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Abstract
Fetal growth restriction (FGR) is associated with uteroplacental insufficiency, and neurodevelopmental and structural brain 
deficits in the infant. It is currently untreatable. We hypothesised that treating the maternal uterine artery with vascular 
endothelial growth factor adenoviral gene therapy (Ad.VEGF-A165) normalises offspring brain weight and prevents brain 
injury in a guinea pig model of FGR. Pregnant guinea pigs were fed a restricted diet before and after conception and received 
Ad.VEGF-A165 (1 × 1010 viral particles, n = 18) or vehicle (n = 18), delivered to the external surface of the uterine arteries, 
in mid-pregnancy. Pregnant, ad libitum-fed controls received vehicle only (n = 10). Offspring brain weight and histological 
indices of brain injury were assessed at term and 5-months postnatally. At term, maternal nutrient restriction reduced fetal 
brain weight and increased microglial ramification in all brain regions but did not alter indices of cell death, astrogliosis or 
myelination. Ad.VEGF-A165 increased brain weight and reduced microglial ramification in fetuses of nutrient restricted dams. 
In adult offspring, maternal nutrient restriction did not alter brain weight or markers of brain injury, whilst Ad.VEGF-A165 
increased microglial ramification and astrogliosis in the hippocampus and thalamus, respectively. Ad.VEGF-A165 did not 
affect cell death or myelination in the fetal or offspring brain. Ad.VEGF-A165 normalises brain growth and markers of brain 
injury in guinea pig fetuses exposed to maternal nutrient restriction and may be a potential intervention to improve childhood 
neurodevelopmental outcomes in pregnancies complicated by FGR.

Keywords  Placenta · Cerebral palsy · Pre-eclampsia · Ionized calcium binding adapter molecule 1 protein · Glial fibrillary 
astrocytic protein

Introduction

Fetal growth restriction (FGR) is an obstetric complication 
defined by the failure of a fetus to reach its full intrauter-
ine growth potential. It affects approximately eight percent 
of all viable pregnancies [1]. Of those fetuses affected by 
FGR, about one in five-hundred cases will be defined as both 
severe and early onset, occurring prior to 32 weeks gestation 
and leading to growth less than the third centile [2]. There 
is currently no treatment for FGR, even though it causes 
substantial perinatal morbidity and mortality [3].

FGR is a major risk factor for cerebral palsy, irrespective 
of whether the infant is born at or before term, or whether 
they experience birth asphyxia [4]. FGR is also strongly 
associated with poor neurodevelopmental and cognitive 
outcomes in childhood [5–8]. Compared to appropriately 
grown infants, the ones affected by FGR have less mature 
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behavioural and neurodevelopmental scores, which are asso-
ciated with lower brain volumes and structural impairments 
persisting at least until school-age [9–12]. Similarly, stud-
ies that induce FGR in experimental animals using nutri-
tional, environmental and surgical manipulations demon-
strate altered brain structure and behaviour in the offspring 
[13–19].

We previously demonstrated that uterine artery applica-
tion of an adenoviral vector expressing vascular endothe-
lial growth factor-A165 (Ad.VEGF-A165) augments uterine 
blood flow and mitigates FGR in pregnant sheep [20–23]. 
Ad.VEGF-A165 also increases fetal weight at term, without 
compromising offspring cardiometabolic phenotype, in 
nutrient restricted pregnant guinea pigs [24, 25]. Here, we 
studied the effects of maternal uterine artery Ad.VEGF-A165 
gene-therapy on brain growth and tissue architecture. We 
hypothesised that maternal uterine artery Ad.VEGF-A165 
gene transfer normalises brain weight and prevents brain 
injury in fetuses of nutrient restricted pregnant guinea pigs, 
which have extensive phenotypic similarities to women with 
pregnancies complicated by FGR [13, 26–30].

Materials and Methods

Animals

All procedures were conducted in accordance with the Ani-
mals (Scientific Procedures) Act 1986, under UK govern-
ment Home Office personal and project licences (70/7408). 
The study used a total of 46 virgin female Dunkin Hartley 
guinea pig sows (> 700g), which were also part of previ-
ously reported studies [24, 25, 31]. Animals were singly 
housed under standard 12h:12h dark:light conditions, with 
ad libitum access to water supplemented with vitamin C 
throughout. A subset of sows (n = 36) was randomly allo-
cated to maternal nutrient restriction (MNR) shown pre-
viously to induce phenotypic characteristics of FGR [13, 
26–30]. Nutrient restricted sows were provided with 70% of 
normal daily food intake for ≥ 4 weeks prior to timed mat-
ing with a stud male guinea pig. Pregnancy was confirmed 
by ultrasonography ~ 21 days post-conception. MNR contin-
ued at 70% normal intake until mid-gestation (35 days post-
conception), when it was increased to 90% of normal intake 
until term (60–65 days). Control sows were fed ad libitum 
throughout the study.

Surgical Procedures

At mid-gestation, MNR sows were further randomly allo-
cated to receive either adenoviral VEGF-A165 gene therapy 
targeted to the uterine arteries (Ad.VEGF-A165, 1 × 1010 
viral particles suspended in pluronic gel, 1ml, n = 18), or 

vehicle (1ml pluronic gel, n = 18), as described [23, 24, 32]. 
All control fed sows received vehicle only. Briefly, sows 
were anaesthetised (44 mg/kg ketamine and 5 mg/kg xyla-
zine intramuscularly, maintained by 1.5–2.0% isoflurane 
inhalation) and a laparotomy was performed. The uterine 
and radial arteries of both uterine horns were exposed and 
Ad.VEGF-A165 suspended in pluronic gel, or pluronic gel 
only, were applied to the outside of the vessels under direct 
vision. The incision was then closed with three layers of 
sutures, to the peritoneum, rectus sheath and skin, and the 
animal was recovered in a warm, quiet environment. Ani-
mals were provided with analgesia on the day of the surgery 
(carprofen, 4mg/kg s.c. and buprenorphine 0.05 mg/kg i.m.) 
and for three days thereafter (carprofen 4 mg/kg s.c. daily). 
The experiment therefore produced three groups of pregnant 
sows: untreated controls, MNR and MNR + Ad.VEGF-A165. 
Investigators conducting outcome analyses were blinded to 
experimental group.

A subset of sows (n = 31) were humanely killed near term 
(~ 60 days post-conception) with an overdose of anaesthetic 
(pentobarbitone sodium 200mg/kg i.v.). The maternal abdo-
men was opened and fetuses similarly killed then dissected, 
towel-dried and weighed. The skull of each fetus was opened 
and the brain removed, weighed, hemisected through the 
corpus callosum, then fixed in 4% paraformaldehyde over-
night. Brains were subsequently dehydrated in 30% sucrose 
solution, frozen on dry ice then stored at -80°C. Litter means 
were calculated for fetal biometry measurements, such that 
the experimental unit is the sow. Remaining sows (n = 15) 
were allowed to deliver naturally at term and nurse their 
own pups (n = 36 in total) until weaning, 4 weeks after birth, 
when they were killed. Pups were then housed in same-sex 
groups and fed ad libitum. Five months after birth, adult 
offspring were killed (pentobarbitone sodium 200mg/kg i.v.) 
and the brain was dissected, weighed and fixed, as above. 
Offspring were treated as individuals in postnatal stud-
ies, therefore the study used 36 pups (Control: n = 10 pups 
from 4 litters; MNR: n = 13 pups from 5 litters; MNR + Ad.
VEGF-A165: n = 13 pups from 6 litters).

Histological and Biochemical Analyses

Tissue Processing  Histological analysis was performed on 
the brains of a subset of fetuses (Con: n = 11 pups from 3 
litters; MNR: n = 7 pups from 2 litters; MNR + Ad.VEGF-
A165: n = 7 pups from 2 litters) and adult offspring (Con: 
n = 10 pups from 4 litters; MNR: n = 5 pups from 4 lit-
ters; MNR + Ad.VEGF-A165: n = 10 pups from 5 litters), 
with pups treated as individuals in both cases. Brains were 
sectioned at 40µm, in the coronal plane, using a cryostat. 
Sixty sections were collected from each animal, in groups 
of 10 consecutive sections with a 400μm gap after every 
10th section. Sections were placed directly onto glass slides, 
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rehydrated at room temperature then stained according to the 
process to be studied.

Terminal Deoxynucleotidyl Transferase dUTP Nick End 
Labelling (TUNEL)  TUNEL was used to assess cell death 
in brain sections. Rehydrated sections underwent additional 
fixation in 4% paraformaldehyde and blocking in hydrogen 
peroxide:methanol (1:10, 15 min). After washing, TUNEL 
solution (1 μl of terminal deoxynucleotidyl transferase, 1.5 
μl of 2'-deoxyuridine 5'-triphosphate, 100 μl of cacodylate 
buffer and 897.5 μl of H2O) was applied and slides were 
incubated for 2 h at 37°C. Slides were then transferred to 
stop solution (NaCl, sodium citrate trihydrate and H2O), 
washed and incubated with avidin–biotin-conjugated horse-
radish peroxidase (Vector Laboratories, UK). Finally, label-
ling was visualised using 3,3’-diaminobenzidine and H2O2, 
enhanced with Co/Ni. The slides were then dehydrated with 
xylene and mounted.

Immunohistochemistry  To assess microglial and astroglial 
activation, and myelination, brain sections were immu-
nostained using antibodies specific to ionized calcium-
binding adapter molecule 1 (IBA1), glial fibrillary acidic 
protein (GFAP) and myelin basic protein (MBP), respec-
tively. Following antigen retrieval using acetone, the sections 
were washed, blocked in 5% goat serum (room tempera-
ture, 30 min) then incubated overnight at 4°C with rabbit-
derived primary antibodies against IBA1 (Wako, USA, 
1:3000), GFAP (Dako, UK, 1:6000) or MBP (Abcam, UK, 
1:1000). Subsequently, they were washed and incubated 
for 1 h at room temperature with a goat-derived anti-rabbit 
biotinylated secondary antibody (1:100), and then with avi-
din–biotin-conjugated horseradish peroxidase (both Vector 
Laboratories, UK). Finally, the antigen–antibody binding 
was visualised by applying 3,3’-diaminobenzidine and H2O2 
solution. Slides were then washed, dehydrated in xylene and 
mounted.

Microscopic Analysis  Within each brain specimen, analy-
ses were performed separately in the cortex, hippocampus, 
striatum, thalamus and external capsule. TUNEL positive 
cells were counted manually at 20 × magnification in three 
random fields per brain region, in each of six slides from 
every animal. For each brain region, the count within each 
field of view was averaged per slide and then per animal. 
Microgliosis was assessed in IBA1 stained sections by 
counting microglial processes and cell bodies in a 3 × 3 mm 
grid at 40 × magnification, using a similar sampling process. 
Microglial ramification index for each region was calculated 
from the ratio A/B[33]. Astrogliosis and myelination were 
evaluated by determination of optical luminosity values for 
GFAP and MBP stained sections, as previously described 
[34]. Using a Leica DM5500B microscope, photographs 

were taken in three different randomly sampled fields of 
view in each brain region, at 20 × magnification. ImageJ was 
then used to quantify the mean and standard deviation of the 
optical luminosity for each image [35]. The standard devia-
tion was subtracted from the mean and the resultant differ-
ence was subtracted from the background optical luminosity 
reading for the glass slide [36]. Values were averaged across 
each brain region.

Statistics

Statistical analysis was performed using GraphPad Prism 
software. Results are presented as mean ± SD. Data not 
conforming to a normal distribution were logarithmically 
transformed before analysis. To allow use of standard loga-
rithms, a constant was added to data sets containing values 
equal to or less than zero. The overall effect of experimental 
treatment on continuous outcome variables was determined 
using one-way analysis of variance (ANOVA) with Tukey’s 
multiple comparisons post-hoc test. Discrete data (e.g. litter 
sizes) were assessed by non-parametric Kruskal–Wallis test. 
Categorical data (e.g. offspring sex) were assessed by chi-
squared test. Two-way ANOVA was also used to determine 
the overall effect of fetal sex (P(Sex)) on body and organ 
weights, and its interaction with treatment (P(Interaction)), 
in individual fetuses and adult offspring. In all cases, statisti-
cal significance was taken at P < 0.05.

Results

Term Fetuses

In term guinea pig fetuses, brain weight, but not body or 
liver weight, differed across control, MNR and MNR + Ad.
VEGF-A165 treatment groups (Table  1). The brains of 
untreated MNR fetuses tended to be lighter than those of 
control normally grown fetuses (P = 0.065, Tukey’s post-
hoc). By contrast, brains of treated MNR fetuses from nutri-
ent restricted sows that received Ad.VEGF-A165 were heavier 
than those of untreated MNR fetuses (P = 0.023) and did not 
differ from normally grown controls (P = 0.99). The over-
all effects of FGR and Ad.VEGF-A165 were similar when 
fetal brain weight was expressed as a percentage of body 
weight (Table 1). Brain weight did not differ across groups 
when expressed as a percentage of liver weight. Gestational 
age at necropsy, litter size and the proportion of fetuses of 
each sex was the same in all three groups (Table 1). Fetal 
body, brain and liver weights were not affected by fetal 
sex (Two-way ANOVA, P(Sex) > 0.05), or the interaction 
between fetal sex and treatment group (Two-way ANOVA, 
P(Interaction) > 0.05).
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Microglial ramification, assessed through IBA1 immu-
noreactivity of brain sections, was greater in MNR com-
pared to control fetuses in all anatomical regions of the brain 
that were studied (Table 2, Fig. 1d-f). However, microglial 
ramification in the hippocampus, striatum and thalamus 
of treated MNR fetuses from nutrient restricted dams that 
received Ad.VEGF-A165 was lower than that in untreated 
MNR fetuses and similar to control values. Ramification 
also tended to be lower in the cortex and external capsule 
of treated MNR + Ad.VEGF-A165 fetuses compared to 
untreated MNR fetuses, albeit the difference was not statisti-
cally significant (P = 0.06 and P = 0.27 respectively, Tukey’s 
post-hoc). Neither TUNEL positive cell count nor optical 
luminosity values for astrogliosis (GFAP immunoreactivity) 
and myelination (MBP immunoreactivity) differed between 
the three groups of fetuses, at term (Table 2, Fig. 1).

Adult Offspring

Adult offspring guinea pigs from control, MNR and 
MNR + Ad.VEGF-A165 groups had similar brain, liver 
and body weights when they were studied at 5 months of 
age (Table 1). Male offspring were heavier than females 
(Two-way ANOVA, P(Sex) < 0.001) but their brain and 
liver weights were similar (P(Sex) > 0.05) and there was no 
interacting effect of sex and treatment on offspring biometry 

(P(Interaction) > 0.05). Pups originated from similarly sized 
litters and had similar sex distributions.

Hippocampal microglial ramification was higher in 
MNR + Ad.VEGF-A165 adult offspring compared to either 
control or untreated MNR offspring (Table 3, P < 0.05, Tuk-
ey’s post-hoc, Fig. 2d-f). Conversely, microglial ramifica-
tion in the thalamus tended to be less in MNR than control 
adult offspring, irrespective of whether the sow received 
Ad.VEGF-A165 (Table 3). There were no significant inter-
group differences in microglial ramification in the cortex, 
striatum or external capsule. Astroglial activation, deter-
mined through GFAP immunoreactivity, was elevated in 
the external capsule in the brains of MNR + Ad.VEGF-A165 
offspring, but not untreated FGR offspring, compared to 
controls (Table 3, Fig. 2g-i). Astroglial activation was not 
affected by treatment in any other brain region and there 
were no differences in TUNEL positive cell death or myeli-
nation between adult offspring in the three groups.

Discussion

This study shows that uterine artery gene therapy with 
Ad.VEGF-A165 in pregnant guinea pigs prevents the effects 
of maternal nutrient restriction on offspring brain growth and 
microglial activation. The results also demonstrate that brain 

Table 1   Biometry of fetuses 
and adult offspring of control, 
maternal nutrient restricted 
(MNR) and maternal nutrient 
restricted pregnant guinea 
pigs given Ad.VEGF-A165 
gene therapy (MNR + Ad.
VEGF-A165)

Overall effect of maternal treatment determined by one-way ANOVA, unless indicated a Kruskal–Wallis 
test or b Chi-square test. Post-hoc comparisons between groups performed by Tukey multiple comparisons 
test, with *P < 0.05 versus control and †P < 0.05 versus FGR. Values are mean ± SD

Control MNR MNR + Ad.VEGF-
A165

Overall P value

Mean SD Mean SD Mean SD

Fetuses n = 6 litters n = 13 litters n = 12 litters
Brain weight (g) 2.5 ± 0.1 2.3 ± 0.3 2.5 ± 0.2† 0.02
Body weight (g) 85 ± 7 85 ± 12 84 ± 11  > 0.05
Liver weight (g) 4.5 ± 0.6 4.0 ± 1.1 4.4 ± 0.9  > 0.05
Brain/body weight (%) 3.0 ± 0.2 2.7 ± 0.4 3.0 ± 0.3† 0.03
Brain/liver weight (%) 58 ± 8 58 ± 14 60 ± 15  > 0.05
Gestational age (days) 61 ± 1 61 ± 1 61 ± 2  > 0.05
Litter size 4.0 ± 1.5 3.0 ± 2.5 3.0 ± 1.8  > 0.05a

Sex (% female) 54 45 50  > 0.05b

Adult offspring n = 10 n = 13 n = 13
Brain weight (g) 3.9 ± 0.4 3.8 ± 0.3 3.7 ± 0.4  > 0.05
Body weight (g) 880 ± 122 787 ± 88 847 ± 119  > 0.05
Liver weight (g) 27 ± 5 26 ± 4 26 ± 4  > 0.05
Brain/body weight (%) 0.45 ± 0.07 0.48 ± 0.07 0.43 ± 0.07  > 0.05
Brain/liver weight (%) 15 ± 3 15 ± 3 15 ± 3  > 0.05
Postnatal age (days) 167 ± 13 147 ± 27 142 ± 31  > 0.05
Litter size 2.5 ± 2.5 4.0 ± 1.0 3.5 ± 2.3  > 0.05a

Sex (% female) 60 62 54  > 0.05b
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weight and cellular composition remain normal into adulthood, 
in offspring of Ad.VEGF-A165 treated dams, without evidence 
of changes in cell death or myelination. Maternal Ad.VEGF-
A165 treatment increased microgliosis and astrogliosis in some 
parts of the adult offspring brain but most brain regions were 
unaffected. Therefore, uterine artery Ad.VEGF-A165 gene 
therapy does not adversely affect offspring brain growth or 
cause injury at a cellular level, and may beneficially mitigate 
the effects of FGR in the perinatal period.

Maternal nutrient restriction reduced fetal absolute brain 
weight near term, consistent with previous studies in preg-
nant guinea pigs [13–15]. This finding also recapitulates the 
phenotype of human neonates affected by FGR, who have 
lower total brain volumes, as well as smaller gray matter and 
regional volumes, compared to normally grown, appropri-
ate for gestational age infants [9, 10]. However, our find-
ing that fetal brain weight is also reduced as a percentage 
of body weight contrasts with other studies showing that 
brain growth is relatively less affected by maternal nutri-
ent restriction and other, more severe prenatal insults, like 
uterine artery ligation or maternal chronic hypoxia [13–18]. 
Maternal nutrient restriction in our model does not therefore 

appear to induce fetal brain sparing, a redistribution of 
blood flow to the brain at the expense of the liver and other 
viscera, thought to be an adaptive response to hypoxia in 
human fetuses with FGR [37, 38]. This discrepancy most 
likely relates to the mild and variable degree of fetal growth 
restriction produced by maternal nutrient restriction in 
guinea pigs, which in turn relates to varying age and body 
habitus at conception and was reported by us and others pre-
viously [30–32]. Indeed, birth weight was similar in control 
and MNR groups in the present cohort, possibly due to a 
tendency for lower litter size in nutrient restricted dams [27]. 
Mechanistically, impaired brain growth in fetuses of under-
nourished guinea pig dams may be explained by reduced 
fetal nutrient and oxygen delivery concomitant with placen-
tal vascular deficiency [13, 29].

Despite reduced brain weight in the perinatal period, 
offspring from nutrient restricted sows had similar sized 
brains to controls in adulthood. By contrast, long term stud-
ies in human neonates affected by FGR suggest that brain 
structural deficits persist, with reduced total and regional 
brain volumes reported at least until 10 years of age [11, 12, 
39]. Therefore, the guinea pig brain may be more capable 

Table 2   Histological indices of brain injury in fetuses of control, maternal nutrient restricted (MNR) and maternal nutrient restricted pregnant 
guinea pigs given Ad.VEGF-A165 gene therapy (MNR + Ad.VEGF-A165)

Overall effect of maternal treatment determined by one-way ANOVA. Post-hoc comparisons between groups performed by Tukey multiple com-
parisons test, with *P < 0.05 versus control and †P < 0.05 versus FGR. Values are mean ± SD

Control MNR MNR + Ad.VEGF-
A165

Overall P value

Mean SD Mean SD Mean SD

Fetuses n = 11 n = 7 n = 7
Cell death (TUNEL positive cells) Cortex 2.2 ± 1.0 2.2 ± 1.1 2.5 ± 0.9  > 0.05

Hippocampus 1.5 ± 0.7 3.2 ± 1.9 1.8 ± 0.7  > 0.05
Striatum 1.8 ± 0.8 2.5 ± 0.9 2.3 ± 0.4  > 0.05
Thalamus 2.5 ± 0.9 2.7 ± 1.2 3.1 ± 1.6  > 0.05
External capsule 2.1 ± 0.6 2.3 ± 1.3 2.1 ± 1.3  > 0.05

Microgliosis (IBA1 ramification index) Cortex 0.4 ± 0.4 1.4 ± 0.7* 0.7 ± 0.8 0.01
Hippocampus 0.2 ± 0.2 1.8 ± 1.0* 0.6 ± 0.5† 0.00
Striatum 0.2 ± 0.2 1.7 ± 1.2* 0.7 ± 0.6† 0.00
Thalamus 0.4 ± 0.3 1.1 ± 0.7* 0.5 ± 0.5† 0.01
External capsule 0.4 ± 0.4 1.4 ± 0.8* 0.9 ± 1.1 0.07

Astrogliosis (GFAP optical luminosity) Cortex 47 ± 15 50 ± 12 53 ± 9  > 0.05
Hippocampus 37 ± 14 40 ± 7 39 ± 9  > 0.05
Striatum 29 ± 13 30 ± 5 29 ± 14  > 0.05
Thalamus 28 ± 12 31 ± 4 33 ± 6  > 0.05
External capsule 54 ± 18 60 ± 9 53 ± 12  > 0.05

Myelination (MBP optical luminosity) Cortex 30 ± 9 39 ± 8 32 ± 7  > 0.05
Hippocampus 25 ± 7 33 ± 6 31 ± 11  > 0.05
Striatum 28 ± 9 26 ± 5 19 ± 6  > 0.05
Thalamus 30 ± 8 35 ± 4 29 ± 4  > 0.05
External capsule 57 ± 14 61 ± 8 54 ± 8  > 0.05
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of postnatal catch-up growth. However, we did not investi-
gate whether the offspring of nutrient restricted sows had 
persisting alterations in behaviour or cognition, which have 
been described both in children affected by FGR [9–11] and 
in other guinea pig studies of prenatal undernutrition [19].

In our study, the main effect of maternal nutrient restric-
tion on the fetal brain at a cellular level was a reduction 
in microglial activation relative to fetuses of ad  libitum 
fed control dams, as evidenced by greater ramification of 
IBA-1 positive cells. Microglial macrophages typically 
survey tissue via branching processes in the quiescent state 
and adopt a more rounded phagocytic morphology in the 
activated state, when inflammation occurs. This effect was 
unexpected, given that previous animal studies suggest 
increased microglial activation, with less ramification, in 
the brains of FGR piglets [40]. In rodents, in early perinatal 
life, IBA-1 positive macrophages with a rounded phagocytic 
morphology are mostly restricted to sub-cortical white mat-
ter. Later, as the microglial cells take up residence in the rest 
of the brain regions, IBA-1 positive microglial morphol-
ogy becomes more ramified [41]. Therefore, greater micro-
glial ramification in the MNR fetuses in our study could 
be explained by accelerated maturation or infiltration of the 

microglial population in the fetal brain, because we did not 
quantify the absolute number or density of IBA-1 positive 
cells present. Whatever the reason for the greater microglial 
ramification in the brains of fetuses exposed to maternal 
nutrient restriction, this effect was resolved in the adult off-
spring, which had similar IBA-1 ramification indices when 
compared to the control group. Therefore, maternal nutrient 
restriction did not induce lasting changes in offspring brain 
inflammation and glial composition (Figs. 1 and 2).

In piglets with FGR, microglial activation is accom-
panied by increased abundance of pro-inflammatory 
cytokines, reduced neuronal proliferation, astrogliosis and 
impaired myelination, all consistent with hypoxic brain 
injury [40]. These results also differ from our own, which 
indicate that astroglial activation, measured through GFAP 
immunoreactivity, and myelination, measured through 
MBP immunoreactivity, are similar in fetuses of nutrient 
restricted and control dams. In FGR guinea pigs, reduced 
fetal brain myelination, astrogliosis and inflammation have 
been reported mainly in more severe insults associated 
with uterine artery ligation and chronic hypoxia [16, 17, 
42]. Therefore, these indices of brain injury are more likely 
related to marked hypoxia per se, rather than the moderate 

Fig. 1   Representative images of 
histological analyses in brains 
of fetuses of control, maternal 
nutrient restricted (MNR) and 
maternal nutrient restricted 
pregnant guinea pigs given 
Ad.VEGF-A165 gene therapy 
(MNR + Ad.VEGF-A165). (a-c) 
TUNEL stained images of 
cerebral cortex, 40 × magnifica-
tion, apoptotic nuclei indicated 
(closed arrow); (d-f) cortex 
immunostained for IBA1; 
40 × magnification, microglial 
cell bodies (closed arrow) 
and processes (open arrow) 
indicated; (g-i) external capsule 
immunostained for GFAP, 
20 × magnification, astroglial 
cells indicated (closed arrow); 
(j-l) thalamus immunostained 
for MBP, 20 × magnification. 
Scale bar 59.5µm

Control MNR MNR + VEGF

TUNEL

IBA1

MBP

GFAP

a b c

d e f

g h i

j k l
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placental insufficiency induced by maternal nutrient restric-
tion. We did not identify a difference in the number of 
TUNEL positive cells in the brains of MNR and control 
fetuses, in contrast with another study that focussed on 
selected FGR fetuses and found increased apoptosis in the 
brains of guinea pig pups exposed to similar maternal nutri-
ent restriction [14]. In that study, apoptosis was localised 
to the periventricular white matter and hippocampus and 
evident only in fetuses below a cut-off body weight thresh-
old of 80g. Moreover, although we did not find evidence of 
significant increase in TUNEL positive cells in the brains 
of FGR fetuses, the density was double that in ad libitum 
fed controls, suggesting a larger number of samples would 
most likely have identified a similar effect in the three-group 
design used in our study.

Notwithstanding the mild effects of maternal nutri-
ent restriction on fetal brain weight and glial activation, 
Ad.VEGF-A165 normalised these effects such that fetuses 
of dams given gene therapy had similar brain weights and 
IBA-1 ramification indices to control fetuses. The data there-
fore suggest a beneficial therapeutic effect of Ad.VEGF-A165 
to combat the effects of maternal nutrient restriction on the 

brain, in the perinatal period. Similarly, in rats, maternal 
antioxidant treatment with vitamin C reverses the effects of 
environmental hypoxia on offspring hippocampal structure, 
as well as improving memory function [43]. On the other 
hand, targeted delivery of a nanoparticle therapy designed to 
augment insulin growth factor 1 expression in the guinea pig 
placenta does not appear to alter the effect of nutrient restric-
tion on fetal brain growth [44]. Therefore, the data suggest 
that prenatal interventions for FGR can indirectly protect 
brain development and that amelioration of uteroplacental 
blood flow, hypoxia and oxidative stress are more impor-
tant than enhancing placental function, in this context. Cer-
tainly, maternal uterine artery Ad.VEGF-A165 gene therapy 
improves uterine artery vasodilatation in guinea pigs, in our 
previous studies. [20, 21, 24]. Ad.VEGF-A165 gene therapy 
also improves uterine blood flow in sheep, in association 
with reduced brain-sparing [22, 45].

The brains of offspring from the MNR + Ad.VEGF-A165 
group remained similar in size to controls in adulthood, sug-
gesting that they continued to grow normally after birth. 
Moreover, the increase in hippocampal IBA-1 ramification 
index in the adult MNR + Ad.VEGF-A165 group suggests a 

Table 3   Histological indices of brain injury in adult offspring of control, maternal nutrient restricted (MNR) and maternal nutrient restricted 
pregnant guinea pigs given Ad.VEGF-A165 gene therapy (MNR + Ad.VEGF-A165)

Overall effect of maternal treatment determined by one-way ANOVA. Post-hoc comparisons between groups performed by Tukey multiple com-
parisons test, with *P < 0.05 versus control and †P < 0.05 versus FGR. Values are mean ± SD

Control MNR MNR + Ad.VEGF-
A165

Overall P value

Mean SD Mean SD Mean SD

Adult offspring n = 10 n = 5 n = 10
Cell death (TUNEL positive cells) Cortex 0.0 ± 0.1 0.2 ± 0.2 0.1± 0.2  > 0.05

Hippocampus 0.1 ± 0.1 0.3 ± 0.9 0.2 ± 0.4  > 0.05
Striatum 0.1 ± 0.1 0.2 ± 0.3 0.0 ± 0.2  > 0.05
Thalamus 0.1 ± 0.1 0.8 ± 1.8 0.1 ± 0.1  > 0.05
External capsule 0.1 ± 0.1 0.6 ± 1.7 0.2 ± 0.3  > 0.05

Microgliosis (IBA1 ramification index) Cortex 5.9 ± 1.3 7.3 ± 1.3 6.5 ± 2.4  > 0.05
Hippocampus 4.8 ± 1.8 4.2 ± 0.7 6.7 ± 1.7*† 0.021
Striatum 5.5 ± 2.9 3.5 ± 2.8 4.5 ± 4.9  > 0.05
Thalamus 4.8 ± 1.8 2.9 ± 1.3 3.0 ± 0.6 0.020
External capsule 4.5 ± 1.8 5.3 ± 2.1 5.5 ± 1.5  > 0.05

Astrogliosis (GFAP optical luminosity) Cortex 16 ± 3 18 ± 5 22 ± 6  > 0.05
Hippocampus 16 ± 4 14 ± 5 19 ± 5  > 0.05
Striatum 16 ± 6 17 ± 6 21 ± 7  > 0.05
Thalamus 14 ± 6 13 ± 3 17 ± 4  > 0.05
External capsule 19 ± 6 21 ± 9 29 ± 7* 0.021

Myelination (MBP optical luminosity) Cortex 25 ± 9 19 ± 6 25 ± 3  > 0.05
Hippocampus 23 ± 6 17 ± 3 23 ± 3  > 0.05
Striatum 22 ± 6 17 ± 11 21 ± 4  > 0.05
Thalamus 29 ± 5 25 ± 7 28 ± 2  > 0.05
External capsule 40 ± 8 36 ± 10 38 ± 3  > 0.05
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reduced inflammatory state in the brains of these animals, 
compared to untreated MNR offspring. This therapeutic 
effect could be due to Ad.VEGF-A165 improving uterine 
blood flow and reducing hypoxia and oxidative stress in the 
fetal brain, leading to a lasting dampening of pro-inflamma-
tory cytokine production. The regional specificity of this 
long term effect of Ad.VEGF-A165 may be a consequence 
of the high metabolic rate of the hippocampus, rendering it 
particularly susceptible to ATP deficit [10].

Contrary to its effects on fetal brain weight and microglial 
activation, prenatal Ad.VEGF-A165 gene therapy increased 
GFAP positive astroglial activation in the external capsule of 
the adult offspring brain, indicating active repair of neuronal 
tissue. Although the cause of this astrogliosis is unclear, it is 
unlikely to be a long-term inflammatory effect of vector leak 
into the fetus, because our previous study shows no evidence 
of vector spread across the placenta in guinea pigs [24]. Older 
studies report that adenoviral vectors are capable of causing 
brain inflammation but these concerns are mitigated by the 
use of more modern vectors that have reached clinical trial 
for numerous diseases, including neurological diseases in 
children [46]. We cannot rule out a potential local inflam-
matory response, with oedema and macrophage infiltration 
due to overexpression of VEGF-A165, which we previously 

identified in transduced uterine and radial arteries in preg-
nant sheep [20]. However, using the alternative pre-processed 
short form VEGF-D transgene in the adenovirus (Ad.VEGF-
DΔNΔC) did not result in an inflammatory effect, and this is 
likely to be the vector of choice for clinical translation [47]. 
We have previously demonstrated minimal transfer of this 
Ad.VEGF-DΔNΔC vector across the ex vivo human placenta, 
making it unlikely to reach the fetal blood and have an adverse 
effect [48]. We also did not assess the relative abundance of 
pro-inflammatory A1 and protective A2 astrocytes in the pre-
sent study, meaning that increased GFAP immunoreactivity 
was not necessarily a consequence of increased inflammation, 
rather than repair. Elevated astroglial activation was confined 
to the external capsule, with no evidence of astrogliosis in 
any other brain region studied. There were no accompany-
ing alterations in apoptosis or myelination, suggesting that 
there are few adverse effects of maternal Ad.VEGF-A165 gene 
therapy on the offspring brain. Nevertheless, the safety of the 
therapy will continue to be monitored in our ongoing preclini-
cal studies using Ad.VEGF-DΔNΔC.

This study did not include animals treated with a control 
adenoviral vector without the VEGF-A165 transgene, in con-
trast with our previous studies, which used a β-galactosidase-
expressing reporter construct in the same vector backbone 

Fig. 2   Representative images of 
histological analyses in brains 
of adult offspring of control, 
maternal nutrient restricted 
(MNR) and maternal nutrient 
restricted pregnant guinea pigs 
given Ad.VEGF-A165 gene 
therapy (MNR + Ad.VEGF-
A165). (a-c) TUNEL stained 
images of external capsule, 
40 × magnification, apoptotic 
nuclei indicated (closed arrow); 
(d-f) hippocampus immu-
nostained for IBA1; 40 × magni-
fication, microglial cell bodies 
(closed arrow) and processes 
(open arrow) indicated; (g-i) 
external capsule immunostained 
for GFAP, 20 × magnifica-
tion, astroglial cells indicated 
(closed arrow); (j-l) hippocam-
pus immunostained for MBP, 
20 × magnification. Scale bar 
59.5µm
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(Ad.lacZ) [20–24, 49]. Our study design including nutrient-
restricted and ad libitum fed controls treated with pluronic gel 
allowed us to assess both the efficacy and safety of the combined 
VEGF transgene and adenoviral vector, versus vehicle, and was 
most like the expected design of a randomised controlled trial 
in humans. The previous studies already demonstrated that 
Ad.VEGF-A165 increases activation of endothelial cell angio-
genesis signalling [49], uterine artery dilatation [24], uterine 
blood flow [20, 21], fetal growth velocity [22] and birthweight 
[24] compared to Ad.lacZ. We did not consider it necessary to 
use more animals to include another group of nutrient-restricted, 
pregnant guinea pigs given Ad.lacZ in this study.

Taken together, the data support the safety and efficacy 
of maternal uterine artery Ad.VEGF gene therapy for fetal 
growth restriction. In agreement with our original hypothesis, 
they show that Ad.VEGF-A165 normalises fetal brain growth in 
guinea pig fetuses of nutrient restricted sows. They also indi-
cate that Ad.VEGF-A165 reverses the effects of maternal nutri-
ent restriction on microglial activation in the perinatal period. 
Ad.VEGF-A165 has few adverse effects on the brain, even 
when offspring are followed up in the long term. Ad.VEGF 
gene therapy therefore remains a promising intervention to 
mitigate placental insufficiency in pregnancies complicated by 
severe FGR. We are currently undertaking further pre-clinical 
studies in guinea pigs to optimise Ad.VEGF-DΔNΔC vector 
dosage and planning a clinical trial.

Acknowledgements  This work was supported by Action Medical 
Research (grant number SP2169). A. L. David and D. M. Peebles are 
supported by the National Institute for Health Research University Col-
lege London Hospitals Biomedical Research Centre. We thank the staff 
of the animal facility for their care of the guinea pigs.

Data Availability  The authors confirm that the data supporting the find-
ings of the present study are available within the article and from the 
corresponding author [Owen Vaughan] upon reasonable request.

Code Availability  Not applicable.

Declarations 

Ethics Approval  Not applicable.

Consent to Participate  Not applicable.

Consent for Publication  Not applicable.

Competing Interests  The authors have no competing interests to 
declare that are relevant to the content of this article.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Lees CC, et al. The diagnosis and management of suspected fetal 
growth restriction: an evidence-based approach. Am J Obstet 
Gynecol. 2022;226(3):366–78.

	 2.	 Gordijn SJ, et al. Consensus definition of fetal growth restriction: a 
Delphi procedure. Ultrasound Obstet Gynecol. 2016;48(3):333–9.

	 3.	 Pels A, et al. Early-onset fetal growth restriction: a systematic 
review on mortality and morbidity. Acta Obstet Gynecol Scand. 
2020;99(2):153–66.

	 4.	 Blair EM, Nelson KB. Fetal growth restriction and risk of cerebral 
palsy in singletons born after at least 35 weeks’ gestation. Am J 
Obstet Gynecol. 2015;212(4):520.e1-7.

	 5.	 Arcangeli T, et al. Neurodevelopmental delay in small babies 
at term: a systematic review. Ultrasound Obstet Gynecol. 
2012;40(3):267–75.

	 6.	 Sacchi C, et al. Association of intrauterine growth restriction and 
small for gestational age status with childhood cognitive out-
comes: a systematic review and meta-analysis. JAMA Pediatr. 
2020;174(8):772–81.

	 7.	 Levine TA, et  al. Early childhood neurodevelopment after 
intrauterine growth restriction: a systematic review. Pediatrics. 
2015;135(1):126–41.

	 8.	 Murray E, et al. Differential effect of intrauterine growth restric-
tion on childhood neurodevelopment: a systematic review. BJOG. 
2015;122(8):1062–72.

	 9.	 Tolsa CB, et al. Early alteration of structural and functional brain 
development in premature infants born with intrauterine growth 
restriction. Pediatr Res. 2004;56(1):132–8.

	10.	 Lodygensky GA, et al. Intrauterine growth restriction affects the 
preterm infant’s hippocampus. Pediatr Res. 2008;63(4):438–43.

	11.	 Padilla N, et  al. Differential effects of intrauterine growth 
restriction on brain structure and development in preterm 
infants: a magnetic resonance imaging study. Brain Res. 
2011;1382:98–108.

	12.	 Morsing E, et al. Brain volumes and developmental outcome in 
childhood following fetal growth restriction leading to very pre-
term birth. Front Physiol. 2018;9:1583.

	13.	 Elias AA, et al. Maternal nutrient restriction in guinea pigs leads 
to fetal growth restriction with evidence for chronic hypoxia. Pedi-
atr Res. 2017;82:141–147.

	14.	 Ghaly A, et al. Maternal nutrient restriction in guinea pigs leads 
to fetal growth restriction with increased brain apoptosis. Pediatr 
Res. 2019;85(1):105–12.

	15.	 Soo PS, et al. Maternal undernutrition reduces P-glycoprotein in 
guinea pig placenta and developing brain in late gestation. Reprod 
Toxicol. 2012;33(3):374–81.

	16.	 Tolcos M, Rees S. Chronic placental insufficiency in the fetal 
guinea pig affects neurochemical and neuroglial development 
but not neuronal numbers in the brainstem: a new method for 
combined stereology and immunohistochemistry. J Comp Neurol. 
1997;379(1):99–112.

	17.	 Kelleher MA, et al. Sex-dependent effect of a low neurosteroid 
environment and intrauterine growth restriction on foetal guinea 
pig brain development. J Endocrinol. 2011;208(3):301–9.

	18.	 Quebedeaux TM, et al. Chronic hypoxia inhibits respiratory 
complex iv activity and disrupts mitochondrial dynamics in the 
fetal guinea pig forebrain. Reprod Sci. 2022;29(1):184–92.

http://creativecommons.org/licenses/by/4.0/


	 Reproductive Sciences

	19.	 Byrne EA, et  al. Behaviour, brain and body growth of 
guinea-pigs after prenatal growth restriction. Br J Nutr. 
1978;40(3):543–51.

	20.	 David AL, et al. Local delivery of VEGF adenovirus to the uter-
ine artery increases vasorelaxation and uterine blood flow in the 
pregnant sheep. Gene Ther. 2008;15(19):1344–50.

	21.	 Mehta V, et  al. Long-term increase in uterine blood flow is 
achieved by local overexpression of VEGF-A(165) in the uterine 
arteries of pregnant sheep. Gene Ther. 2012;19(9):925–35.

	22.	 Carr DJ, et  al. Uteroplacental adenovirus vascular endothe-
lial growth factor gene therapy increases fetal growth veloc-
ity in growth-restricted sheep pregnancies. Hum Gene Ther. 
2014;25(4):375–84.

	23.	 Mehta V, et al. Gene targeting to the uteroplacental circulation of 
pregnant guinea pigs. Reprod Sci. 2016;23(8):1087–95.

	24.	 Swanson AM, et  al. Maternal therapy with Ad.VEGF-A165 
increases fetal weight at term in a guinea-pig model of fetal 
growth restriction. Hum Gene Ther. 2016;27(12):997–1007.

	25.	 Vaughan OR, et al. Perinatal and long term effects of maternal 
uterine artery adenoviral VEGF-A165 gene therapy in the growth 
restricted guinea pig fetus. Am J Physiol Regul Integr Comp Physiol. 
2018;315:R344–R353.

	26.	 Kind KL, et al. Effect of maternal feed restriction during preg-
nancy on glucose tolerance in the adult guinea pig. Am J Physiol 
Regul Integr Comp Physiol. 2003;284(1):R140–52.

	27.	 Kind KL, et al. Chronic maternal feed restriction impairs growth 
but increases adiposity of the fetal guinea pig. Am J Physiol Regul 
Integr Comp Physiol. 2005;288(1):R119–26.

	28.	 Kind KL, et al. Effect of maternal feed restriction on blood pres-
sure in the adult guinea pig. Exp Physiol. 2002;87(4):469–77.

	29.	 Roberts CT, et al. Maternal food restriction reduces the exchange 
surface area and increases the barrier thickness of the placenta in 
the guinea-pig. Placenta. 2001;22(2–3):177–85.

	30.	 Elias AA, et al. Maternal nutrient restriction in guinea pigs as an 
animal model for inducing fetal growth restriction. Reprod Sci. 
2016;23(2):219–27.

	31.	 Swanson AM, et al. The use of ultrasound to assess fetal growth in a guinea 
pig model of fetal growth restriction. Lab Anim. 2016;51:181–190.

	32.	 Vaughan OR, et al. Perinatal and long-term effects of maternal 
uterine artery adenoviral VEGF-A165 gene therapy in the growth-
restricted guinea pig fetus. Am J Physiol Regul Integr Comp Phys-
iol. 2018;315(2):R344–53.

	33.	 Schoenen J. The dendritic organization of the human spinal cord: 
the dorsal horn. Neuroscience. 1982;7(9):2057–87.

	34.	 Carsten Möller J, et al. Regulation of thrombospondin in the regen-
erating mouse facial motor nucleus. Glia. 1996;17(2):121–32.

	35.	 Rasband WS. Image J. US National Institutes of Health, Bethesda, 
Maryland; 1997–2016. https://​imagej.​nih.​gov/​ij/

	36.	 Hristova M, et al. Inhibition of Signal Transducer and Activator 
of Transcription 3 (STAT3) reduces neonatal hypoxic-ischaemic 
brain damage. J Neurochem. 2016;136(5):981–94.

	37.	 Figueroa-Diesel H, et al. Doppler changes in the main fetal brain 
arteries at different stages of hemodynamic adaptation in severe 

intrauterine growth restriction. Ultrasound Obstet Gynecol. 
2007;30(3):297–302.

	38.	 Hernandez-Andrade E, et al. Changes in regional fetal cerebral 
blood flow perfusion in relation to hemodynamic deterioration 
in severely growth-restricted fetuses. Ultrasound Obstet Gynecol. 
2008;32(1):71–6.

	39.	 Korkalainen N, et al. Brain volumes and white matter microstruc-
ture in 8- to 10-year-old children born with fetal growth restric-
tion. Pediatr Radiol. 2022;52:2388–2400.

	40.	 Wixey JA, et  al. Neuropathology in intrauterine growth 
restricted newborn piglets is associated with glial activation 
and proinflammatory status in the brain. J Neuroinflammation. 
2019;16(1):5.

	41.	 Hristova M, et al. Activation and deactivation of periventricular 
white matter phagocytes during postnatal mouse development. 
Glia. 2010;58(1):11–28.

	42.	 Guo R, et al. Brain injury caused by chronic fetal hypoxemia 
is mediated by inflammatory cascade activation. Reprod Sci. 
2010;17(6):540–8.

	43.	 Camm EJ, et  al. Maternal antioxidant treatment protects 
adult offspring against memory loss and hippocampal atro-
phy in a rodent model of developmental hypoxia. FASEB J. 
2021;35(5):e21477.

	44.	 Wilson RL, et al. Sexual dimorphisms in brain gene expression 
in the growth-restricted guinea pig can be modulated with intra-
placental therapy. Pediatr Res. 2021;89(7):1673–80.

	45.	 Carr DJ, et al. Peri- and postnatal effects of prenatal adenovi-
ral VEGF gene therapy in growth-restricted sheep. Biol Reprod. 
2016;94(6):142.

	46.	 Thomas CE, et al. Peripheral infection with adenovirus causes 
unexpected long-term brain inflammation in animals injected 
intracranially with first-generation, but not with high-capac-
ity, adenovirus vectors: Toward realistic long-term neuro-
logical gene therapy for chronic diseases. Proc Natl Acad Sci. 
2000;97(13):7482–7.

	47.	 Mehta V, et al. Local over-expression of VEGF-DΔNΔC in the 
uterine arteries of pregnant sheep results in long-term changes 
in uterine artery contractility and angiogenesis. PLoS One. 
2014;9(6):e100021.

	48.	 Desforges M, et al. In vitro human placental studies to support 
adenovirus-mediated VEGF-D(ΔNΔC) maternal gene therapy for 
the treatment of severe early-onset fetal growth restriction. Hum 
Gene Ther Clin Dev. 2018;29(1):10–23.

	49.	 Rossi C, et al. Comparison of efficiency and function of vascu-
lar endothelial growth factor adenovirus vectors in endothelial 
cells for gene therapy of placental insufficiency. Hum Gene Ther. 
2020;31(21–22):1190–202.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://imagej.nih.gov/ij/

	Maternal Uterine Artery Adenoviral Vascular Endothelial Growth Factor (Ad.VEGF-A165) Gene Therapy Normalises Fetal Brain Growth and Microglial Activation in Nutrient Restricted Pregnant Guinea Pigs
	Abstract
	Introduction
	Materials and Methods
	Animals
	Surgical Procedures
	Histological and Biochemical Analyses
	Statistics

	Results
	Term Fetuses
	Adult Offspring

	Discussion
	Acknowledgements 
	References


