS or poly(I:C) challenge.
We therefore consider that our model is suitable to study
the impact of transient systemic and central increases in TNF
during early postnatal neurodevelopment, as recently pointed
(Heir and Stellwagen, 2020).

Previous studies have shown that sTNF triggers TNFR1
signaling transduction pathway and that all cells of the brain
parenchyma, including neurons, astrocytes, oligodendrocytes
and microglia, as well as epithelial cells of the BBB express TNFR1
(Probert, 2015; Holbrook et al., 2019). Therefore, the effects of
TNF injection on the acquisition of sensorimotor reflexes and
exploratory behavior may be explained by a direct effect of TNF
on several cell types via TNFR1. Also, IL-1β is increased in the
brain at P5 in TNF-injected pups. Since IL-1β receptor IL1R1 is
expressed in endothelial cells, neurons and at very low levels in
astrocytes (Liu et al., 2019), it is possible that the effects on TNF
injection are partly mediated by increased signaling via IL-1b.

Tumor Necrosis Factor Impacts Reflex
Acquisition Trajectories, Locomotor
Activity, and Exploratory Behavior in
Mouse Pups
Tumor necrosis factor-injected pups exhibit a precocious
acquisition of reflexes as well as increased locomotor activity
and exploratory behavior. General growth as well as other
behaviors such as USV communication or olfactory orientation
were not impacted, suggesting a selective impact of TNF during
neurodevelopment. Previous studies have shown that TNF
mediates homeostatic synaptic plasticity (Heir and Stellwagen,
2020). The impact of TNF we observe on sensorimotor reflexes
and exploratory behavior could be mediated by this form
of plasticity, acknowledged as critical for the developmental
plasticity of sensory systems (Heir and Stellwagen, 2020).

The righting reflex rectifies the orientation of the pup when
it is placed supine on its back. In early developmental stages, the
reflex essentially relies on somatosensory inputs (tactile stimuli
on the body and head), and does not involve visual inputs since
eyelids are not opened or vestibular inputs, as the vestibular
system is not mature yet at P2 (Jamon, 2014). The cerebellum
is a key region for integrating somatosensory inputs and correct
posture via motor neurons of the spinal cord which control
muscular movements to right the body (Manzoni, 2007). It
may be envisioned that TNF-injected pups may have undergone
an earlier development of the cerebellar or spinal neurons
coordinating the righting reflex at early stages. TNF was shown to
enhance the intrinsic excitability of cerebellar Purkinje cells in the
juvenile rat cerebellum (Kuno et al., 2018). This could contribute
to earlier acquisition of the righting reflex by a better integration
of proprio-tactile cues and a quicker coordination of movement.

Later in development it could increase locomotor activity and
exploratory behavior, as we have shown in TNF-injected pups.

The startle response is an unconscious defensive response to a
sudden stimulus, in our case acoustic. In mouse pups, the startle
reflex yields a sudden extension of the head and fore and hind
limbs which are then withdrawn to reach a crouched position.
The neural pathway involved is well described and involves first a
synapse from the auditory nerve fibers in the ear to the cochlear
root neurons (CRN), the first acoustic neurons of the central
nervous system (Davis, 1984). The CRN axons then synapse on
neurons in the nucleus reticularis pontis caudalis (PnC), located
in the pons of the brainstem. Finally, the PnC axons synapse
to spinal motor neurons to induce the startle (Davis, 1984).
It is possible that TNF-injected pups have developed earlier
axonal projections of CRNs or PnC neurons, causing the reflex
to occur earlier.

At P13, pups have hardly opened their eyelids and spatial
information processing is still immature (Ricceri et al., 2000).
At this stage, pups mostly rely on sensory inputs from palpation
with their whiskers for guidance of exploratory motor behavior
(Arakawa and Erzurumlu, 2015). In the juvenile male rat, TNF
increases the intrinsic excitability of cerebellar Purkinje cells
(Shim et al., 2018). Furthermore, a recent study has demonstrated
that whisker reflex adaptation was facilitated by potentiation of
cerebellar Purkinje cells (Romano et al., 2018). It is possible
that perinatal injection of TNF could modify the course of
development of Purkinje cells, contributing to increase palpation
whisking-driven exploratory behavior at this stage.

Whether the changes we observed reveal a beneficial or
negative neurodevelopmental impact of TNF remains to be
determined. On one hand, a precocious acquisition of reflexes
and increase in exploratory behavior may reflect developmental
precocity and could confer selective advantages to TNF-injected
pups. On the other hand, faster reflex acquisition can reflect an
inappropriate neurodevelopmental timing which translate into
hyperactivity in TNF-injected pups. On the whole, our data
support the notion that the pro-inflammatory cytokine TNF
selectively impacts neurodevelopmental trajectories.

Comparison With Other Models of
Perinatal Inflammation
Several studies have monitored the impact of perinatal
inflammation on neurodevelopment and behavior, however,
most of them have focused on behavioral outcomes in adulthood.
One previous study reported that perinatal treatment with
the pro-inflammatory cytokine IL-1β, twice daily from P1
to P5 (at 10 µg/Kg), increased circulating levels of IL-1β

and TNF-α (Favrais et al., 2011). This was accompanied
by neuroinflammation, white matter lesions, and impaired
oligodendrocytes maturation (Favrais et al., 2011). Adult mice
injected perinatally with IL-1β also exhibited cognitive deficits in
the novel object recognition task, but no defects in exploratory
behavior by P30 (Favrais et al., 2011). However, the impact
of IL-1β injection on behavior was not studied during the
first two postnatal weeks of life, impeding further comparison
with our results obtained after TNF injection. Another study
showed that repeated perinatal injections of IL-1β, IL-6, IL-9,
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and TNF (twice a day at 20 µg/Kg) sensitized the brain to
further excitotoxic brain lesions at P5 (Dommergues et al., 2003).
However, the impact on early behavior was not assessed. Finally,
early postnatal behavioral changes were reported in the maternal
immune activation (MIA) model. Pups exposed in utero to
MIA exhibit USV communication deficits and hypoactivity,
and elevated TNF levels in serum at P16 (Paraschivescu et al.,
2020). Hence, there is no overlap with the behavioral changes we
observe in TNF-injected pups, hindering further comparison of
our data with this inflammatory model.

Methodological and Statistical Choices
for Behavioral Data Collection and
Analyses
Genetic, environmental factors, maternal effect and litter effects
are acknowledged confounding variables in developmental
and behavioral studies. We accounted for environmental and
maternal effects by adapting our experimental procedures,
notably by pooling pups of different litters to form new litters
and including TNF- and vehicle-treated pups in the same litters.
Our experimental model is the OF1 outbred stock obtained from
“a closed population of genetically variable animals that is bred
to maintain maximum heterozygosity” as defined in Chia et al.
(2005). Although outbred stocks present the advantage to mimic
more closely human populations, outbred stocks bear recessive
mutations that may affect experimental results and lower
treatment effect size. This genetic variation may affect behavioral
responses, since a stock may contain a mixture of homozygous,
heterozygous and wildtype pups (Chia et al., 2005). The fact that
we randomized pups from P1 to form new litters minimizes the
possible confounding effect of genetics in our model.

To account for the effect of variables (e.g., developmental
time, cohort) which we could not experimentally control, but
which, besides TNF treatment, could impact developmental
and behavioral outcomes, we used the Generalized Estimating
Equations (GEE) model. This modeling strategy is particularly
adapted to the study of outcomes measured repeatedly over time
on the same individuals and subjected to confounding effects. In
place of more classical regression methods which estimate the
effect of changing one or more covariates on a given individual,
GEE focuses on estimating “population-averaged” effects (Burton
et al., 1998; Aktas Samur et al., 2014). GEE can be considered
as an extension of generalized linear models (GLM) applied
to longitudinal data (Burton et al., 1998; Aktas Samur et al.,
2014). Also, compared to mixed-effects models, GEE appears
generally better suited to analyse outcomes measured over time
in animal studies (Hubbard et al., 2010). Hence, this approach is
robust to model misspecifications and small sample size, which
is generally the norm in animal studies (Hubbard et al., 2010).
Our study underlines the potential of GEE approaches to model
the effect of variables on developmental and behavioral outcomes
in animal studies.

Limitations of the Study
First, our study is restricted to males. A large body of
evidence suggests that males are more at risk than females

for neurodevelopmental disorders (Davis and Pfaff, 2014).
Likewise, several pre-clinical studies in rodents have shown
a sexual dimorphism in neurodevelopmental mechanisms and
in sensitivity to developmental brain insults (DiPietro and
Voegtline, 2017). Therefore, it remains to be determined whether
TNF has similar impact in female pups. Second, pups were
separated daily from the mother for testing. This stress could
have contributed to exacerbating the effects of the TNF treatment.
Of note, vehicle-injected animals were manipulated identically
to TNF-injected animals and therefore subjected to the same
stress. Third, future work should address whether TNF perinatal
injection induced long-lasting behavioral changes beyond P14,
and notably in adult animals. Fourth, our study relies on pups
from OF1 outbred stock. The possibility to generalize our data
to inbred mouse strains such as C57Bl/6J should be explored in
follow-up studies.

CONCLUSION

Our study revealed the selective early life impact of perinatal
TNF on reflex acquisition, as well as locomotor activity. This
suggests that TNF can modulate early developmental trajectories
and complement previous behavioral studies performed in adult
animals. Future work is required to understand the astrocytic,
microglial or neuronal pathways underlying the effects of
TNF on early development, and whether they converge on
neurodevelopmental pathways generally impacted by ELS.
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