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Abstract
Effects of environmental factors may be transmitted to the following generation, and 
cause neuropsychiatric disorders including depression, anxiety, and posttraumatic 
stress disorder in the offspring. Enhanced synaptic plasticity induced by environ-
mental enrichment may be also transmitted. We here test the hypothesis that the 
effects of brain injury in pregnant animals may produce neurological deficits in the 
offspring. Unilateral brain injury (UBI) by ablation of the hindlimb sensorimotor 
cortex in pregnant rats resulted in the development of hindlimb postural asymme-
try (HL- PA), and impairment of balance and coordination in beam walking test in 
the offspring. The offspring of rats with the left UBI exhibited HL- PA before and 
after spinal cord transection with the contralesional (i.e., right) hindlimb flexion. 
The right UBI caused the offspring to develop HL- PA that however was cryptic 
and not- lateralized; it was evident only after spinalization, and was characterized 
by similar occurrence of the ipsi-  and contralesional hindlimb flexion. The HL- PA 
persisted after spinalization suggesting that the asymmetry was encoded in lumbar 
spinal neurocircuits that control hindlimb muscles. Balance and coordination were 
affected by the right UBI but not the left UBI. Thus, the effects of a unilateral brain 
lesion in pregnant animals may be intergenerationally transmitted, and this process 
may depend on the side of brain injury. The results suggest the existence of left- right 
side- specific mechanisms that mediate transmission of the lateralized effects of brain 
trauma from mother to fetus.
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1 |  INTRODUCTION

The developing nervous system is vulnerable to environ-
mental perturbations affecting pregnant females. Effects 
of environmental factors may be transmitted to the next 
generation and cause neuropsychiatric disorders includ-
ing depression, anxiety, and posttraumatic stress disorder 
in the offspring (Benito et al., 2018; Klengel et al., 2016; 
Sillivan et  al.,  2020; Skinner,  2016). Intergenerational 
transmission has been demonstrated for aversive stimuli 
including chronic and early life stress, increased anxiety, 
and depressive- like behavior. In humans, depression during 
pregnancy increases the probability to develop depression 
in the offspring (Goodman & Gotlib, 1999), whereas expo-
sure of maternal lineage to adverse life events is associated 
with the development of autism and schizophrenia in the 
next generation (Khashan et al., 2008; Kinney et al., 2008; 
van Os & Selten,  1998). In utero exposure to a maternal 
diet with specific odors resulted in a preference for those 
odors and increased glomeruli volumes in the olfactory 
bulbs that processed these odors in the descendant gener-
ation (Todrank et al., 2011). Prenatal exposure to cocaine 
affected the following generation's behavior toward this 
drug (Klengel et  al.,  2016; Malanga et  al.,  2007; Wang 
et  al.,  2013). Remarkably, enhanced synaptic plasticity 
after environmental enrichment may be intergenerationally 
inherited (Benito et al., 2018).

Traumatic brain injury in pregnancy caused by motor ve-
hicle accidents, intimate partner violence, penetrating injury, 
and falls (Jain et al., 2015; Leach & Zammit, 2020), affects 
up to 8% of all pregnancies (Mendez- Fig ueroa et al., 2013; 
Muench & Canterino,  2007). Maternal stroke occurs in 
around 34 out of every 100,000 deliveries and is responsible 
for around 5%– 12% of all maternal deaths (Liew et al., 2020; 
Sells & Feske, 2017; Swartz et al., 2017). Neurologic infec-
tions during pregnancy represent a significant cause of ma-
ternal and fetal morbidity and mortality (Curcio et al., 2020). 
Traumatic brain injury, stroke, and neurologic infections in 
pregnant females may produce neurological deficits in the 
offspring and increase the susceptibility of the premature 
brain to damage through mechanism of intergenerational 
transmission.

Animal studies demonstrate that a unilateral lesion to the 
sensorimotor cortex causes asymmetric hindlimb posture 
with contralateral hindlimb flexion (Lukoyanov et al., 2020; 
Watanabe et al., 2020; Zhang et al., 2020), impaired contrale-
sional hindlimb function in the beam walking test (Lukoyanov 
et  al.,  2020), and asymmetric activation of hindlimb noci-
ceptive withdrawal reflexes recorded with EMG technique 
(Zhang et al., 2020). The postural asymmetry induced by the 
focal cortical injury was abolished by pancuronium, a curare- 
mimetic muscle relaxant suggesting a neural mechanism de-
pendent on efferent drive. The changes in posture and reflexes 

induced by brain injury persisted after complete spinal cord 
transection suggesting that they were encoded in spinal neu-
rocircuits and thus represented a form of “pathological spinal 
memory” (Chamberlain et al., 1963; Watanabe et al., 2020; 
Zhang et al., 2020). The HL- PA phenomenon in rats recapit-
ulates several pathophysiological features of the human upper 
motor neuron syndrome including the “hemiplegic posture” 
with the contralesional deficits and exaggerated asymmetric 
withdrawal reflexes.

In this study, we test the hypothesis that brain injury to 
pregnant animals may produce neurological deficits in the 
offspring. We analyzed HL- PA as a reproducible and quanti-
fiable output of sensorimotor and postural impairments that 
also allowed to reveal signs of “pathological spinal memory.” 
A translational value of the HL- PA model is supported by 
the findings that the same phenomenon is induced by the 
controlled cortical impact, a clinically relevant focal unilat-
eral traumatic brain injury (Watanabe et  al.,  2020). In this 
study, pregnant rats were exposed to the focal unilateral 
brain injury (UBI) performed by ablation of the sensorim-
otor cortex to avoid complications with pregnancy that may 
be induced by the severe cortical impact injury. The HL- PA 
was also chosen because the mechanism of this phenome-
non has the neuroendocrine component that is mediated by 
the hypothalamic- pituitary system with opioid neurohor-
mones and Arg- vasopressin that control asymmetry forma-
tion (Lukoyanov et  al.,  2020; Watanabe et  al.,  2020), and 
because changes in the neuroendocrine system induced by 
environmental factors may be intergenerationally transmit-
ted (Bhattacharya et al., 2019; Moisiadis et al., 2017; Ramo- 
Fernandez et al., 2019). Development of HL- PA correlated 
with contralesional motor deficits in the beam walking test 
(BWT) (Lukoyanov et  al.,  2020) that assesses imbalance, 
postural instability, and motor discoordination (Glajch 
et al., 2012; Soto- Rojas et al., 2020). Neonatal rats may ex-
hibit asymmetries in tail bending, body posture, and righting 
behavior (Ross et al., 1981). Therefore, these four tests were 
also applied to assess whether the offspring of rats with a 
unilateral brain injury were neurologically impaired and de-
veloped asymmetric behaviors.

2 |  MATERIALS AND METHODS

2.1 | Animals

Female and male Wistar Hannover rats (Charles River 
Laboratories, Spain), weighing 150– 200 g rats were used in 
the study. The animals received food and water ad libitum 
and were kept in a 12- hr day- night cycle at a constant envi-
ronmental temperature of 21°C (humidity: 65%). Approval 
for animal experiments was obtained from the ethical com-
mittee of the Faculty of Medicine of Porto University and 
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Portuguese Direção- Geral de Alimentação e Veterinária (No. 
0421/000/000/2018).

2.2 | Experimental design

In this experiment, we use 18 adult female rats; nine rat 
dams delivered offspring after the brain injury (Figure 1). 
The female rats were habituated to a grid, which allows the 
observation of “plugs,” and to the smell of a male. The later 
was performed by placing the enrichment medium from the 
male cage into the female cage. Females were daily placed 
with males for mating. Twice a day, the “plugs” observa-
tion was performed to confirm the dome and the concep-
tion. After fecundation, females were placed in individual 
cages.

The female rats were subjected to the UBI by ablation on 
either the fifth or fifteenth day of gestation, or sham injury 
on the fifth or fifteenth day of gestation. The parturition, 
generally, occurred 3 weeks after fecundation. On postna-
tal day (PND) 4, the body posture, bending of the tail to 
the left or to the right, and righting behavior in pups were 
examined.

HL- PA was assessed in pups on PND 30 under isoflurane 
anesthesia, and on PND 60 under pentobarbital anesthesia 
before and 0.5, 1, and 3 hr after complete spinal cord transec-
tion at the T2- T3 level. Before analysis of HL- PA, the pups 
were examined in the BWT within PNDs 50– 60.

2.3 | Unilateral brain injury (UBI) and 
sham injury

Pregnant rats were anesthetized with isoflurane (1.5%– 2.0% 
isoflurane in a mixture with 65% nitrous oxide and 35% oxy-
gen), the scalp was incised and opened, a section of cranium 
located 0.5– 4.0 mm posterior to the bregma and 1.8– 3.8 lat-
eral to the midline on the left or right side was removed, and 
the part of the cerebral cortex located below the opening that 
includes the hind- limb representation area of the sensorimo-
tor cortex was aspirated with a metallic pipette (tip diame-
ter 0.5 mm) (for details, see Lukoyanov et al., 2020; Zhang 
et al., 2020). The hindlimb representation area was delineated 
on the basis of the Paxinos and Watson brain atlas (Paxinos 
& Watson,  2013) showing that the stereotaxic coordinates 
did not differ between males and females of comparable body 
weight. For sham injury, animals underwent the same proce-
dures, but the cortex was not ablated.

Localization and size of cortical lesions were described in 
our previous papers (Lukoyanov et al., 2020; Watanabe et al., 
2021; Zhang et al., 2020). Briefly, the lesion sites extended 
3.2– 5.0 mm rostrocaudally and 1.8– 2.8 mm mediolaterally. 
The lesion was 1.0– 1.5 mm in depth and did not affect the 
white matter below the cortex. The actual lesion size in some 
animals was slightly larger than intended (that was around 
3.5 × 2 mm) due to tissue necrosis around the cavity border. 
The lesion volumes were not corrected for tissue shrinkage 
due to the fixation.

2.4 | Behavioral testing of the pups

2.4.1 | Body posture and tail bending

On the day 4 after birth, the mother was removed from her 
pups for approximately 3 min, during which time the pups 
were removed from their cage and placed in an open field 
maintained at 37°C. Testing consists of placing the pups in 
a head- to- tail symmetrical prone posture for 5 s and then al-
lowing them to assume their preferred posture, which may be 
symmetric or an asymmetric one. A score of left or right was 
determined by the position of the tail, its bending to the left 
or right, and body position and bending pattern. Then, the sex 
was determined by the anogenital distance and the rat was 
placed back into its cage. Tail posture was chosen as index 
of lateralization as described elsewhere (Ross et al., 1981).

2.4.2 | Righting behavior

Righting is the rotation of an animal around the longitudi-
nal axis from supine to prone when placed on a solid surface 
(Field et al., 2005). Pups were placed gently on their backs 

F I G U R E  1  Study design. Pregnant Wistar rat dams were housed 
individually and randomized to receive either the left UBI, right 
UBI or sham injury on day 5 or day 15 after fecundation. Pups were 
examined for body posture, tail bending and righting behavior on the 
postnatal day (PND) 4, behavior in BWT between PND 50 and PND 
60, and for formation of hindlimb postural asymmetry on PND 30, and 
PND 60 before and 0.5, 1, and 3 hr after spinal cord transection. The 
number of analyzed rats is shown in Tables 1– 3
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and the axis of rotation (right or left) to return to the prone 
position was recorded. This test explored the integrity of 
motor coordination and vestibular function.

2.5 | Beam- walking test (BWT)

The BWT was employed to test sensorimotor integration (co-
ordination and balance) and executed as described elsewhere 
(Glajch et al., 2012; Soto- Rojas et al., 2020). The rats were 
trained to walk along the beam from its free end to their home 
cage on PND 50 or later (up to PND 60) (4 trials), and tested 
on the next day (4 trials). Each run was video- recorded for of-
fline analysis by an observer who was blind to the treatment 
groups. The number of times the left and the right hindlimbs 
slipped off the beam were registered and averaged across all 
runs of a given session.

2.6 | Analysis of hindlimb 
postural asymmetry

The magnitude of HL- PA (MPA) and the side of the flexed 
limb were assessed as described previously (Bakalkin & 
Kobylyansky, 1989; Lukoyanov et al., 2020; Watanabe et al., 
2021; Zhang et  al.,  2020). Briefly, the measurements were 
performed under isoflurane anesthesia (4.5% isoflurane for 
initiation and 1%– 2% for maintenance in a mixture with 
65% nitrous oxide and 35% oxygen) on PND 30, and under 
pentobarbital anesthesia (60 mg/kg, i.p.) on PND 60 before 
and after the spinal cord transection. The level of anesthesia 
was characterized by a barely perceptible corneal reflex and 
a lack of overall muscle tone. The rat was placed in the prone 
position on the 1- mm grid paper, and the hindlimbs were 
straightened in the hip and knee joints by gently pulling them 
backwards for 5– 10 mm to reach the same level. Then, the 
limbs were set free and the magnitude of postural asymmetry 

was measured in millimeters as the length of the projection 
of the line connecting symmetric hindlimb distal points (dig-
its 2– 4) on the longitudinal axis of the rat (see Figure 1e,f 
in Watanabe et  al.,  2020). The procedure was repeated six 
times in immediate succession. The limb displacing shorter 
projection was considered as flexed. Analysis was validated 
by HL- PA assessment using the hands- off method in a subset 
of rats as described previously (Lukoyanov et al., 2020). For 
this purpose, silk threads were glued to the nails of the middle 
three toes of both hindlimbs, and their other ends were tied 
to hooks attached to the movable platform that was operated 
by a micromanipulator. Positions of the limbs were adjusted 
to the same, symmetric level, and stretching was performed 
for the 1.5 cm distance at the 2 cm/sec speed. Then, the limbs 
were set free and the resulting HL- PA was photographically 
recorded. The procedure was repeated six times in succes-
sion. Two procedures identified HL- PA of virtually the same 
magnitude and direction. Pearson correlation coefficient r 
between the two methods for the asymmetry magnitude was 
0.99 (p = 0.001; n = 20). Furthermore, the postural asym-
metry magnitude strongly correlated with asymmetry in force 
applied to stretch hindlimbs (r = 0.99; p = 0.001; n = 20; ; 
Zhang et al., 2020).

2.7 | Spinal cord transection

Transection procedure was described previously (Lukoyanov 
et al., 2020; Zhang et al., 2020). Briefly, animals were an-
esthetized with sodium pentobarbital, and, after measure-
ment of postural asymmetry a laminectomy at the thoracic 
T2- T3 level was carried out, the spinal cord was completely 
transected using a small bistoury. The completeness of the 
transection was confirmed by (a) inspecting the cord under 
microscope during the operation to ensure that no spared fib-
ers bridged the transection site and that the rostral and cau-
dal stumps of the spinal cord are completely retracted; (b) 

Pregnant dams, ID Surgery
Surgery's 
day

The number of pups 
delivered

Male Female

A Left UBI 5 7 6

B Left UBI 15 10 2

C Left UBI 15 9 2

G Right UBI 15 7 4

J Right UBI 15 4 1

K Left UBI 15 5 3

M Sham 15 0 1

N Left UBI 15 2 5

O Sham 15 5 4

T A B L E  1  The number of pregnant 
dams and pups in litters. Out of 18 pregnant 
rats received brain lesion or sham injury, 
nine dams delivered the offspring
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placing a piece of Spongostan (Medispon®; MDD, Toruń, 
Poland) between the rostral and caudal stumps of the spinal 
cord; and (c) examining the spinal cord after termination of 
the experiment.

2.8 | Statistical analysis

Processing and statistical analysis of HL- PA was performed 
after completion of the experiments by the statistician (D.S.), 
who was not involved in execution of experiments. Therefore, 
the results of intermediate statistical analyses could not affect 
acquisition of experimental data.

Predictors and outcomes were centered and scaled be-
fore Bayesian Multilevel Regression Models were fitted by 
calling Stan 2.21.2 (Carpenter et al., 2017) from R 4.0.3 R 
Core Team using the brms 2.14.4 (Burkner, 2017) interface. 
Models had no intercepts with indexing approach to pre-
dictors (McElreath, 2019). Default priors were provided by 
brms according to Stan recommendations (Gelman,  2019). 
Residual SD and group- level SD were given weakly infor-
mative prior student_t(3, 0, 2.5). Group- level effects were 
given generic informative prior normal(0, 1). Zero inflation 
probability was given flat beta(1,1) prior. Prior distributions 
were visually inspected to cover the range of data. MCMC 
diagnostics were performed according to Stan manual.

2.8.1 | Beam walking test

The number of slips (errors) for a given hindlimb during 
beam walking test (BWT) was modeled using zero- inflated 
Poisson with log link function. Two- way interaction between 
the factor of interest treatment (Sham versus left UBI at day 
5 versus left UBI at day 15 versus right UBI at day 15) and 
confounder sex were modeled. The litter and rat ID were 
taken as nested random effects, and run number (3 techni-
cal replicates for left and 3 for right hind limb) was taken as 
independent random effect.

2.8.2 | Postural asymmetry

To reduce the influence of outliers, magnitude of postural 
asymmetry (MPA) was modeled using Student's t response 
distribution with identity link function. The probability 
pContra (pLeft) to develop contralateral (left) flexion was 
modeled with Bernoulli response distribution and logit link 
function. Three- way interaction between the factor of inter-
est surgery (Sham versus left UBI versus right UBI), factor 
measurement time and confounder sex were modeled. The 
day of gestation was another fixed effects confounder. After 
multiple testing correction, the effects of confounders sex and 

day of gestation were not significant. The litter and rat ID 
were taken as nested random effects, and assay (6 technical 
replicates) was taken as independent random effect.

Medians of the posterior distribution and 95% highest 
posterior density continuous intervals (HPDCI) were plotted 
by tidybayes 2.3.1 (Kay, 2020). The contrast between groups 
was defined as significant if both 95% HPDCI did not include 
zero.

3 |  RESULTS

Pregnant rats were subjected to the UBI by ablation of the 
hindlimb sensorimotor cortex or sham injury on either the 
fifth or fifteenth day of gestation (Figure 1; Table 1). Out of 
18 pregnant rats received brain injury, nine dams delivered 
the offspring. On postnatal day (PND) 4, the body posture, 
bending of the tail to the left or to the right, and righting be-
havior in pups were examined. HL- PA was assessed in pups 
on PND 30, and PND 60 before and 0.5, 1, and 3 hr after 
complete spinal cord transection. The pups were examined 
in the BWT between PNDs 50 and 60. Previous experimen-
tal and clinical studies demonstrate that the effects of the 
left and right side brain injury, stroke and traumatic brain 
injury on the sensorimotor functions substantially differ 
(Fernandes et al., 2018; Knebel et al., 2018; Robinson, 1979; 
Sainburg, 2014; Spinazzola et al., 2003; Stancher et al., 2018; 
Zhang et al., 2020). Thereby, in this study we compared the 
effects of UBI versus sham injury, as well as the effects of the 
left UBI versus right UBI.

3.1 | Analysis of the body and behavioral 
asymmetries in the neonatal rats on PND 4

Previous studies observed neonatal asymmetries in tail po-
sition rats of both sexes (Ross et  al.,  1981). The offspring 
of rats with the UBI and sham injury did not differ in three 
behavioral assays that evaluated body posture, tail bending, 
and righting behavior when all pups, or male and female sub-
groups separately were analyzed on PND 4 (data not shown).

3.2 | Effects of maternal UBI 
on the offspring performance in the BWT

The effects of UBI in pregnancy on balance and coordination 
of the offspring were assessed in the BWT (Figure 2; Table 2 
and Table S1). The dams were subjected to the left UBI on 
Day 5, or to the left UBI, right UBI or sham on day 15 after 
fecundation. The number of offspring analyzed is shown in 
Table  2. The number of errors (slips) of the left and right 
hindlimb was compared between the offspring of rats with 
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the left UBI, right UBI, and sham injury, and differences be-
tween the groups were assessed using Bayesian regression. 
The number of errors for both hindlimbs exhibited by the off-
spring of rats received either the sham injury, the left UBI on 
day 5 of pregnancy, or the left UBI on day 15 of pregnancy 
was similar, but it was significantly elevated in the offspring 
of rats received the right UBI on day 15 after fecundation 
(Figure 2; Table S1). The male and female progenies did not 
differ, and were analyzed together with sex as covariate. The 
contra and ipsilesional hindlimbs displayed approximately 
the same number of errors. The progenies of rats received 
right UBI on day 15 of pregnancy, differed from those of the 
sham injury rats and rats received left UBI on day 5 or day 15 

of pregnancy (Figure 2b; Table S1). Analysis of the male and 
female subgroups performed separately also revealed differ-
ence between the male offspring of rats received right UBI on 
day 15 of pregnancy and the sham injury group (Table S1). 
Thus, the effects of the right UBI were intergenerationally 
transmitted to the offspring resulting in deficits in balance 
and coordination, while the left UBI did not produce notice-
able effects.

3.3 | Effects of maternal UBI on HL- PA 
in the offspring

Previous studies demonstrated that both the left and right UBI 
induced HL- PA with flexion of the contralateral hindlimb 
that was evident under either pentobarbital or isoflurane anes-
thesia, and that asymmetric posture persisted after complete 
spinal cord transection (Lukoyanov et  al.,  2020; Watanabe 
et al., 2021; Watanabe et al., 2020; Zhang et al., 2020). In this 
study, we examine whether the UBI in pregnant rats leads to 
HL- PA in the offspring, whether HL- PA persists after spi-
nal cord transection, and whether the contralesional hindlimb 
is flexed. The HL- PA was analyzed in the offspring under 
isoflurane anesthesia on PND 30, and under pentobarbital 
anesthesia on PND 60 before and 0.5, 1, and 3 hr after com-
plete spinal cord transection at the T2- T3 level (Figures 3 and 
4; Table 3 and Tables S2– S5). Differences between animal 
groups in the asymmetry magnitude (MPA) and the prob-
ability to develop a contralesional flexion were assessed by 
Bayesian statistics for all animals (Tables S2 and S4), as well 
as for male and female subgroups separately (Tables S3 and 
S5). The day of brain injury and sex were included as covari-
ates in statistical models.

The offspring of rats with the left or right UBI devel-
oped HL- PA that was evident before and/or after spinal cord 
transection (Figure 3a). The male and female progenies did 
not differ, and were analyzed together. HL- PA was not ob-
served in the offspring of sham- injured rats. Only the “left 
UBI” offspring displayed HL- PA before spinalization. The 
MPA was similar in the offspring of the “left UBI” and “right 
UBI” groups after spinal cord transection. The MPA in the 
“left UBI” offspring analyzed before and after spinalization, 
and in the “right UBI” offspring analyzed after spinalization 
was significantly different from MPA in the offspring of the 
sham injury group (Figure 3b; Table S2). Separate analysis 
demonstrated that male and female subgroups of the off-
spring yielded mostly the same results as the pooled sample 
(Table S3). The “left UBI” and “right UBI” male offspring 
differed significantly from the “sham injury” offspring at 
both PND 30-  and PND 60- time points, and at the PND 60- 
time point both before and after spinal transection. For the 
female offspring, the differences were evident on PND 60 for 
all measurement points after spinal transection for the “left 

F I G U R E  2  Analysis of balance and coordination in the beam 
walking test (BWT) in the offspring of rat dams with the left-  or 
right- side UBI, or sham injury. (a) The number of errors (right and 
left hind limb slips together) per run in the offspring of the left (L) or 
right (R) UBI groups and sham injury (SI) group. The dams received 
the left UBI on day 5, or the left UBI, right UBI or sham injury on 
day 15 after fecundation. The number of rats analyzed is shown in 
Table 2. (b) Differences (contrasts) in the number of errors between 
the offspring of the UBI and sham injury rats. Male and female 
subgroups were pooled for analysis. Data are plotted as median (black 
circles), 95% HPDCI (black lines) and posterior density from Bayesian 
regression. *, Significant differences (contrasts) between the offspring 
groups: 95% HPDCI did not include zero (see also Table S1)

T A B L E  2  The number of the offspring analyzed in the BWT 
experiments. The number of male and female rats is shown in the 
parenthesis

SI Left UBI 5 Left UBI 15
Right 
UBI 15

10 (5/5) 23 (16/8) 24 (15/9) 16 (11/5)

Note: SI, sham injury group.
UBI 5, and UBI 15, the offspring of dams received UBI on day 5 and day 15 of 
pregnancy.
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UBI” group, and for the 3 hr time point after spinal transec-
tion for the “right UBI” group.

Consistent with the UBI- induced formation of contrale-
sional flexion in adult animals, the right hindlimb was flexed 
in the offspring of rats with the left UBI (Figure  4a). The 
probability to develop left (ipsilesional) flexion was low [or, 
in other words, the probability of right (contralesional) flex-
ion was high] in this group, and it was significantly differ-
ent from the random left- to- right flexion ratio before and at 

the 1-  and 3- hr time points after spinalization. In contrast, 
there was no preference for the hindlimb flexion side in the 
offspring of rats with the right UBI. The probability of left 
flexion significantly differed between the offspring of rats 
with the left and right UBI (Figure 4b; Table S4). Male and 
female subgroups of the offspring did not differ between each 
other. Statistical analysis of the pooled male and female sam-
ple, and these subgroups separately is shown in Tables  S4 
and S5, respectively. Contrasts with the random distribution 

F I G U R E  3  The magnitude of HL- PA displayed by the offspring 
of dams with the left-  (L- UBI) or right (R- UBI) side UBI, or sham 
injury (SI). (a) Magnitude in millimeters (mm) analyzed before [shown 
as (- )] and 0.5, 1, and 3 hr after [shown as (+)] spinal cord transection 
at the T2- 3 level on PND 30 or PND 60. The number of animals is 
given in Table 3. (b) Differences (contrasts) between the UBI and 
sham injury groups in the magnitude. Male and female subgroups were 
pooled for analysis. Data are plotted as median (black circles), 95% 
HPDCI (black lines) and posterior density from Bayesian regression. 
*, Significant differences (contrasts) between the groups: 95% HPDCI 
did not include zero (see also Table S2)

F I G U R E  4  The probability of left flexion in offspring of dams 
with the left-  (L- UBI) or right (R- UBI) side UBI versus the random 
probability (50% left flexion). (a) The probability of the left flexion 
analyzed before [shown as (- )] and 0.5, 1, and 3 hr after [shown as 
(+)] spinal cord transection at the T2- T3 level on PND 30 or PND 60. 
(b) Differences (contrasts) in the probability between the offspring of 
the UBI rats and random distribution (UBI- 50/50), and between the 
offspring of the right and left UBI rats (R- UBI –  L- UBI). Male and 
female subgroups were pooled for analysis. Data are plotted as median 
(black circles), 95% HPDCI (black lines) and posterior density from 
Bayesian regression. *, Significant differences (contrasts) between the 
groups: 95% HPDCI did not include zero (see also Table S4)
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were significant for the male offspring of the left UBI rats on 
PND 60 before and 3 hr after the transection, while for the 
female offspring of the left UBI rats at the 1- hr time point 
after spinalization (Table S5). Thus, the left and right UBI 
effects were intergenerationally transmitted to the offspring 
resulting in HL- PA that was evident both before and after 
spinal transection, or only after the transection, respectively. 
The left UBI led to the contralesional flexion in the offspring, 
whereas left and right limbs were flexed with similar proba-
bility in progeny of the “right UBI” rats.

4 |  DISCUSSION

The main finding of this study is that the UBI in pregnant 
rats produces HL- PA and impairs balance and coordination 
in the offspring. Strikingly, the effects were dependent on the 
side of the brain injury, and developed on the contralesional 
side after the left UBI. Thus, in addition to the previously 
described intergenerational inheritance of stress- induced 
responses, drug- induced changes in memory, and stroke- 
induced cognitive deficits (Benito et  al.,  2018; Goodman 
& Gotlib, 1999; Khashan et al., 2008; Klengel et al., 2016; 
Malanga et  al.,  2007; van Os & Selten,  1998; Sillivan 
et  al.,  2020; Skinner,  2016; Todrank et  al.,  2011; Wang 
et al., 2013; Xue et al., 2020), the effects of a unilateral brain 
injury are also intergenerationally transmitted leading to neu-
rological deficits in the offspring.

The offspring of rats with the left UBI exhibited HL- PA 
with the contralesional (i.e., right) hindlimb flexion. The 
asymmetry was evident both before and after spinal cord 
transection suggesting that it was encoded in the spinal cord. 
We recently demonstrated that a unilateral injury of the hind-
limb sensorimotor cortex produced HL- PA with contralateral 
flexion and asymmetric changes in hindlimb withdrawal re-
flexes in rats not only with intact but also with completely 
transected thoracic spinal cord (Lukoyanov et al., 2020). The 
side- specific injury effects were abolished by prior hypoph-
ysectomy, and were mimicked by transfusion of serum from 
animals with brain injury, or administration of the pituitary 
neurohormones β- endorphin or Arg- vasopressin in naïve 
animals. Thus, besides descending neural pathways, the 

side- specific signals from injured brain to the contralesional 
hindlimb were conveyed by the neuroendocrine system. The 
same neuroendocrine mechanism may transmit side- specific 
signals from the injured brain to fetuses in the pregnant rats. 
The resulting asymmetric impairment of the developing neu-
ral circuits may underlie HL- PA exhibited by the offspring.

The right UBI also caused the offspring to develop HL- 
PA. In contrast to the left lesion, the asymmetry induced by 
the right side injury was cryptic and not side- specific. HL- PA 
was exhibited only after spinalization with the equal proba-
bility of the left and right hindlimb flexion. Left and right 
UBI also differed in their effects on balance and coordina-
tion in the offspring. In the BWT, the right UBI elevated the 
number of errors of both hindlimbs, whereas the effects of 
the left UBI were negligible. Thus, the right but not left UBI 
produced deficits in sensorimotor integration including coor-
dination and balance.

These left- right differences are generally consistent 
with previously reported differences between the effects 
of left and right brain injuries on sensorimotor functions 
(Fernandes et al., 2018; Knebel et al., 2018; Robinson, 1979; 
Sainburg,  2014; Spinazzola et  al.,  2003; Stancher 
et al., 2018; Zhang et al., 2020) and spinal reflexes (Hultborn 
& Malmsten,  1983a, 1983b; Malmsten,  1983; Zhang 
et  al.,  2020), as well as with previously described intrinsic 
asymmetry of the spinal cord (Bakalkin & Kobylyansky, 1989; 
Chazov et al., 1981; Kononenko et al., 2017, 2018; de Kovel 
et  al.,  2017; Nathan et  al.,  1990; Ocklenburg et  al.,  2017; 
Woytowicz et  al.,  2018). In spite of external symmetry, 
the spinal cord is asymmetric in several physiological, an-
atomical, and molecular features (Bakalkin et  al., 1986; 
Bakalkin & Kobylyansky,  1989; Chazov et  al.,  1981; 
Knebel et al., 2018; Kononenko et al., 2017, 2018; de Kovel 
et  al.,  2017; Nathan et  al.,  1990; Ocklenburg et  al.,  2017; 
Robinson,  1979; Sainburg,  2014; Stancher et  al.,  2018; 
Woytowicz et al., 2018). Mono-  and polysynaptic segmental 
reflexes in intact rats and cats (Hultborn & Malmsten, 1983a, 
1983b; Malmsten, 1983) and the hindlimb nociceptive with-
drawal reflexes in intact rats (Zhang et al., 2020) all displayed 
greater activity on the right body side. On this asymmetric 
background, the left-  and right- side brain lesions were not 
mirror symmetric in their effects on the hindlimb nociceptive 

Surgery

Offspring age

30 days

60 days

Spinal transection

Before 0.5 hr 1 hr 3 hr

SI 10 (5/5) 10 (5/5) 9 (5/4) 9 (5/4) 9 (5/4)

Left UBI 43 (25/18) 43 (25/18) 43 (25/18) 43 (25/18) 32 (20/12)

Right UBI 16 (11/5) 16 (11/5) 16 (11/5) 16 (11/5) 16 (11/5)

T A B L E  3  The number of the offspring 
analyzed in the HL- PA experiments. The 
number of male and female offspring is 
shown in the parenthesis
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withdrawal responses (Zhang et  al.,  2020). The right- side 
UBI versus the left- side injury resulted in greater activation 
of withdrawal responses of the contralesional versus ipsile-
sional hindlimb muscles. Also, bilateral lumbar dorsal rhi-
zotomy differently affected formation of HL- PA after lesion 
of the left and right hemisphere (Zhang et  al.,  2020). The 
effects of the left UBI were eliminated by the deafferentation 
suggesting that afferent stimulation is essential for the asym-
metric response. In contrast, the postural effects of the right 
side injury were resistant to the rhizotomy showing that the 
afferent input was not required for their development.

Pharmacological experiments identified differential con-
trol of the mirror- symmetric spinal neural circuits that mediate 
the effects of left and right brain injury on the contralesional 
hindlimbs, by the opioid neurohormones (Bakalkin et  al., 
1986; Bakalkin & Kobylyansky, 1989; Chazov et al., 1981; 
Kononenko et al., 2017; Watanabe et al., 2020, 2021). Selective 
antagonists of the µ-  and κ- opioid receptors β- funaltrexamine 
and nor- binaltorphimine, respectively, inhibited HL- PA for-
mation after the right but not left UBI. In contrast, the δ- 
antagonist naltrindole inhibited HL- PA after the left but not 
right side brain injury. Consistently, the opioid peptides and 
synthetic opioids mimicked the effects of a unilateral brain 
lesion in animals with intact brains by producing the hind-
limb postural responses (Bakalkin et  al.,  1986; Bakalkin 
& Kobylyansky,  1989; Chazov et  al.,  1981; Watanabe 
et  al.,  2020; Zhang et  al.,  2020). Flexion side in these ex-
periments was determined by the type of agonist adminis-
tered. The left hindlimb was flexed after administration of 
the µ- /δ- agonist Met- enkephalin, and the selective κ- agonists 
dynorphin and U- 50488 (Bakalkin & Kobylyansky,  1989; 
Chazov et al., 1981; Watanabe et al., 2020). Conversely, Leu- 
enkephalin, which acts through the δ- receptor, caused the 
right hindlimb flexion (Chazov et al., 1981). This mechanism 
may rely on the opioid system lateralized in the spinal cord 
(Kononenko et al., 2017; Watanabe et al., 2021). The levels 
of opioid peptides and expression of opioid genes were later-
alized, and the inter- regional co- expression patterns of these 
genes were side- specific in the spinal cord.

In summary, the UBI effects on HL- PA may be either en-
coded in spinal neurocircuits as evident from the spinaliza-
tion experiments, or developed due to an impaired balance of 
the left and right neuroendocrine pathways in the offspring 
or rats received the UBI. While HL- PA was evident in the 
“left UBI” offspring with intact spinal cord, its formation be-
fore spinal cord transection may be prevented by activity of 
the descending neural tracts in the progeny of rats with the 
right UBI. The intergenerational effects of left and right UBI 
on hindlimb posture, balance and coordination may differ, 
first, because they are developed on the asymmetric spinal 
background. Second, the UBI effects on the left and right 
counterparts of the bipartite neuroendocrine system that are 
not mirror symmetrical, may be differently transmitted to the 

offspring leading to the left- right differences in their neural 
circuits and sensorimotor functions. These two possibly in-
terconnected mechanisms may determine the sidedness and 
the extent of neurological deficits in the offspring.

Several factors could influence the task performances 
in the offspring, either related or unrelated to UBI includ-
ing pup's sex and pregnancy periods at which the brain was 
injured. They were included as confounding factors in our 
statistical models. Male and female offspring were similarly 
affected by the UBI in pregnant rats. Whereas the differences 
for the male group were largely significant, those for the fe-
male offspring did not reach the significance level likely due 
to a smaller group size (Tables 1– 3). Because this study is the 
first that reveals transgenerational effects of the brain injury 
in pregnant animals, investigation of this phenomenon re-
quires further verification with much larger sample, detailed 
analysis of neurological deficits in the offspring, assessment 
of a role of aforementioned factors and maternal postpartum 
behavior in formation of pup's neurological status, and anal-
ysis of an underlying neurobiological mechanism. Another 
limitation is that the asymmetric effects on posture were not 
characterized in pregnant dams; this experimental design was 
chosen in order to minimize additional interference with the 
pregnancy processes. This was because even a single UBI 
or sham injury resulted in abortion in approximately half of 
pregnant rats (Table 1). Despite these limitations, the differ-
ences revealed are robust and the results support the hypothe-
sis on the intergenerational effects of a unilateral brain trauma 
in pregnant animals on posture and sensorimotor functions in 
the offspring.

Prenatal and postnatal stress strongly affects behavior of 
pups and adult animals including impairments in learning and 
memory, social and anxiety- like behaviors and sexual mat-
uration (Biagini & Pich, 2002; Bondar et al., 2018; Wilber 
et al., 2011). Several effects of stress may be lateralized in 
the brain (Madsen et  al.,  2012; Sullivan & Gratton, 1999), 
while exposure of rats to acute stress and pain produces 
HL- PA through activation of the opioid system (Bakalkin 
et al., 1982). Brain injury in dams may evoke prenatal stress, 
or change their maternal behavior and evoke postnatal stress 
that may potentially cause HL- PA in the offspring. This hy-
pothetical mechanism should be explored as an alternative to 
the transgenerational inheritance of the UBI effects.

5 |  CONCLUSION

The present study provides the first evidence for the inter-
generational influences of a unilateral brain lesion in preg-
nant animals on neurological functions of the offspring. 
Remarkably, the developed postural changes were asymmet-
ric suggesting the existence of left- right side- specific, pos-
sibly neuroendocrine mechanism that mediates transmission 



3630 |   CARVALHO et AL.

of the lateralized effects from mother to fetus. This phe-
nomenon may be relevant for unilateral cerebral palsy, a 
common cerebral palsy syndrome in children, in which one 
arm and leg on either the right or left side of the body is 
affected. The primary effect of hemiparetic cerebral palsy 
is asymmetric impairment of muscle tone, balance, coordi-
nation, and posture (Brandenburg et  al.,  2019; Cappellini 
et  al.,  2018; Forman et  al.,  2019; Kuo et  al.,  2018; Reid 
et al., 2015). Small cryptic localized brain injury in pregnant 
females through intergenerational transmission may pro-
duce asymmetric changes in the sensorimotor systems, bal-
ance, and posture in the following generation. The described 
phenomenon may lead toward development of a new animal 
model of cerebral palsy, as well as influence our understand-
ing of neurobiological mechanisms of this disorder.

ACKNOWLEDGEMENTS
We are grateful to Dr. Michael Ossipov for discussion and 
manuscript processing. The study was supported by the 
Swedish Research Council (grants K2014- 62X- 12190- 19- 5 
and 2019- 01771- 3) to G.B., L. Hiertas Minne foundation, and 
P.O. Zetterling foundation to O.N., Uppsala University to G.B.

CONFLICTS OF INTEREST
Authors report no conflict of interest.

AUTHOR'S CONTRIBUTION
All authors contributed to the study conception and design. 
Material preparation, data collection and analysis were per-
formed by L.C., H.B., E.L., G.M., O.N., and M.Z. Statistical 
evaluation was performed by D.S. The draft of the manuscript 
was written by N.L. and G.B., and corrected and commented on 
by all authors. N.L. and G.B. designed the methodology and con-
tributed toward project administration and funding acquisition. 
All authors read and approved the final manuscript.

PEER REVIEW
The peer review history for this article is available at https://
publo ns.com/publo n/10.1111/ejn.15243.

DATA AVAILABILITY STATEMENT
All raw data are available upon request.

ORCID
Liliana S. Carvalho   https://orcid.org/0000-0001-9081-3184 
Elena A. Lukoyanova   https://orcid.org/0000-0002-1705-6866 
Gisela H. Maia   https://orcid.org/0000-0002-3199-340X 
Daniil Sarkisyan   https://orcid.org/0000-0002-2451-4386 
Olga Nosova   https://orcid.org/0000-0002-1332-7067 
Mengliang Zhang   https://orcid.org/0000-0001-5945-6625 
Nikolay Lukoyanov   https://orcid.org/0000-0002-5206-7819 
Georgy Bakalkin   https://orcid.org/0000-0002-8074-9833 

REFERENCES
Bakalkin, G. Ya., & Kobylyansky, A. G. (1989). Opioids induce postural 

asymmetry in spinal rat: The side of the flexed limb depends upon 
the type of opioid agonist. Brain Research, 480(1– 2), 277– 289. 
https://doi.org/10.1016/0006- 8993(89)90193 - 5

Bakalkin, G. Ya., Kobylyansky, A. G., Nagornaya, L. V., Yarygin, K. 
N., & Titov, M. I. (1986). Met- enkephalin- induced release into 
the blood of a factor causing postural asymmetry. Peptides, 7(4), 
551– 556. https://doi.org/10.1016/0196- 9781(86)90025 - 2. PMID: 
3763433

Bakalkin, G. Ya., Krivosheev, O. G., & Stolyarov, G. K. (1982). Postural 
asymmetry in rats induced by stress and pain stimuli. Life Sciences, 
30(9), 779– 783. https://doi.org/10.1016/0024- 3205(82)90613 - 0. 
PMID: 7070232

Benito, E., Kerimoglu, C., Ramachandran, B., Pena- Centeno, T., Jain, 
G., Stilling, R. M., Islam, M. R., Capece, V., Zhou, Q., Edbauer, D., 
Dean, C., & Fischer, A. (2018). RNA- Dependent Intergenerational 
Inheritance of Enhanced Synaptic Plasticity after Environmental 
Enrichment. Cell Reports, 23(2), 546– 554. https://doi.org/10.1016/ 
j.celrep.2018.03.059

Bhattacharya, S., Fontaine, A., MacCallum, P. E., Drover, J., & Blundell, 
J. (2019). Stress across generations: DNA methylation as a potential 
mechanism underlying intergenerational effects of stress in both 
post- traumatic stress disorder and pre- clinical predator stress rodent 
models. Frontiers in Behavioural Neurosciences, 13, 113. https://
doi.org/10.3389/fnbeh.2019.00113. PMID: 31191267

Biagini, G., & Pich, E. M. (2002). Corticosterone administration to rat 
pups, but not maternal separation, affects sexual maturation and glu-
cocorticoid receptor immunoreactivity in the testis. Pharmacology, 
Biochemistry and Behavior, 73(1), 95– 103. https://doi.org/10.1016/
s0091 - 3057(02)00754 - 2. PMID: 12076728

Bondar, N. P., Lepeshko, A. A., & Reshetnikov, V. V. (2018). Effects 
of early- life stress on social and anxiety- like behaviors in adult 
mice: Sex- specific effects. Behavioural Neurology, 2018, 1538931. 
https://doi.org/10.1155/2018/1538931

Brandenburg, J. E., Fogarty, M. J., & Sieck, G. C. (2019). A critical 
evaluation of current concepts in cerebral palsy. Physiology, 34(3), 
216– 229. https://doi.org/10.1152/physi ol.00054.2018

Burkner, P. C. (2017). brms: An R package for Bayesian multilevel 
models using stan. Statistical Software, 80(1), 1– 28. https://doi.
org/10.18637/ jss.v080.i01

Cappellini, G., Sylos- Labini, F., MacLellan, M. J., Sacco, A., Morelli, D., 
Lacquaniti, F., & Ivanenko, Y. (2018). Backward walking highlights gait 
asymmetries in children with cerebral palsy. Journal of Neurophysiology, 
119(3), 1153– 1165. https://doi.org/10.1152/jn.00679.2017

Carpenter, B. L., Liu, J., Qi, L., Wang, C., & O'Connor, K. L. (2017). 
Integrin α6β4 upregulates amphiregulin and epiregulin through 
base excision repair- mediated DNA demethylation and promotes 
genome- wide DNA hypomethylation. Scientific Reports, 7(1), 6174. 
https://doi.org/10.1038/s4159 8- 017- 06351 - 4. PMID: 28733611

Chamberlain, T. J., Halick, P., & Gerard, R. W. (1963). Fixation of expe-
rience in the rat spinal cord. Journal of Neurophysiology, 26, 662– 
673. https://doi.org/10.1152/jn.1963.26.4.662

Chazov, E. I., Bakalkin, G., Yarigin, K. N., Trushina, E. D., Titov, M. 
I., & Smirnov, V. N. (1981). Enkephalins induce asymmetrical ef-
fects on posture in the rat. Experientia, 37(8), 887– 889. https://doi.
org/10.1007/bf019 85696

Curcio, A. M., Shekhawat, P., Reynolds, A. S., & Thakur, K. T. (2020). 
Neurologic infections during pregnancy. Handbook of Clinical 

https://publons.com/publon/10.1111/ejn.15243
https://publons.com/publon/10.1111/ejn.15243
https://orcid.org/0000-0001-9081-3184
https://orcid.org/0000-0001-9081-3184
https://orcid.org/0000-0002-1705-6866
https://orcid.org/0000-0002-1705-6866
https://orcid.org/0000-0002-3199-340X
https://orcid.org/0000-0002-3199-340X
https://orcid.org/0000-0002-2451-4386
https://orcid.org/0000-0002-2451-4386
https://orcid.org/0000-0002-1332-7067
https://orcid.org/0000-0002-1332-7067
https://orcid.org/0000-0001-5945-6625
https://orcid.org/0000-0001-5945-6625
https://orcid.org/0000-0002-5206-7819
https://orcid.org/0000-0002-5206-7819
https://orcid.org/0000-0002-8074-9833
https://orcid.org/0000-0002-8074-9833
https://doi.org/10.1016/0006-8993(89)90193-5
https://doi.org/10.1016/0196-9781(86)90025-2
https://doi.org/10.1016/0024-3205(82)90613-0
https://doi.org/10.1016/j.celrep.2018.03.059
https://doi.org/10.1016/j.celrep.2018.03.059
https://doi.org/10.3389/fnbeh.2019.00113
https://doi.org/10.3389/fnbeh.2019.00113
https://doi.org/10.1016/s0091-3057(02)00754-2
https://doi.org/10.1016/s0091-3057(02)00754-2
https://doi.org/10.1155/2018/1538931
https://doi.org/10.1152/physiol.00054.2018
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1152/jn.00679.2017
https://doi.org/10.1038/s41598-017-06351-4
https://doi.org/10.1152/jn.1963.26.4.662
https://doi.org/10.1007/bf01985696
https://doi.org/10.1007/bf01985696


   | 3631CARVALHO et AL.

Neurology, 172, 79– 104. https://doi.org/10.1016/B978- 0- 444- 64240 
- 0.00005 - 2. PMID: 32768096

de Kovel, C. G. F., Lisgo, S., Karlebach, G., Ju, J., Cheng, G., Fisher, S. 
E., & Francks, C. (2017). Left- right asymmetry of maturation rates 
in human embryonic neural development. Biological Psychiatry, 
82(3), 204– 212. https://doi.org/10.1016/j.biops ych.2017.01.016. 
PMID: 28267988

Fernandes, C. A., Coelho, D. B., Martinelli, A. R., & Teixeira, L. A. 
(2018). Right cerebral hemisphere specialization for quiet and 
perturbed body balance control: Evidence from unilateral stroke. 
Human Movement Science, 57, 374– 387. https://doi.org/10.1016/j.
humov.2017.09.015

Field, E. F., Martens, D. J., Watson, N. V., & Pellis, S. M. (2005). Sex 
differences in righting from supine to prone in rats (Rattus norvegi-
cus): A masculinized skeletomusculature is not required. Journal of 
Comparative Psychology, 119(2), 238– 245. https://doi.org/10.1037/
0735- 7036.119.2.238. PMID: 15982167

Forman, C. R., Svane, C., Kruuse, C., Gracies, J. M., Nielsen, J. B., & Lorentzen, 
J. (2019). Sustained involuntary muscle activity in cerebral palsy and 
stroke: Same symptom, diverse mechanisms. Brain Communications, 
1(1), fcz037. https://doi.org/10.1093/brain comms/ fcz037

Gelman, A. (2019). Prior choice recommendations. Retrieved from 
https://github.com/stan- dev/stan/wiki/Prior - Choic e- Recom menda 
tions

Glajch, K. E., Fleming, S. M., Surmeier, D. J., & Osten, P. (2012). 
Sensorimotor assessment of the unilateral 6- hydroxydopamine 
mouse model of Parkinson's disease. Behavioral Brain Research, 
230(2), 309– 316. https://doi.org/10.1016/j.bbr.2011.12.007. PMID: 
22178078

Goodman, S. H., & Gotlib, I. H. (1999). Risk for psychopathology in 
the children of depressed mothers: A developmental model for un-
derstanding mechanisms of transmission. Psychological Review, 
106(3), 458– 490. https://doi.org/10.1037/0033- 295x.106.3.458

Hultborn, H., & Malmsten, J. (1983a). Changes in segmental re-
flexes following chronic spinal cord hemisection in the cat. 
Acta Physiologica Scandinavica, 119(4), 405– 422. https://doi.
org/10.1111/j.1748- 1716.1983.tb073 57.x

Hultborn, H., & Malmsten, J. (1983b). Changes in segmental re-
flexes following chronic spinal cord hemisection in the cat. 
Acta Physiologica Scandinavica, 119(4), 423– 433. https://doi.
org/10.1111/j.1748- 1716.1983.tb073 58.x

Jain, V., Chari, R., Maslovitz, S., Farine, D., Bujold, E., Gagnon, R., 
Basso, M., Bos, H., Brown, R., Cooper, S., Gouin, K., McLeod, N. 
L., Menticoglou, S., Mundle, W., Pylypjuk, C., Roggensack, A., & 
Sanderson, F. (2015). Guidelines for the management of a pregnant 
trauma patient. Journal of Obstetrics and Gynaecology Canada, 
37(6), 553– 574. https://doi.org/10.1016/s1701 - 2163(15)30232 - 2

Kay, M. (2020). tidybayes: Tidy data and geoms for Bayesian models. 
Zenodo, https://doi.org/10.5281/zenodo.1308151

Khashan, A. S., Abel, K. M., McNamee, R., Pedersen, M. G., Webb, R. 
T., Baker, P. N., Kenny, L. C., & Mortensen, P. B. (2008). Higher 
risk of offspring schizophrenia following antenatal maternal expo-
sure to severe adverse life events. Archives of General Psychiatry, 
65(2), 146– 152. https://doi.org/10.1001/archg enpsy chiat ry.2007.20

Kinney, D. K., Miller, A. M., Crowley, D. J., Huang, E., & Gerber, 
E. (2008). Autism prevalence following prenatal exposure to hur-
ricanes and tropical storms in Louisiana. Journal of Autism and 
Developmental Disorders, 38(3), 481– 488. https://doi.org/10.1007/
s1080 3- 007- 0414- 0

Klengel, T., Dias, B. G., & Ressler, K. J. (2016). Models of intergener-
ational and transgenerational transmission of risk for psychopathol-
ogy in mice. Neuropsychopharmacology, 41(1), 219– 231. https://
doi.org/10.1038/npp.2015.249

Knebel, D., Rillich, J., Ayali, A., Pflüger, H.- J., & Rigosi, E. (2018). Ex 
vivo recordings reveal desert locust forelimb control is asymmetric. 
Current Biology, 28(22), R1290– R1291. https://doi.org/10.1016/j.
cub.2018.09.063

Kononenko, O., Galatenko, V., Andersson, M., Bazov, I., Watanabe, H., 
Zhou, X. W., Iatsyshyna, A., Mityakina, I., Yakovleva, T., Sarkisyan, 
D., Ponomarev, I., Krishtal, O., Marklund, N., Tonevitsky, A., 
Adkins, D. L., & Bakalkin, G. (2017). Intra-  and interregional co-
regulation of opioid genes: Broken symmetry in spinal circuits. The 
FASEB Journal, 31(5), 1953– 1963. https://doi.org/10.1096/fj.20160 
1039R

Kononenko, O., Mityakina, I., Galatenko, V., Watanabe, H., Bazov, 
I., Gerashchenko, A., Sarkisyan, D., Iatsyshyna, A., Yakovleva, 
T., Tonevitsky, A., Marklund, N., Ossipov, M. H., & Bakalkin, G. 
(2018). Differential effects of left and right neuropathy on opioid 
gene expression in lumbar spinal cord. Brain Research, 1695, 78– 
83. https://doi.org/10.1016/j.brain res.2018.05.043

Kuo, H.- C., Friel, K. M., & Gordon, A. M. (2018). Neurophysiological 
mechanisms and functional impact of mirror movements in chil-
dren with unilateral spastic cerebral palsy. Developmental Medicine 
and Child Neurology, 60(2), 155– 161. https://doi.org/10.1111/
dmcn.13524

Leach, M. R., & Zammit, C. G. (2020). Traumatic brain injury in preg-
nancy. Handbook of Clinical Neurology, 172, 51– 61. https://doi.
org/10.1016/B978- 0- 444- 64240 - 0.00003 - 9. PMID: 32768094

Liew, J., Feghali, J., & Huang, J. (2020). Intracerebral and subarach-
noid hemorrhage in pregnancy. Handbook of Clinical Neurology, 
172, 33– 50. https://doi.org/10.1016/B978- 0- 444- 64240 - 0.00002 - 7. 
PMID: 32768093

Lukoyanov, N., Watanabe, H., Carvalho, L. S., Nosova, O., 
Sarkisyan, D., Zhang, M., Bakalkin, G. (2020). Endocrine sig-
naling mediates asymmetric motor deficits after unilateral 
brain injury. bioRxiv, 2020.2004.2023.056937. https://doi.
org/10.1101/2020.04.23.056937

Madsen, K. S., Jernigan, T. L., Iversen, P., Frokjaer, V. G., Knudsen, 
G. M., Siebner, H. R., & Baaré, W. F. C. (2012). Hypothalamic- 
pituitary- adrenal axis tonus is associated with hippocampal mi-
crostructural asymmetry. NeuroImage, 63(1), 95– 103. https://doi.
org/10.1016/j.neuro image.2012.06.071

Malanga, C. J., Pejchal, M., & Kosofsky, B. E. (2007). Prenatal exposure 
to cocaine alters the development of conditioned place- preference to 
cocaine in adult mice. Pharmacology, Biochemistry and Behavior, 
87(4), 462– 471. https://doi.org/10.1016/j.pbb.2007.06.002. PMID: 
17644167

Malmsten, J. (1983). Time course of segmental reflex changes after 
chronic spinal cord hemisection in the rat. Acta Physiologica 
Scandinavica, 119(4), 435– 443. https://doi.org/10.1111/
j.1748- 1716.1983.tb073 59.x

McElreath, R. (2019). Statistical rethinking. A Bayesian course with ex-
amples in R and Stan (& PyMC3 & brms & Julia too). Chapman 
and Hall/CRC.

Mendez- Figueroa, H., Dahlke, J. D., Vrees, R. A., & Rouse, D. J. (2013). 
Trauma in pregnancy: An updated systematic review. American 
Journal of Obstetrics and Gynecology, 209(1), 1– 10. https://doi.
org/10.1016/j.ajog.2013.01.021

https://doi.org/10.1016/B978-0-444-64240-0.00005-2
https://doi.org/10.1016/B978-0-444-64240-0.00005-2
https://doi.org/10.1016/j.biopsych.2017.01.016
https://doi.org/10.1016/j.humov.2017.09.015
https://doi.org/10.1016/j.humov.2017.09.015
https://doi.org/10.1037/0735-7036.119.2.238
https://doi.org/10.1037/0735-7036.119.2.238
https://doi.org/10.1093/braincomms/fcz037
https://github.com/stan-dev/stan/wiki/Prior-Choice-Recommendations
https://github.com/stan-dev/stan/wiki/Prior-Choice-Recommendations
https://doi.org/10.1016/j.bbr.2011.12.007
https://doi.org/10.1037/0033-295x.106.3.458
https://doi.org/10.1111/j.1748-1716.1983.tb07357.x
https://doi.org/10.1111/j.1748-1716.1983.tb07357.x
https://doi.org/10.1111/j.1748-1716.1983.tb07358.x
https://doi.org/10.1111/j.1748-1716.1983.tb07358.x
https://doi.org/10.1016/s1701-2163(15)30232-2
https://doi.org/10.5281/zenodo.1308151
https://doi.org/10.1001/archgenpsychiatry.2007.20
https://doi.org/10.1007/s10803-007-0414-0
https://doi.org/10.1007/s10803-007-0414-0
https://doi.org/10.1038/npp.2015.249
https://doi.org/10.1038/npp.2015.249
https://doi.org/10.1016/j.cub.2018.09.063
https://doi.org/10.1016/j.cub.2018.09.063
https://doi.org/10.1096/fj.201601039R
https://doi.org/10.1096/fj.201601039R
https://doi.org/10.1016/j.brainres.2018.05.043
https://doi.org/10.1111/dmcn.13524
https://doi.org/10.1111/dmcn.13524
https://doi.org/10.1016/B978-0-444-64240-0.00003-9
https://doi.org/10.1016/B978-0-444-64240-0.00003-9
https://doi.org/10.1016/B978-0-444-64240-0.00002-7
https://doi.org/10.1101/2020.04.23.056937
https://doi.org/10.1101/2020.04.23.056937
https://doi.org/10.1016/j.neuroimage.2012.06.071
https://doi.org/10.1016/j.neuroimage.2012.06.071
https://doi.org/10.1016/j.pbb.2007.06.002
https://doi.org/10.1111/j.1748-1716.1983.tb07359.x
https://doi.org/10.1111/j.1748-1716.1983.tb07359.x
https://doi.org/10.1016/j.ajog.2013.01.021
https://doi.org/10.1016/j.ajog.2013.01.021


3632 |   CARVALHO et AL.

Moisiadis, V. G., Constantinof, A., Kostaki, A., Szyf, M., & Matthews, 
S. G. (2017). Prenatal glucocorticoid exposure modifies endocrine 
function and behaviour for 3 generations following maternal and 
paternal transmission. Scientific Reports, 7(1), 11814. https://doi.
org/10.1038/s4159 8- 017- 11635 - w

Muench, M. V., & Canterino, J. C. (2007). Trauma in pregnancy. 
Obstetrics and Gynecology Clinics of North America, 34(3), 555– 
583, xiii. https://doi.org/10.1016/j.ogc.2007.06.001

Nathan, P. W., Smith, M. C., & Deacon, P. (1990). The corticospinal 
tracts in man. Brain, 113(2), 303– 324. https://doi.org/10.1093/brain/ 
113.2.303

Ocklenburg, S., Schmitz, J., Moinfar, Z., Moser, D., Klose, R., Lor, S., 
Kunz, G., Tegenthoff, M., Faustmann, P., Francks, C., Epplen, J. 
T., Kumsta, R., & Güntürkün, O. (2017). Epigenetic regulation of 
lateralized fetal spinal gene expression underlies hemispheric asym-
metries. eLife, 6, https://doi.org/10.7554/eLife.22784

Paxinos, G., & Watson, C. (2013). The rat brain in stereotaxic coordi-
nates (7 ed., pp. 472). Academic Press.

Ramo- Fernández, L., Boeck, C., Koenig, A. M., Schury, K., Binder, E. 
B., Gündel, H., Fegert, J. M., Karabatsiakis, A., & Kolassa, I.- T. 
(2019). The effects of childhood maltreatment on epigenetic regu-
lation of stress- response associated genes: An intergenerational ap-
proach. Scientific Reports, 9(1), 983. https://doi.org/10.1038/s4159 
8- 018- 36689 - 2

Reid, L. B., Rose, S. E., & Boyd, R. N. (2015). Rehabilitation and 
neuroplasticity in children with unilateral cerebral palsy. Nature 
Reviews Neurology, 11(7), 390– 400. https://doi.org/10.1038/nrneu 
rol.2015.97

Robinson, R. G. (1979). Differential behavioral and biochemical effects 
of right and left hemispheric cerebral infarction in the rat. Science, 
205(4407), 707– 710. https://doi.org/10.1126/scien ce.462179

Ross, D. A., Glick, S. D., & Meibach, R. C. (1981). Sexually dimorphic 
brain and behavioral asymmetries in the neonatal rat. Proceedings of 
the National Academy of Sciences of the United States of America, 
78(3), 1958– 1961. https://doi.org/10.1073/pnas.78.3.1958

Sainburg, R. L. (2014). Convergent models of handedness and brain 
lateralization. Frontiers in Psychology, 5, 1092. https://doi.
org/10.3389/fpsyg.2014.01092

Sells, C. M., & Feske, S. K. (2017). Stroke in pregnancy. Seminars in 
Neurology, 37(6), 669– 678. https://doi.org/10.1055/s- 0037- 1608940

Sillivan, S. E., Jamieson, S., de Nijs, L., Jones, M., Snijders, C., Klengel, 
T., Joseph, N. F., Krauskopf, J., Kleinjans, J., Vinkers, C. H., Boks, 
M. P. M., Geuze, E., Vermetten, E., Berretta, S., Ressler, K. J., Rutten, 
B. P. F., Rumbaugh, G., & Miller, C. A. (2020). MicroRNA regu-
lation of persistent stress- enhanced memory. Molecular Psychiatry, 
25(5), 965– 976. https://doi.org/10.1038/s4138 0- 019- 0432- 2

Skinner, M. K. (2016). Epigenetic transgenerational inheritance. Nature 
Reviews Endocrinology, 12(2), 68– 70. https://doi.org/10.1038/
nrendo.2015.206

Soto- Rojas, L. O., Martínez- Dávila, I. A., Luna- Herrera, C., Gutierrez- 
Castillo, M. E., Lopez- Salas, F. E., Gatica- Garcia, B., Soto- 
Rodriguez, G., Bringas Tobon, M. E., Flores, G., Padilla- Viveros, 
A., Bañuelos, C., Blanco- Alvarez, V. M., Dávila- Ayala, J., Reyes- 
Corona, D., Garcés- Ramírez, L., Hidalgo- Alegria, O., De La 
Cruz- lópez, F., & Martinez- Fong, D. (2020). Unilateral intranigral 
administration of β- sitosterol β- D- glucoside triggers pathological 
α- synuclein spreading and bilateral nigrostriatal dopaminergic neu-
rodegeneration in the rat. Acta Neuropathologica Communications, 
8(1), 56. https://doi.org/10.1186/s4047 8- 020- 00933 - 6.

Spinazzola, L., Cubelli, R., & Della Sala, S. (2003). Impairments 
of trunk movements following left or right hemisphere lesions: 
Dissociation between apraxic errors and postural instability. Brain, 
126(12), 2656– 2666. https://doi.org/10.1093/brain/ awg266

Stancher, G., Sovrano, V. A., & Vallortigara, G. (2018). Motor asymme-
tries in fishes, amphibians, and reptiles. Progress in Brain Research, 
238, 33– 56. https://doi.org/10.1016/bs.pbr.2018.06.002. PMID: 
30097199

Sullivan, R. M., & Gratton, A. (1999). Lateralized effects of medial 
prefrontal cortex lesions on neuroendocrine and autonomic stress 
responses in rats. The Journal of Neuroscience, 19(7), 2834– 2840. 
https://doi.org/10.1523/JNEUR OSCI.19- 07- 02834.1999

Swartz, R. H., Cayley, M. L., Foley, N., Ladhani, N. N. N., Leffert, L., 
Bushnell, C., McClure, J. A., & Lindsay, M. P. (2017). The inci-
dence of pregnancy- related stroke: A systematic review and meta- 
analysis. International Journal of Stroke, 12(7), 687– 697. https://
doi.org/10.1177/17474 93017 723271

Todrank, J., Heth, G., & Restrepo, D. (2011). Effects of in utero odorant ex-
posure on neuroanatomical development of the olfactory bulb and odour 
preferences. Proceedings of the Royal Society B: Biological Sciences, 
278(1714), 1949– 1955. https://doi.org/10.1098/rspb.2010.2314

van Os, J., & Selten, J. P. (1998). Prenatal exposure to maternal stress 
and subsequent schizophrenia. The May 1940 invasion of The 
Netherlands. British Journal of Psychiatry, 172, 324– 326. https://
doi.org/10.1192/bjp.172.4.324

Wang, W., Nitulescu, I., Lewis, J. S., Lemos, J. C., Bamford, I. J., 
Posielski, N. M., Storey, G. P., Phillips, P. E. M., & Bamford, N. S. 
(2013). Overinhibition of corticostriatal activity following prenatal 
cocaine exposure. Annals of Neurology, 73(3), 355– 369. https://doi.
org/10.1002/ana.23805

Watanabe, H., Nosova, O., Sarkisyan, D., Andersen, M. S., Carvalho, 
L., Galatenko, V., Bazov, I., Lukoyanov, N., Maia, G., Hallberg, M., 
Zhang, M., Schouenborg, J., & Bakalkin, G. (2021). Left- right side- 
specific neuropeptide mechanism mediates contralateral responses 
to a unilateral brain injury. Submitted to eNeuro, eN- NWR- 0548- 20. 
https://doi.org/10.1523/ENEURO.0548- 20.2021. PMID: 33903183

Watanabe, H., Nosova, O., Sarkisyan, D., Andersen, M. S., Zhang, M., 
Rorick- Kehn, L., & Bakalkin, G. (2020). Ipsilesional versus con-
tralesional postural deficits induced by unilateral brain trauma: A 
side reversal by opioid mechanism. Brain Communications, 2(2), 
fcaa208. https://doi.org/10.1093/brain comms/ fcaa208

Wilber, A. A., Lin, G. L., & Wellman, C. L. (2011). Neonatal corticos-
terone administration impairs adult eyeblink conditioning and de-
creases glucocorticoid receptor expression in the cerebellar interpos-
itus nucleus. Neuroscience, 177, 56– 65. https://doi.org/10.1016/j.
neuro scien ce.2011.01.010

Woytowicz, E. J., Westlake, K. P., Whitall, J., & Sainburg, R. L. (2018). 
Handedness results from complementary hemispheric dominance, 
not global hemispheric dominance: Evidence from mechanically 
coupled bilateral movements. Journal of Neurophysiology, 120(2), 
729– 740. https://doi.org/10.1152/jn.00878.2017

Xue, L.- L., Wang, F., Niu, R.- Z., Tan, Y.- X., Liu, J., Jin, Y., Ma, Z., 
Zhang, Z.- B., Jiang, Y. A., Chen, L. I., Xia, Q.- J., Chen, J.- J., 
Wang, T.- H., & Xiong, L.- L. (2020). Offspring of rats with cere-
bral hypoxia- ischemia manifest cognitive dysfunction in learning 
and memory abilities. Neural Regeneration Research, 15(9), 1662– 
1670. https://doi.org/10.4103/1673- 5374.276359

Zhang, M., Watanabe, H., Sarkisyan, D., Andersen, M. S., Nosova, O., 
Galatenko, V., Carvalho, L., Lukoyanov, N., Thelin, J., Schouenborg, 

https://doi.org/10.1038/s41598-017-11635-w
https://doi.org/10.1038/s41598-017-11635-w
https://doi.org/10.1016/j.ogc.2007.06.001
https://doi.org/10.1093/brain/113.2.303
https://doi.org/10.1093/brain/113.2.303
https://doi.org/10.7554/eLife.22784
https://doi.org/10.1038/s41598-018-36689-2
https://doi.org/10.1038/s41598-018-36689-2
https://doi.org/10.1038/nrneurol.2015.97
https://doi.org/10.1038/nrneurol.2015.97
https://doi.org/10.1126/science.462179
https://doi.org/10.1073/pnas.78.3.1958
https://doi.org/10.3389/fpsyg.2014.01092
https://doi.org/10.3389/fpsyg.2014.01092
https://doi.org/10.1055/s-0037-1608940
https://doi.org/10.1038/s41380-019-0432-2
https://doi.org/10.1038/nrendo.2015.206
https://doi.org/10.1038/nrendo.2015.206
https://doi.org/10.1186/s40478-020-00933-6
https://doi.org/10.1093/brain/awg266
https://doi.org/10.1016/bs.pbr.2018.06.002
https://doi.org/10.1523/JNEUROSCI.19-07-02834.1999
https://doi.org/10.1177/1747493017723271
https://doi.org/10.1177/1747493017723271
https://doi.org/10.1098/rspb.2010.2314
https://doi.org/10.1192/bjp.172.4.324
https://doi.org/10.1192/bjp.172.4.324
https://doi.org/10.1002/ana.23805
https://doi.org/10.1002/ana.23805
https://doi.org/10.1523/ENEURO.0548-20.2021
https://doi.org/10.1093/braincomms/fcaa208
https://doi.org/10.1016/j.neuroscience.2011.01.010
https://doi.org/10.1016/j.neuroscience.2011.01.010
https://doi.org/10.1152/jn.00878.2017
https://doi.org/10.4103/1673-5374.276359


   | 3633CARVALHO et AL.

J., & Bakalkin, G. (2020). Hindlimb motor responses to unilateral 
brain injury: Spinal cord encoding and left- right asymmetry. Brain 
Communications, 2(1), https://doi.org/10.1093/brain comms/ fcaa055

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Carvalho LS, Brito HM, 
Lukoyanova EA, et al. Unilateral brain injury to 
pregnant rats induces asymmetric neurological deficits 
in the offspring. Eur J Neurosci. 2021;53:3621– 3633. 
https://doi.org/10.1111/ejn.15243

https://doi.org/10.1093/braincomms/fcaa055
https://doi.org/10.1111/ejn.15243

