
AAllmmaa  MMaatteerr  SSttuuddiioorruumm  ––  UUnniivveerrssiittàà  ddii  BBoollooggnnaa  

 
 

DOTTORATO DI RICERCA IN 
 

SCIENZE VETERINARIE 

 
Ciclo XXXV 

 
Settore Concorsuale: 07/H5 – Cliniche Chirurgica e Ostetrica Veterinarie 

 

Settore Scientifico Disciplinare: VET/10 – Clinica Ostetrica e Ginecologia Veterinaria 

 

 
 

 

 

 

STUDY ON NGF AND VEGF DURING THE EQUINE PERINATAL PERIOD 

 
 

 

 

Presentata da: Dottor Nicola Ellero 
 

 

 

Coordinatore Dottorato     Supervisore 
 

 

Prof.ssa Carolina Castagnetti     Prof.ssa Carolina Castagnetti 
  

 

 

 

 

 

 

 

 

 

 

Esame finale anno 2023 

 



 

1       

ABSTRACT 

The importance of trophic factors, such as nerve growth factor (NGF), vascular endothelial growth 

factor (VEGF) and brain-derived neurotrophic factor (BDNF), during the perinatal period is now 

emerging. Through their functional activities of neurogenesis and angiogenesis, they play a key role 

in the final maturation of the nervous and vascular systems. Neonatal Encephalopathy (NE) may be 

caused by hypoxic ischemic or inflammatory insults and modified by innate protective or excitatory 

mechanisms. Understanding the underlying pathophysiology is important in formulating a rational 

approach to diagnosis. Part 1 of the study aims to: (i) evaluate NGF and VEGF levels obtained at 

parturition from the mare, foal and umbilical cord vein plasma, as well as in amniotic fluid; (ii) 

evaluate NGF and VEGF content in the plasma of healthy foals during the first 72 h of life (T0, T24 

and T72); (iii) evaluate NGF and VEGF levels at parturition in relation to the selected mares’ and 

foals’ clinical parameters; (iv) evaluate the relationship between the two trophic factors and the 

thyroid hormone levels (TT3 and TT4) in the first 72 h of life; (v) assess mRNA expression of NGF, 

VEGF and BDNF and their cell surface receptors in the placenta. Part 2 of the study aims to clinically 

characterize a population of foals spontaneously affected by NE, and then to: (i) evaluate NGF and 

VEGF levels in plasma samples obtained in the affected population at parturition from the mare’s 

jugular vein, umbilical cord vein and foal’s jugular vein, as well as in amniotic fluid; (ii) evaluate 

NGF and VEGF content in the plasma of foals affected by NE during the first 72 h of 

life/hospitalization; (iii) evaluate NGF and VEGF levels at birth/admission in relation to selected 

mare’s and foal’s clinical parameters; (iv) evaluate the relationship between the two trophic factors 

and thyroid hormone levels (TT3 and TT4) in the first 72 h of life/hospitalization; (v) assess the 

mRNA expression of NGF, VEGF and BDNF, and their cell surface receptors, in the placenta of 

mares that delivered foals affected by NE. In Part 1, fourteen Standardbred healthy foals born from 

mares with normal pregnancies and parturitions were included, whereas in Part 2, thirteen affected 

foals born from mares hospitalized for peripartum monitoring (group NE) and twenty affected foals 

hospitalized after birth (group exNE) were included. The dosage of NGF and VEGF levels was 

performed using commercial ELISA kits, whereas NGF, VEGF and BDNF placental gene expression 

was performed using semiquantitative real-time PCR. Part 1 - In foal plasma, both NGF and VEGF 

levels decreased significantly over time, from T0 to T24 (p = 0.0066 for NGF; p < 0.0001 for VEGF) 

and from T0 to T72 (p = 0.0179 for NGF; p = 0.0016 for VEGF). In foal serum, TT3 levels increased 

significantly over time from T0 to T24 (p = 0.0058) and from T0 to T72 (p = 0.0013), whereas TT4 levels 

decreased significantly over time from T0 to T24 (p = 0.0201) and from T0 to T72 (p < 0.0001). A 

positive correlation was found in the levels of NGF and VEGF in foal plasma at each time point (p = 

0.0115; r = 0.2862). A positive correlation was found between NGF levels in the foal plasma at T0 and 

lactate (p = 0.0359; r = 0.5634) as well as between VEGF levels in the foal plasma at T0 and creatine 

kinase (p = 0.0459; r = 0.5407). VEGF was expressed in all fetal membranes, whereas NGF and its 

receptors were not expressed in the amnion. Part 2 - In group NE, NGF levels decreased significantly 

from T0 to T24 (p = 0.0447) and VEGF levels decreased significantly from T0 to T72 (p = 0.0234), 

whereas in group exNE, only NGF levels decreased significantly from T0 to T24 (p = 0.0304). 

Compared to healthy foals, a significant reduction of TT3 levels was observed in both NE (T24, p = 

0.0066; T72 p = 0.0003) and exNE (T0, p = 0.0082; T24, p < 0.0001; T72, p < 0.0001) groups, whereas a 

significant reduction of TT4 levels was observed only in exNE group (T0, p = 0.0003; T24, p = 0.0010; 



 

2       

T72, p = 0.0110). In group NE, NGF levels were positively correlated with both TT3 (p = 0.0475; r = 

0.3424) and TT4 levels (p = 0.0063; r = 0.4589). In the placenta, a reduced expression of NGF in the 

allantois (p = 0.0033) and a reduced expression of BDNF in the amnion (p = 0.0498) were observed. 

The close relationship between the two trophic factors in foal plasma over time and their fine 

expression in placental tissues under physiological conditions appear to be key regulators of fetal 

development and adaptation to extra-uterine life. The less pronounced decrease of the two trophic 

factors in compromised foals compared to healthy ones, their relationship with thyroid hormones 

over time, and the reduced expression of NGF and BDNF in placental tissues of mares that delivered 

affected foals, could be key regulators in the mechanisms of equine NE. 
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PREFACE 

The end of pregnancy, the birth and the sudden need for the fetus to adapt to the extra-uterine 

environment characterize the perinatal period, which is considered eventful in all species. The many 

functional and developmental changes that occur during this period are probably greater than in 

any other stage of life and the final maturation of the nervous and vascular systems plays a key role 

in the adaptation of the fetus to extra-uterine life. 

In addition to the normal maturational processes, there are also changes in the intra-uterine 

development and perinatal adaptation of the neonate in response to adverse conditions that alter 

the environment in utero, leading to ischemia/hypoxia/inflammation in the prepartum period 

(maternal ill health, nutrient deprivation, placental dysfunction) or at parturition (premature 

placenta separation, dystocia, cesarian section). As a result, the newborn foal could develop many 

behavioral abnormalities and other signs of neurologic dysfunction including alterations in 

respiratory function, changes in muscle tone, changes in responsiveness, vestibular signs, and 

autonomic disturbances, classified under the term Neonatal Encephalopathy (NE). Surprisingly, the 

prognosis in the foal compared with the human infant, in terms of short- and long-term neurological 

damage, is good. 

Neurotrophins, including nerve growth factor (NGF) and brain-derived neurotrophic factor 

(BDNF), are known to play an important role as neuroprotective factors in pre- and post-natal brain 

development, making them of great interest for the diagnosis and treatment of several neurological 

disorders. Vascular endothelial growth factor (VEGF) is a potent mitogen, morphogen and chemo-

attractant for endothelial cells and is widely recognized among trophic factors as the most potent 

stimulator of vasculogenesis and angiogenesis. It is also involved in several acute neurological 

disorders, such as cerebral ischemia, where it can mediate positive effects. 

This study is the first to identify trophic factors in the equine perinatal period and to examine their 

changes in healthy and compromised foals, then the role of these changes in both physiological 

adaptations to extra-uterine life and pathophysiology of NE, with particular emphasis on the 

diagnostic and prognostic value of these novel biomarkers in the course of the disease. 

Preliminary results of the present study were presented as an oral presentation by the authors at the 

74th national SISVet congress (Italian Society of Veterinary Sciences), held in Italy on June 23-26, 2021. 

The entire study was finally published in 2022 in the form of two scientific papers in the international 

journal Veterinary Sciences (Q1; IF 2.518), as part of the special issue “Neuropeptides: role and 

function in species of veterinary interest". 

The study has a strong translational bias and treats a purely spontaneous pathology of the equine 

neonate, which is particularly representative of clinical practice in a neonatal intensive care unit. The 

perinatal period was explored by the authors according to a compartmental model that should 

reflect feto-placental physiology (fetal membranes, amniotic fluid and umbilical vein plasma) and 

the physiology of the mother/neonate (mare and foal plasma). As a result, a biobank of clinical and 

biological materials was established on which innovative biomolecular diagnostic techniques were 
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developed. The future goal of the study is to lay the foundation for the development of new 

therapeutic protocols aimed at stimulating self-repair in regenerative and translational medicine. 

In the first part of the present thesis, published under the title “Study on NGF and VEGF during the 

equine perinatal period—Part 1: Healthy foals born from normal pregnancy and parturition”, the 

NGF and VEGF levels were measured in the plasma of mares with normal pregnancy and 

parturition, in the amniotic fluid, in the umbilical vein and in the plasma of their healthy foals in the 

first 72 h of life. To obtain a more complete picture, the trend of serum thyroid hormones in the first 

72 h of life and the gene expression of NGF, VEGF, BDNF and their receptors in the fetal membranes 

were evaluated. 

In the second part of the present thesis, published under the title “Study on NGF and VEGF during 

the equine perinatal period—Part 2: Foals affected by Neonatal Encephalopathy”, a population of 

foals spontaneously affected by NE was clinically characterized. NGF and VEGF levels were 

measured in the plasma of mares diagnosed with placental insufficiency and/or dystocia, in the 

amniotic fluid, in the umbilical vein, in the plasma of their foals affected by NE (in the first 72 h of 

life) and in foals affected by NE admitted within 24 h after birth (in the first 72 h of hospitalization). 

The trend of serum thyroid hormones in the first 72 h of life/hospitalization and the gene expression 

of NGF, VEGF, BDNF and their receptors in the fetal membranes were also evaluated.  
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74th SISVet Congress (Italian Society of Veterinary Sciences), Italy, June 23-26, 2021, 

Oral presentation 
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PART 1 – HEALTHY FOALS BORN FROM NORMAL PREGNANCY AND PARTURITION 

Citation: Ellero, N.; Lanci, A.; Baldassarro, V.A.; Alastra, G.; Mariella, J.; Cescatti, M.; Giardino, L.; Castagnetti, 

C. Study on NGF and VEGF during the Equine Perinatal Period—Part 1: Healthy Foals Born from Normal 

Pregnancy and Parturition. Vet. Sci. 2022, 9, 451. 

https://doi.org/10.3390/ vetsci9090451 

 

SIMPLE SUMMARY 
The end of pregnancy, the birth and the sudden need for the fetus to adapt to the extra-uterine 

environment make the perinatal period eventful in all species. Trophic factors, such as nerve growth 

factor and vascular endothelial growth factor, as well as thyroid hormones, take part in the processes 

associated with the final maturation of the fetus. Our aim is to evaluate the levels of trophic factors 

and thyroid hormones obtained at parturition from a population of healthy mares and foals and in 

the first 72 h of foal life, as well as the expression of trophic factors in fetal membranes. The levels of 

both trophic factors decreased over time in foal plasma and a positive correlation was found between 

their levels at each time point, but no correlation was found with the thyroid hormone levels. 

Vascular endothelial growth factor was expressed in all fetal membranes, while nerve growth factor 

and its receptors were not expressed in the amnion. The close relationship between the two trophic 

factors in foal plasma over time and their fine expression in placental tissues appear to be key 

regulators of fetal development and adaptation to extra-uterine life. 

ABSTRACT 

The importance of trophic factors, such as nerve growth factor (NGF), vascular endothelial growth 

factor (VEGF), and brain-derived neurotrophic factor (BDNF) during the perinatal period, is now 

emerging. Through their functional activities of neurogenesis and angiogenesis, they play a key role 

in the final maturation of the nervous and vascular systems. The present study aims to: (i) evaluate 

the NGF and VEGF levels obtained at parturition from the mare, foal and umbilical cord vein 

plasma, as well as in amniotic fluid; (ii) evaluate NGF and VEGF content in the plasma of healthy 



 

9       

foals during the first 72 h of life (T0, T24 and T72); (iii) evaluate NGF and VEGF levels at parturition 

in relation to the selected mares’ and foals’ clinical parameters; (iv) evaluate the relationship between 

the two trophic factors and the thyroid hormone levels (TT3 and TT4) in the first 72 h of life; (v) 

assess mRNA expression of NGF, VEGF and BDNF and their cell surface receptors in the placenta. 

Fourteen Standardbred healthy foals born from mares with normal pregnancies and parturitions 

were included in the study. The dosage of NGF and VEGF levels was performed using commercial 

ELISA kits, whereas NGF, VEGF and BDNF placental gene expression was performed using 

semiquantitative real-time PCR. In foal plasma, both NGF and VEGF levels decreased significantly 

over time, from T0 to T24 (p = 0.0066 for NGF; p < 0.0001 for VEGF) and from T0 to T72 (p = 0.0179 

for NGF; p = 0.0016 for VEGF). In foal serum, TT3 levels increased significantly over time from T0 to 

T24 (p = 0.0058) and from T0 to T72 (p = 0.0013), whereas TT4 levels decreased significantly over time 

from T0 to T24 (p = 0.0201) and from T0 to T72 (p < 0.0001). A positive correlation was found in the 

levels of NGF and VEGF in foal plasma at each time point (p = 0.0115; r = 0.2862). A positive 

correlation was found between NGF levels in the foal plasma at T0 and lactate (p = 0.0359; r = 0.5634) 

as well as between VEGF levels in the foal plasma at T0 and creatine kinase (p = 0.0459; r = 0.5407). 

VEGF was expressed in all fetal membranes, whereas NGF and its receptors were not expressed in 

the amnion. The close relationship between the two trophic factors in foal plasma over time and 

their fine expression in placental tissues appear to be key regulators of fetal development and 

adaptation to extra-uterine life. 

Keywords: neonatal foal; pregnancy; parturition; equine perinatal period; amniotic fluid; umbilical 

cord vein; placenta; nerve growth factor; vascular endothelial growth factor; brain-derived 

neurotrophic factor; thyroid hormones 

1. Introduction 

The end of pregnancy, the birth and the sudden need for the fetus to adapt to the extra-uterine 

environment make the perinatal period eventful in all species. The many functional and 

developmental changes that occur during this period are probably greater than in any other stage of 

life and the final maturation of the nervous and vascular systems plays a key role in the adaptation 

of the fetus to extra-uterine life. 

Nerve growth factor (NGF) gained scientific preeminence as the founding and bestcharacterized 

member of the neurotrophin family. Neurotrophins, including NGF and brain-derived neurotrophic 

factor (BDNF), were originally indicated as neuroprotective factors, due to their effect in reducing 

apoptosis and promoting the survival and maintenance of specific populations of neurons in both 

the peripheral and central nervous systems during pre- and post-natal brain development. They are 

important for axon growth during development [1], neuronal function [2], developmental maturity 

of the cerebral cortex and synaptic plasticity, leading to the refinement of the connections [3], 

morphologic differentiation and neurotransmitter expression [4]. The biological functions of the 

neurotrophins are mediated through two classes of cell surface receptors, the tyrosine kinase 

receptors (TRK) and the p75 neurotrophin receptors (p75NTR). NGF sends its survival signals 
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through activation of TRKA and can induce cell death by binding to p75NTR [5]. BDNF, via the 

corresponding TRKB receptor, is primarily present in immune cells, such as T cells and 

macrophages/microglia, and the number of BDNF-immunoreactive cells correlates well with lesion 

demyelinating activity [6]. Several other functional activities have, however, been attributed to 

neurotrophins and specifically to NGF, as suggested by NGF synthesis and/or expression of the 

high-affinity TRKA receptor in many cell types other than neurons, such as immune [7] and 

endocrine cells [8], endothelial cells and keratinocytes [9], and cardiomyocytes [10]. 

Although the equine NGF sequence has recently been identified in peripheral blood cells, the 

identification of NGF in the equine perinatal period has never been reported. In the study performed 

by Amagai et al. [11], there were no polymorphisms among the samples analyzed, and the 

neurotrophin showed more than 90% homology to human, mouse, rat, dog and bovine NGF, 

indicating that NGF-encoding is a highly conserved gene [11]. 

Vascular endothelial growth factor (VEGF) is a potent mitogen, morphogen and chemoattractant for 

endothelial cells and is widely recognized as the most potent stimulator of vasculogenesis and 

angiogenesis [12]. VEGF, and its two main receptor molecules, fms-like tyrosine kinase 1 (FLT1; 

VEGFR1) and kinase insert-domain containing receptor (KDR; VEGFR2), have been shown to be 

expressed in the endometrium and placenta of mares during pregnancy [13]. Although originally 

described as a key angiogenic factor, it is now well established that VEGF also plays a crucial role in 

the nervous system. FLT1 has a weak tyrosine kinase activity, stimulates postnatal angiogenesis 

through intracellular signaling and evidence is now emerging that it also exerts neuroprotective 

effects [14]. KDR has strong tyrosine kinase activity, stimulates vascular permeability and stimulates 

survival of various neural cell types in the nervous system [15]. 

The hypothalamus–pituitary–thyroid (HPT) axis has specific functions, mostly related to metabolic 

activities, cell differentiation and development, but thyroid hormones also take part in processes 

associated with the central nervous system. From the beginning of fetal life, they regulate and 

stimulate the proliferation and growth of neurons, synaptic formation and myelination [16]. 

Although a possible interaction of thyroid hormones with members of the neurotrophin family and 

their functional receptors has been suggested [17], to the authors’ knowledge, the relationship 

between trophic factors and thyroid hormones in the equine perinatal period has never been 

investigated. 

The biological nature of equine NGF and VEGF at foaling and in the early stages of equine neonatal 

life under physiological conditions has not yet been clarified. The aims of the present investigation, 

as a pilot study, are: (i) to evaluate NGF and VEGF levels in plasma samples obtained at parturition 

from the mare’s jugular vein, the foal’s jugular vein and the umbilical cord vein, as well as in 

amniotic fluid; (ii) to evaluate NGF and VEGF content in the plasma of healthy foals during the first 

72 h of life; (iii) to evaluate the NGF and VEGF levels at parturition/birth in relation to the selected 

mares’ and foals’ clinical parameters; (iv) to evaluate the relationship between the two trophic 

factors and the thyroid hormone levels (TT3 and TT4) in the first 72 h of life; (v) to assess the mRNA 

expression of NGF, VEGF and BDNF and their cell surface receptors (p75 neurotrophin receptor and 

tropomyosin receptor kinase A for NGF; kinase insert domain receptor and fms-related receptor 
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tyrosine kinase 1 for VEGF; tropomyosin receptor kinase B for BDNF) in the placenta. This study is 

based on the hypothesis that NGF and VEGF, as well as signaling through their specific receptors 

and interaction with the HPT axis, represent key neuroprotective and angiogenic factors in fetal 

adaptation to extra-uterine life. The first part of the present study focuses on understanding the 

biological significance of their expression under physiological conditions for the regulation of pre- 

and post-natal development in the equine species. The levels of trophic factors and thyroid 

hormones at the time of birth and in the first 72 h of life well represent the transition of the healthy 

equine neonate to extra-uterine life. 

2. Materials and Methods 

2.1. Population 

Fourteen Standardbred healthy foals born from healthy mares with normal pregnancy and 

parturition hospitalized at the Perinatology and Reproduction Unit (Equine Clinical Service, 

Department of Veterinary Medical Sciences) of the University of Bologna during the 2018 to 2021 

foaling seasons were included in the study. 

The mares were hospitalized at about 310 days of pregnancy because the owners requested an 

attended parturition. They were housed in separate wide straw-bedded boxes, fed hay ad libitum 

and concentrates twice a day, and were allowed to go to pasture during the day. At admission, a 

complete clinical evaluation, including complete blood count (ADVIA 2120 analyzer, Siemens 

Healthcare srl, Milan, Italy) and transrectal ultrasonography, were performed. Subsequently, the 

mares were clinically evaluated twice a day and by ultrasonography every 10 days until parturition. 

After delivery, macroscopic and histopathological examination of the placenta was performed in all 

mares. 

Mares with a diagnosis of high-risk pregnancy [18,19], dystocia [20] or placental insufficiency [21,22] 

were excluded from the study. 

At birth, a complete clinical evaluation, including complete blood count and serum biochemistry 

(AU 400 analyzer, Olympus/Beckman Coulter, Lismeehan, Ireland), was performed in all foals. The 

foals were monitored throughout the hospitalization period by a clinical examination performed 

every 6 h. 

The foals born from normal pregnancy and birth were classified as healthy when they had an Apgar 

score ≥ 9 [23] and a normal clinical evaluation during the course of hospitalization, including a 

complete blood count and serum biochemistry at birth and an IgG serum concentration > 800 mg/dL 

(by immunoturbidimetric method; DVM Rapid Test II, MAI Animal Health, Elmwood, WI, USA) at 

24 h of life. 

The foals classified as affected by neonatal disease at birth or during the hospitalization period were 

excluded from the study. 
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2.2. Clinical Data and Sample Collection 

The following data were recorded for each mare: age (years), parity, gestation length (days), length 

of stage II parturition (min), placenta/foal weight ratio (%), macroscopic and histopathological 

evaluation of the placenta. 

The following data were recorded for each foal: sex, weight (kg), Apgar score at birth [23], blood 

glucose at birth (mg/dL) (Medisense Optium, Abbott Laboratories Medisense Products, Bedford, 

MA, USA), umbilical cord vein (UV) and jugular vein (JV) lactate concentrations at birth (mmol/L) 

(Lactate SCOUT+, Leipzig, Germany) as well as hematobiochemical parameters. 

All biological samples were harvested as part of the clinical program of peripartum monitoring; 

owners gave written consent to use samples for research. 

The amniotic fluid (AF) was collected within 5 min of the appearance of the amniotic sac, through 

the vulva by needle puncture of the amnion, using a 60 mL sterile syringe. The samples were 

immediately stored at −20 ◦C and analyzed within 6 months. 

As soon as the foal was born, the umbilical structures were identified both visually and via manual 

palpation. The UV sample was taken as close to the foal’s body wall as possible, using a 21 g butterfly 

needle attached to a vacuum system as well as K3 EDTA and serum (clot activator) tubes (Vacutest 

Kima, Arzergrande, Italy). 

Blood was collected in K3 EDTA and serum tubes by jugular venipuncture in all mares at parturition 

(TP) and in all foals at each time point (at birth: T0; at 24 h of life: T24; at 72 h of life: T72). All blood 

samples were centrifuged at 3000 g for 10 min at 4◦C and aliquots of supernatant plasma/serum were 

collected, immediately stored at −20 ◦C and analyzed within 6 months. 

Immediately after expulsion, the fetal membranes were weighed and subsequently placed on their 

side in an F shape to perform a macroscopic evaluation. To ensure an appropriate comparison 

between the different subjects, one placenta sample that was uniform in size (2 × 2 cm) was collected 

from each area of fetal membranes segments: body, pregnant horn, nonpregnant horn, cervical pole 

and amnion [24]. Samples were formalinfixed and paraffin-embedded. Routine histological 

hematoxylin- and eosin-stained slides were obtained. 

For molecular biology investigations, in 8 of the 14 mares, two 0.5 × 0.5 cm samples were collected 

from the amnion and the body of the placenta at the base of the pregnant horn, near the umbilical 

cord attachment. The latter was manually separated into two portions: chorion and allantois. 

Samples were washed with sterile saline, frozen in liquid nitrogen for 60 s, stored at −80 ◦C and 

analyzed within 6 months. 

2.3. Measurement of NGF and VEGF by ELISA 

Dosage of NGF and VEGF levels was performed using commercial ELISA kits (MyBiosource, San 

Diego, CA, USA), which detect equine NGF and VEGF (Horse NGF/VEGF ELISA; NGF, Cod. 

MBS040618; VEGF, Cod. MBS035093). All samples were centrifuged at 4000 g for 10 min and at 4 ◦C 

prior to the assay and then analyzed according to the manufacturer’s indications. Briefly, undiluted 

samples and standard curves were added to the wells and immediately mixed with HRP-conjugate. 
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After 60 min of incubation at 37 ◦C, the wells were washed four times and two chromogens were 

added in sequence. The stop solution was added after a second incubation (15 min at 37 ◦C) and the 

plate read within 15 min at 450 nm. Optical density values were interpolated on a linear standard 

curve using GraphPad Prism v 6.0. NGF standard curve ranges from 15.6 ng/mL to 500 ng/mL, 

whereas VEGF standard curve ranges from 31.2 pg/mL to 1000 pg/mL. 

2.4. Measurement of Thyroid Hormones 

Basal thyroid hormone levels of total triiodothyronine (TT3) and total thyroxine (TT4) from the mare 

JV, UV and the foal JV at T0, T24 and T72 were determined using the Siemen’s Immulite TT3 and 

TT4 kits (Immulite Canine TT3 and TT4; Siemens, Oakville, ON, Canada) validated for use with 

equine serum at the Endocrine Laboratory, Prairie Diagnostic Services, Saskatoon, SK [25,26]. The 

analytical sensitivity of the TT3 Immulite assay is 0.54 nmol/L. Specificity data from the 

manufacturer regarding the anti-TT3 antibody identified a 100% cross-reaction with triiodo-L-

thyronine, 100% with triiodo-D-thyronine, 1.3% with tetraiodothyroacetic acid and 0.7% with 

triiodothyroacetic acid. The analytical sensitivity of the TT4 assay was 0.15 nmol/L. Specificity data 

regarding the anti-TT4 antibody from the manufacturer identified a 100% cross-reactivity with L-

thyroxine, 55% with D-thyroxine, 16% with tetraiodothyroacetic acid and 3.2% with triiodo-L-

thyronine. 

2.5. Placental Gene Expression 

Chorion, allantois and amnion tissues were homogenized, and total RNA isolation was performed 

using RNeasy Microarray Tissue Mini Kit (Qiagen, Hilden, Germany, Cod. 73404) by the automated 

extractor QIAcube Connect (Qiagen). 

Total RNA was eluted in RNase Free Water, and using a spectrophotometer (Nanodrop 2000, 

Thermo Scientific, Waltham, MA, USA, absorbance values at 260, 280 and 320 nm were measured. 

For the reverse transcription to generate the cDNA, the iScript™ gDNA Clear cDNA kit (Biorad, 

Hercules, CA, USA, Cod. 1725035BUN) was used, while semiquantitative real-time PCR was 

performed using the CFX96 real-time PCR system (BioRad, Hercules, CA, USA). The reactions were 

performed in a final volume of 20 µL consisting of SYBR Green qPCR master mix (BioRad, Cod. 

1725274), 0.4 µM forward and reverse primers and nuclease-free water. The no-RT control was 

processed in parallel with the others and tested by real-time PCR for every primer pair. No template 

controls were added for each gene expression analysis. All primers were designed using Primer 

Blast software (NCBI, Bethesda, MD, USA) and synthesized by IDT (Coralville, IA, USA). Specific 

sequences of primers are listed in Table 1. 
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Thermal profile of PCR reactions consisted first of a denaturation step (98 ◦C, 3 min) and 40 cycles 

of amplification (95 ◦C for 10 s and 60 ◦C for 1 min). At the end of the amplification cycles, the 

dissociation curve was obtained by following a procedure consisting of first incubating samples at 

95 ◦C for 1 min to denature the PCR-amplified products, then ramping temperature down to 65 ◦C 

and finally increasing temperature from 65 ◦C to 95 ◦C at the rate of 0.5 ◦C/s, continuously collecting 

fluorescence intensity over the temperature ramp. 

2.6. Statistical Analysis 

The one-way ANOVA test was used to evaluate significant differences in biomarker levels at 

different collection times. Matched multiple comparison versus T0 was performed. 

To evaluate correlations between parameters, Pearson or Spearman correlation coefficients were 

calculated, with Gaussian or non-Gaussian distribution, respectively. 

NGF and VEGF levels were correlated in the foal’s JV plasma, between mares and foals and with the 

data recorded for each mare at TP (age, parity, gestation length and placenta/foal weight ratio) and 

the following clinical and hematobiochemical parameters were recorded for each foal at T0: weight 

at birth, UV and JV lactate concentration, serum creatine kinase, total bilirubin, blood urea nitrogen, 

creatinine, magnesium and serum amyloid A. 

A p < 0.05 was considered statistically significant. All statistical analyses were carried out using 

commercial software GraphPad Prism version 6.00. 

 

Table 1. List of the gene-specific primer sequences. 
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3. Results 

3.1. Population Characterization 

The clinical data collected from the mares and foals included in this study are shown in Table 2. The 

clinical examinations performed during the hospitalization period were within normal limits at all 

time points, with all foals exhibiting normal immediate post-foaling behavior, including the ability 

to stand, nurse and pass meconium and urine. 

 

 

 

The results of the complete blood count and serum biochemistry, including JV glucose and UV and 

JV lactate at T0 (measured through rapid methods) are summarized in Table S1 [27–30] in the 

Supplementary Materials. Macroscopic and histopathological evaluations of the placenta were also 

within normal limits in all mares. 

3.2. Biomarkers (NGF, VEGF, TT3 and TT4) in Biological Fluids 

NGF, VEGF, TT3 and TT4 were dosed in JV at each time point analyzed (0, 24 and 72 h from birth). 

Trends in plasma levels of NGF and VEGF and serum levels of TT3 and TT4 in foals in the first 72 h 

of life are illustrated in Figure 1. In foal plasma, both NGF and VEGF levels decreased significantly 

over time, from T0 to T24 (p = 0.0066 for NGF; p < 0.0001 for VEGF) and from T0 to T72 (p = 0.0179 

for NGF; p = 0.0016 for VEGF). In foal serum, the TT3 levels increased significantly over time, from 

T0 to T24 (p = 0.0058) and from T0 to T72 (p = 0.0013), whereas TT4 levels decreased significantly 

over time, from T0 to T24 (p = 0.0201) and from T0 to T72 (p < 0.0001). 

Table 2. Clinical data collected from mares and foals born from attended 

parturition. n = number of animals. Data are expressed as mean ± standard 

deviation (min–max). 
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Figure 1. Time-dependent changes in plasma NGF–VEGF levels and serum TT3–TT4 levels in jugular vein 

(JV) of healthy foals. T0: birth; T24: 24 hours from birth; T72: 72 hours from birth. NGF, VEGF and TT4 levels 

decrease significantly from T0 to T24 and from T0 to T72, whereas TT3 levels increase significantly from T0 to 

T24 and from T0 to T72. Statistical analysis: one-way ANOVA, with the Geisser–Greenhouse correction. 

Adjusted p values JV NGF: * = 0.0179; ** = 0.0066; adjusted p values JV VEGF: ** = 0.0016; **** < 0.0001; adjusted 

p values JV TT3: ** = 0.0058; ** = 0.0013; adjusted p values JV TT4: * = 0.0201; **** < 0.0001. 

Furthermore, as shown in Figure 2, a positive correlation was found in the plasma levels of NGF 

and VEGF in the foal’s JV at each time point (p = 0.0115; r = 0.2862). 
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Figure 2. Correlation found between NGF and VEGF levels in plasma samples obtained from foal’s jugular 

vein at three consecutive time points (round points T0: birth; square points T24: 24 h from birth; triangular 

points T72: 72 h from birth). Statistical analysis: non-parametric Spearman correlation. p = 0.0015; r = 0.2862. 

Both NGF and VEGF were also dosed in all other matrices analyzed: amniotic fluid, plasma obtained 

from umbilical cord vein and plasma obtained from the mare’s jugular vein at parturition. Overall, 

the results are summarized in Table 3. 

 

Table 3. NGF–VEGF levels in amniotic fluid and in plasma samples obtained from umbilical cord vein, mare’s 

jugular vein (JV) at parturition (TP) and foal’s jugular vein (JV) at three consecutive time points (T0: birth; T24: 

24 h from birth; T72: 72 h from birth); TT3–TT4 levels in serum samples obtained from umbilical cord vein, 

mare’s jugular vein at parturition (TP) and foal’s jugular vein at three consecutive time points (T0: birth; T24: 

24 h from birth; T72: 72 h from birth). n = number of dosed samples; NA = data not available. Data are expressed 

as mean ± standard deviation (min–max). 
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No correlations were found between the NGF and VEGF levels in the amniotic fluid, the plasma 

obtained from the umbilical cord vein and the plasma obtained from the mare’s jugular vein at 

parturition. Moreover, no correlation between NGF and VEGF mares and foals levels was found. 

3.3. Equine NGF/VEGF and Clinical Data 

As show in Figure 3, a positive correlation was found between NGF levels in the foal’s JV at T0 and 

the lactate concentration at T0 (p = 0.0359; r = 0.5634) and between VEGF levels in the foal’s JV at T0 

and the serum creatine kinase at T0 (p = 0.0459; r = 0.5407). 

 

Figure 3. Significant correlations found between NGF and VEGF levels in plasma samples obtained from foal’s 

jugular vein and hematobiochemical parameters at T0. Statistical analysis: parametric Pearson correlation (JV–

NGF vs. lactate and JV–VEGF vs. creatine kinase). 

3.4. Equine NGF, VEGF, BDNF and Their Receptors Gene Expression in the Placenta 

The gene expression of NGF, VEGF and BDNF is shown in Table 4. In the chorion, the three 

neurotrophins NGF, VEGF and BDNF were expressed, as well as NGF and VEGF receptors, while 

only the BDNF receptor TRKB was not expressed. Additionally, in the allantois, the neurotrophins 

were all expressed, together with the NGF low-affinity receptor p75NTR and the two VEGF 

receptors KDR and FLT1, while the high-affinity NGF receptor TRKA and the BDNF receptor TRKB 

resulted not detectable. In the amnion, VEGF and both its receptors KDR and FLT1 were expressed, 

as well as BDNF; however, NGF and both its receptors p75NTR and TRKA, together with the BDNF 

receptor TRKB, were not expressed. 
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Table 4. Gene expression of NGF, VEGF, BDNF and their receptors in the three portions of placenta: chorion, 

allantois and amnion. Data are shown as gene expressed (exp) or not expressed (ne). Genes were indicated as 

expressed (exp) if they were amplified with a Cq ≤ 37. p75NTR = p75 neurotrophin receptor; TRKA = tyrosine 

kinase receptor A; KDR = kinase insert domain containing receptor; FLT1 = fms-like tyrosine kinase 1; TRKB 

= tyrosine kinase receptor B. 

 

4. Discussion 

Compared to the human species, little is known about the physiology of trophic factors in the equine 

perinatal period. NGF and VEGF are pleiotropic molecules which exert a wide variety of effects on 

different body districts and cell types, both during development and in adulthood. In the first part 

of this study, the NGF and VEGF levels were measured in the plasma of mares with normal 

pregnancy and parturition, in the amniotic fluid, in the umbilical vein and in the plasma of their 

healthy foals in the first 72 h of life. To obtain a more complete picture, the trend of serum thyroid 

hormones (TT3 and TT4) in the first 72 h of life and the gene expression of NGF, VEGF, BDNF and 

their receptors (TRKA, p75NTR, FLT-1, KDR, TRKB) in the fetal membranes were evaluated. The 

compartments explored in this study should reflect feto-placental physiology (fetal membranes, 

amniotic fluid and umbilical vein plasma) and the physiology of the mother/neonate (mare and foal 

plasma). 

Higher amounts of NGF than VEGF were found in mare and foal plasma, umbilical vein plasma and 

amniotic fluid, but both trophic factors decreased significantly in the first 72 h of life in the plasma 

of the neonatal foals. This decline is most consistent for VEGF. Experimental and human clinical 

studies indicate that many body districts and cell types synthetize neurotrophic factors [7–10]; thus, 

it is reasonable to assume that circulating NGF and VEGF levels could be in part of fetal and neonatal 

origin. The most interesting aspect was perhaps the correlation that exists between the NGF and 

VEGF levels in the foal plasma at each time point. The close relationship between the two trophic 

factors has never been found in experimental or clinical studies before. The significance of this 

positive correlation should probably be investigated in light of the NGF and VEGF roles in the brain 

compartment. From a translational point of view, studies conducted on human perinatology showed 

that the blood levels of neurotrophins, including NGF and BDNF, are similar to those in the brain 

[31] and that the neural tube, from which the brain and spinal cord develop, becomes vascularized 

by a process involving VEGF [32]. In addition to its role in directing vessel sprouting, VEGF also 

regulates neuronal cell migration in the central nervous system in a mouse model [33]. 

Although the source of trophic factors in equine amniotic fluid is still unknow, explanatory fetal and 

placental mechanisms should be considered. Fetal urine can reasonably contain all molecules which 

cross the blood–brain barrier, including NGF, and changes to the brain can be reflected in urine [34]. 
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Since fetal urine is a major component of the amniotic fluid during late gestation in equine species 

[35], it is reasonable to assume it may also be a source of NGF and VEGF in the amniotic fluid. This 

may seem especially true for NGF due to its lack of expression in the amnion. 

The umbilical cord vein may contain blood components of placental and maternal origin; in fact, it 

is reasonable to assume that trophic factors such as NGF and VEGF cross the utero–placental barrier 

to reach the fetal compartment [36]. The lack of correlation between maternal, umbilical cord vein 

and neonatal plasma levels at parturition does not make it possible to confirm the possible transfer 

of these factors between the maternoplacental and neonatal circulation. This result is probably 

related to the participation of the fetus in the regulation of these pathways. 

The few studies which have been performed on the human perinatal period under physiological 

conditions are related to the amniotic fluid and the maternal/neonatal plasma levels. It has been 

reported that NGF in the human amniotic fluid increases with gestational age [37], and that NGF is 

the only neurotrophin correlated to birthweight [31]. The maternal and umbilical cord plasma NGF 

levels, as well as the VEGF levels in the amniotic fluid, were correlated with fetal growth, with likely 

implications for postnatal neurodevelopment [38,39]. In the present study, no correlations were 

observed between plasma NGF and VEGF levels and the selected mares’ and foals’ clinical 

parameters, probably due to the low number of samples and high individual variability. In contrast 

to the reports in human literature, NGF is not correlated to birthweight in the equine species [31]. 

The correlation of plasma levels of NGF and VEGF in the foal with hematobiochemical parameters 

at birth, however, showed significant indices. From a clinical perspective, NGF correlated positively 

with blood lactate concentrations in healthy neonatal foals. Lactate could be evaluated to monitor 

the postpartum period and to indicate the need for prompt intervention, since it is the end-product 

of both aerobic and anaerobic glucose metabolism [28]. Although the blood lactate concentration 

may be physiologically elevated in the first 12 h of life, hyperlactatemia is produced in the event of 

hypoxia and poor tissue perfusion [40]. VEGF correlated positively with the serum creatine kinase 

(CK) level; this enzyme is present in the heart, skeletal muscles and brain. A mild elevation of CK 

level at birth is natural in neonatal foals, and the possible causes of this elevation are pressure in the 

birth canal and mild muscle damage from reactive oxygen [41]. However, hypothetical and 

speculative conclusions concerning correlations with blood parameters need to be critically 

evaluated in future investigations, since none of these parameters were highly correlated. 

Although the thyroid function of the fetus improves steadily from mid-gestation, maternal thyroid 

hormones are required until the end of the pregnancy. Under physiological conditions, this study 

showed the serum TT3 and TT4 levels were several times higher in neonate foals at birth than in 

their mares, but similar to those of the umbilical cord vein. They cross the placental barrier to enter 

the fetal blood, and subsequently the blood–brain barrier (BBB) and blood–cerebrospinal fluid 

barrier [16]. Transplacental transport is mediated by transporters in the cell membrane and thyroid 

hormone-binding proteins in trophoblast cells, and during passage through the BBB they are 

captured by endothelial cells. T4 then enters astrocytes and is converted into T3 and transported to 

neurons [16]. The increasing trend in TT3 levels recorded in foal serum in the first 72 h of life is in 

agreement with a previous study that used the same time sampling to investigate thyroid function 
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[42]. In accordance with Pirrone et al. [42], the serum TT4 levels in foals decreased significantly in 

the first 72 h of life. Such high levels of thyroid hormones at birth can only be detected in neonate 

foals. They are higher than in any other species at any physiological stage and are responsible for 

their high thermogenic capacity and remarkable rapidity of growth during the perinatal period, 

especially of the nervous system [42]. From a translational perspective, several studies suggest the 

possible interaction of thyroid hormones with members of the neurotrophin family and their 

functional receptors, not only during brain maturation, but also during brain maintenance [17]. 

Although experimental studies have long since confirmed that thyroid hormones mediate direct 

effects on NGF-induced expression in the brain of neonatal mice [43] and in the cerebellum of 

perinatal rats [44], in the present study a relationship between trophic factors and thyroid hormones 

was not found in healthy foals. 

Concerning fetal membranes, the mare exhibits a diffuse epitheliochorial placenta. At term, the 

extensive allantochorion consists of no more than a single thin layer of low columnar-to-cuboidal 

trophoblast cells which overlies and provides the essential structural framework for an incredibly 

densely packed mass of fetal capillaries supported in minimal amounts of allantoic mesoderm [13]. 

The amnion is the inner fetal membrane and consists of a cuboid epithelial layer that comes into 

direct contact with the amniotic fluid [45]. 

In the human species, NGF is reported to be present in the placenta [46] and mRNA expression has 

been demonstrated in the trophoblast, amnion/chorion and maternal decidua both early in gestation 

and at term [47]. In the equine species, NGF and its two main receptors, p75NTR and TRKA, are 

fully expressed in the chorion, whereas only the p75NTR receptor is expressed in the allantois. 

Surprisingly, they were not found to be expressed in the amnion, despite the NGF synthesis and/or 

expression of the high-affinity TRKA receptor in many cell types other than neurons, including 

endothelial cells [9]. In addition, a recent study also suggests that for a healthy human pregnancy, 

optimal NGF expression in the feto–maternal interface is essential [48], because it influences the 

process of angiogenesis as it exerts a potent angiogenic effect [49]. Prior to this, studies on 

neurotrophins in the placenta of domestic animals have never been conducted, and due to the 

profound differences between human and equine placenta, the authors cannot advance hypotheses 

on placental synthesis or excretion of NGF, but the main source of NGF in the amniotic fluid appears 

to be of fetal origin. 

BDNF and its receptor TRKB were found in the uterus of many species, including the horse. They 

are co-expressed and co-localized in the glandular epithelium, luminal epithelium, vascular smooth 

muscle and myometrium of the mare during early pregnancy [50]. BDNF and TRKB have also been 

previously shown to activate the adhesion [51], angiogenesis [52], apoptosis [53] and proliferation 

[54] pathways, mainly in the brain and nervous system. Each of these pathways is also of paramount 

importance at the end of the pregnancy; however, little is known about the role of BDNF and TRKB 

in reproductive physiology. The results of the present study add limited but novel information on 

the topic. In the placenta of mares at term, BDNF was expressed in the chorion, allantois and amnion, 

whereas the TRKB receptor was not expressed in any of these portions. The lack of interaction 

between BDNF and the TRKB receptor observed in full-term mares may serve to inhibit the classic 



 

22       

BDNF–TRKB pathways, and also prevent nerve growth into placental tissue, which is, at the time of 

birth, soon degraded and removed in a cyclical manner. While the literature that supports BDNF 

expression during human pregnancy, particularly in the brain, is growing [55], its specific function 

is still unclear, but these results suggest that this signaling pathway is potentially important in 

normal equine pregnancy physiology. 

VEGF, and its two major receptor molecules FLT1 and KDR, seem to be the principal vasculogenic 

and angiogenic factors. They are localized throughout most of the gestation on the two principal 

secretory cell types of the equine placenta, the glandular and luminal epithelia of the maternal 

endometrium and the trophoblast of the fetal allantochorion [13,56]. Our results also indicate that in 

the full-term mare, VEGF and its receptors are well expressed in the amnion. FLT1 stimulates 

postnatal angiogenesis through intracellular signaling and also exerts neuroprotective effects [14]. 

KDR stimulates vascular permeability as well as the survival of various types of neural cells in the 

nervous system [15]. Studies on pregnant sheep have shown that amniotic VEGF expression is 

regulated in vivo simultaneously with increased intramembranous uptake, qualifying VEGF as a 

candidate factor to influence amnion permeability [57]. It may therefore be reasonably postulated 

that, in the mare and in the fetus, VEGF, FLT1 and KDR together facilitate the development of 

maternal and fetal vascular and nervous networks for the interchange of nutrients and stimuli. 

Some limitations of the study design should be noted. Neurotrophin signaling and regulation is 

really complex: each receptor can bind more than one ligand with varying affinity, multiple splice 

and transcript variants of ligands and receptors exist, several posttranslational modifications may 

be present, ligands are first translated as pro-proteins which bind receptors and ligands can exist as 

monomers or dimers. In addition, the circulating BDNF levels were not assessed in the population 

of mare and foal pairs but only in the placental tissues. Due to the lack of information on the 

physiology of trophic factors in the horses and the profound difference in terms of fetal development 

and placental structure between the equine and human species, references to other species are 

necessary to get a broader view of the topic. 

5. Conclusions 

The first part of the present study provided limited but novel insights into the role of NGF and VEGF 

in the equine perinatal period, considering that limited studies are available on humans as well. The 

close relationship between the two trophic factors in foal plasma over time and their fine expression 

in placental tissues are certainly key regulatory factors in fetal development and adaptation to extra-

uterine life. The novel information obtained from the population of healthy mares and foals will 

now allow us to analyze the two trophic factors in sick neonates. 
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SUPPLEMENTARY MATERIALS 

Table S1. Foals complete blood cell counts, serum biochemistry, electrolyte concentrations and rapid determinations at birth. Data are expressed as mean ±standard 

deviation (min-max). For normal values refer to [27], [28], [29], and [30]. 

 



 

24       

REFERENCES 
1. Tucker, K.L.; Meyer, M.; Barde, Y. Neurotrophins are required for nerve growth during 

development. Nat. Neurosci. 2001, 4, 29–37. 

2. Chao, M.V. Trophic factors: An evolutionary cul-de-sac or door into higher neuronal function? J. 

Neurosci. Res. 2000, 59, 353–355. 

3. Lu, B.; Figurov, A. Role of Neurotrophins in Synapse Development and Plasticity. Rev. Neurosci. 

1997, 8, 1–12. 

4. Takei, N.; Nawa, H. Roles of neurotrophins on synaptic development and functions in the central 

nervous system. Hum. Cell 1998, 11, 157–165. 

5. Frade, J.M.; Rodríguez-Tébar, A.; Barde, Y.-A. Induction of cell death by endogenous nerve 

growth factor through its p75 receptor. Nature 1996, 383, 166–168. 

6. Stadelmann, C.; Kerschensteiner, M.; Misgeld, T.; Brück, W.; Hohlfeld, R.; Lassmann, H. BDNF 

and gp145trkB in multiple sclerosis brain lesions: Neuroprotective interactions between immune 

and neuronal cells? Brain 2002, 125, 75–85. 

7. Skaper, S.D. Nerve growth factor: A neuroimmune crosstalk mediator for all seasons. Immunology 

2017, 151, 1–15. 

8. Calzà, L.; Giardino, L.; Aloe, L. NGF content and expression in the rat pituitary gland and 

regulation by thyroid hormone. Mol. Brain Res. 1997, 51, 60–68. 

9. Gostynska, N.; Pannella, M.; Rocco, M.L.; Giardino, L.; Aloe, L.; Calza, L. The pleiotropic molecule 

NGF regulates the in vitro properties of fibroblasts, keratinocytes, and endothelial cells: Implications 

for wound healing. Am. J. Physiol. Cell Physiol. 2020, 318, C360–C371. 

10. Pius-Sadowska, E.; Machali ´nski, B. Pleiotropic activity of nerve growth factor in regulating 

cardiac functions and counteracting pathogenesis. ESC Heart Fail. 2021, 8, 974–987. 

11. Amagai, Y.; Sato, H.; Ishizaka, S.; Matsuda, K.; Aurich, C.; Tanaka, A.; Matsuda, H. Cloning and 

Expression of Equine β-Nerve Growth Factor. J. Equine Vet. Sci. 2016, 45, 28–31. 

12. Charnock-Jones, D.; Kaufmann, P.; Mayhew, T. Aspects of Human Fetoplacental Vasculogenesis 

and Angiogenesis. I. Molecular Regulation. Placenta 2004, 25, 103–113. 

13. Allen, W.; Gower, S.; Wilsher, S. Immunohistochemical Localization of Vascular Endothelial 

Growth Factor (VEGF) and its Two Receptors (Flt-I and KDR) in the endometrium and placenta of 

the mare during the oestrous cycle and pregnancy. Reprod. Domest. Anim. 2007, 42, 516–526. 

14. Li, Y.; Zhang, F.; Nagai, N.; Tang, Z.; Zhang, S.; Scotney, P.; Lennartsson, J.; Zhu, C.; Qu, Y.; Fang, 

C.; et al. VEGF-B inhibits apoptosis via VEGFR-1–mediated suppression of the expression of BH3 

only protein genes in mice and rats. J. Clin. Investig. 2008, 118, 913–923. 

15. Jin, K.; Zhu, Y.; Sun, Y.; Mao, X.O.; Xie, L.; Greenberg, D.A. Vascular endothelial growth factor 

(VEGF) stimulates neurogenesis in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2002, 99, 11946–11950. 

16. Sawicka-Gutaj, N.; Zawalna, N.; Gut, P.; Ruchała, M. Relationship between thyroid hormones 

and central nervous system metabolism in physiological and pathological conditions. Pharmacol. 

Rep. 2022, 1–12. 



 

25       

17. Calza, L.; Fernandez, M.; Giuliani, A.; Aloe, L.; Giardino, L. Thyroid hormone activates 

oligodendrocyte precursors and increases a myelin-forming protein and NGF content in the spinal 

cord during experimental allergic encephalomyelitis. Proc. Natl. Acad. Sci. USA 2002, 99, 3258–3263. 

18. Santschi, E.M.; Vaala, W.E. Identification of the high-risk pregnancy. In Equine Reproduction; 

McKinnon, A.O., Squires, E.L., Vaala, W.E., Varner, D.D., Eds.; Wiley-Blackwell: Oxford, UK, 2011; 

pp. 5–15. 

19. Lanci, A.; Mariella, J.; Ellero, N.; Faoro, A.; Peric, T.; Prandi, A.; Freccero, F.; Castagnetti, C. Hair 

Cortisol and DHEA-S in Foals and Mares as a Retrospective Picture of Feto-Maternal Relationship 

under Physiological and Pathological Conditions. Animals 2022, 12, 1266. 

20. Frazer, G.S.; Perkins, N.R.; Embertson, R.M. Normal parturition and evaluation of the mare in 

dystocia. Equine Vet. Educ. 1999, 11, 41–46. 

21. Vaala, W.E.; Sertich, P.L. Management strategies for mares at risk for periparturient 

complications. Vet. Clin. N. Am. Equine Pract. 1994, 10, 237–265. 

22. Ellero, N.; Lanci, A.; Ferlizza, E.; Andreani, G.; Mariella, J.; Isani, G.; Castagnetti, C. Activities of 

matrix metalloproteinase-2 and -9 in amniotic fluid at parturition in mares with normal and high-

risk pregnancy. Theriogenology 2021, 172, 116–122. 

23. Vaala, W.E.; House, J.K.; Madigan, J.E. Initial management and physical examination of the 

neonate. In Large Animal Internal Medicine; Mosby: St. Louis, MO, USA, 2002; pp. 277–293. 

24. Bianco, C.; Pirrone, A.; Boldini, S.; Sarli, G.; Castagnetti, C. Histomorphometric parameters and 

fractal complexity of the equine placenta from healthy and sick foals. Theriogenology 2014, 82, 1106–

1112.e1. 

25. Lopez-Rodriguez, M.F.; Cymbaluk, N.; Epp, T.; Laarveld, B.; Thrasher, M.; Card, C. A Field study 

of serum, colostrum, milk iodine, and thyroid hormone concentrations in postpartum draft mares 

and foals. J. Equine Vet. Sci. 2020, 90, 103018. 

26. Lopez-Rodriguez, M.F.; Cymbaluk, N.; Epp, T.; Laarveld, B.; Recalde, E.C.S.; Simko, E.; Card, C. 

Effects of the glucosinolate sinigrin in combination with a noniodine supplemented diet on serum 

iodine and thyroid hormone concentrations in nonpregnant mares. J. Equine Vet. Sci. 2020, 91, 103110. 

27. Harvey, J.W. Normal hematologic values. In Equine Clinical Neonatology; Koterba, A.M., 

Drummond, W.H., Kosch, P.C., Eds.; Lea and Febiger: Philadelphia, PA, USA, 1990; pp. 561–570. 

28. Bauer, J.E.; Harvey, J.W.; Asquith, R.L.; McNulty, P.K.; Kivipelto, J. Clinical chemistry reference 

values of foals during the first year of life. Equine Vet. J. 1984, 16, 361–363. 

29. Stoneham, S.J.; Palmer, L.; Cash, R.; Rossdale, P.D. Measurement of serum amyloid A in the 

neonatal foal using a latex agglutination immunoturbidimetric assay: Determination of the normal 

range, variation with age and response to disease. Equine Vet. J. 2001, 33, 599–603. 

30. Pirrone, A.; Mariella, J.; Gentilini, F.; Castagnetti, C. Amniotic fluid and blood lactate 

concentrations in mares and foals in the early postpartum period. Theriogenology 2012, 78, 1182–1189. 

31. Malamitsi-Puchner, A.; Nikolaou, K.E.; Economou, E.; Boutsikou, M.; Boutsikou, T.; Kyriakakou, 

M.; Puchner, K.-P.; Hassiakos, D. Intrauterine growth restriction and circulating neurotrophin levels 

at term. Early Hum. Dev. 2007, 83, 465–469. 



 

26       

32. Hogan, K.A.; Ambler, C.A.; Chapman, D.; Bautch, V.L. The neural tube patterns vessels 

developmentally using the VEGF signaling pathway. Development 2004, 131, 1503–1513. 

33. Schwarz, Q.; Gu, C.; Fujisawa, H.; Sabelko, K.; Gertsenstein, M.; Nagy, A.; Taniguchi, M.; 

Kolodkin, A.L.; Ginty, D.D.; Shima, D.T.; et al. Vascular endothelial growth factor controls neuronal 

migration and cooperates with Sema3A to pattern distinct compartments of the facial nerve. Genes 

Dev. 2004, 18, 2822–2834. 

34. Aisa, M.C.; Barbati, A.; Cappuccini, B.; De Rosa, F.; Gerli, S.; Clerici, G.; Kaptilnyy, V.A.; Ishenko, 

A.I.; Di Renzo, G.C. Urinary Nerve Growth Factor in full-term, preterm and intra uterine growth 

restriction neonates: Association with brain growth at 30–40 days of postnatal period and with 

neuro-development outcome at two years. A pilot study. Neurosci. Lett. 2021, 741, 135459. 

35. Williams, M.A.; Schmidt, A.R.; Carleton, C.L.; Darien, B.J.; Goyert, G.L.; Sokol, R.J.; Derksen, F.J. 

Amniotic fluid analysis for ante-partum foetal assessment in the horse. Equine Vet. J. 1992, 24, 236–

238. 

36. Kodomari, I.; Wada, E.; Nakamura, S.; Wada, K. Maternal supply of BDNF to mouse fetal brain 

through the placenta. Neurochem. Int. 2009, 54, 95–98. 

37. Marx, C.E.; Vance, B.J.; Jarskog, L.; Chescheir, N.C.; Gilmore, J.H. Nerve growth factor, brain-

derived neurotrophic factor, and neurotrophin-3 levels in human amniotic fluid. Am. J. Obstet. 

Gynecol. 1999, 181, 1225–1230. 

38. Dhobale, M.; Mehendale, S.; Pisal, H.; Nimbargi, V.; Joshi, S. Reduced maternal and cord nerve 

growth factor levels in preterm deliveries. Int. J. Dev. Neurosci. 2012, 30, 99–103. 

39. Sabour, S. Prediction of preterm delivery using levels of VEGF and leptin in amniotic fluid from 

the second trimester: Prediction rules. Arch. Gynecol. Obstet. 2015, 291, 719. 

40. De Backer, D. Lactic acidosis. Intensive Care Med. 2003, 29, 699–702. 

41. Chiba, A.; Aoki, T.; Itoh, M.; Yamagishi, N.; Shibano, K. Hematological and blood biochemical 

characteristics of newborn heavy draft foals after dystocia. J. Equine Vet. Sci. 2017, 50, 69–75. 

42. Pirrone, A.; Panzani, S.; Govoni, N.; Castagnetti, C.; Veronesi, M.C. Thyroid hormone 

concentrations in foals affected by perinatal asphyxia syndrome. Theriogenology 2013, 80, 624–629. 

43. Walker, P.; Weil, N.L.; Weichsel, M.E., Jr.; Fischer, D.A. Effect of thyroxine on nerve growth factor 

concentration in neonatal mouse brain. Life Sci. 1981, 28, 1777–1787. 

44. Figueiredo, B.; Almazan, G.; Ma, Y.; Tetzlaff, W.; Miller, F.; Cuello, A. Gene expression in the 

developing cerebellum during perinatal hypo- and hyperthyroidism. Mol. Brain Res. 1993, 17, 258–

268. 

45. Lanci, A.; Ingrà, L.; Dondi, F.; Tomasello, F.; Teti, G.; Mariella, J.; Falconi, M.; Castagnetti, C. 

Morphological study of equine amniotic compartment. Theriogenology 2022, 177, 165–171. 

46. Fujita, K.; Tatsumi, K.; Kondoh, E.; Chigusa, Y.; Mogami, H.; Fujii, T.; Yura, S.; Kakui, K.; Konishi, 

I. Differential expression and the anti-apoptotic effect of human placental neurotrophins and their 

receptors. Placenta 2011, 32, 737–744. 

47. Toti, P.; Ciarmela, P.; Florio, P.; Volpi, N.; Occhini, R.; Petraglia, F. Human placenta and fetal 

membranes express nerve growth factor mRNA and protein. J. Endocrinol. Investig. 2006, 29, 337–

341. 



 

27       

48. Frank, P.; Barrientos, G.; Tirado-González, I.; Cohen, M.; Moschansky, P.; Peters, E.M.; Klapp, 

B.F.; Rose, M.; Tometten, M.; Blois, S.M. Balanced levels of nerve growth factor are required for 

normal pregnancy progression. Reproduction 2014, 148, 179–189. 

49. Zacchigna, S.; Lambrechts, D.; Carmeliet, P. Neurovascular signalling defects in 

neurodegeneration. Nat. Rev. Neurosci. 2008, 9, 169–181. 

50. Wessels, J.M.; Wu, L.; Leyland, N.A.; Wang, H.; Foster, W.G. The Brain-Uterus Connection: Brain 

Derived Neurotrophic Factor (BDNF) and Its Receptor (Ntrk2) Are Conserved in the Mammalian 

Uterus. PLoS ONE 2014, 9, e94036. 

51. Cassens, C.; Kleene, R.; Xiao, M.-F.; Friedrich, C.; Dityateva, G.; Schafer-Nielsen, C.; Schachner, 

M. Binding of the receptor Tyrosine Kinase TrkB to the Neural Cell Adhesion Molecule (NCAM) 

regulates phosphorylation of NCAM and NCAM-dependent neurite outgrowth. J. Biol. Chem. 2010, 

285, 28959–28967. 

52. Nakamura, K.; Martin, K.C.; Jackson, J.K.; Beppu, K.; Woo, C.-W.; Thiele, C.J. Brain-Derived 

Neurotrophic Factor activation of TrkB induces Vascular Endothelial Growth Factor expression via 

Hypoxia-Inducible Factor-1α in neuroblastoma cells. Cancer Res. 2006, 66, 4249–4255. 

53. Wang, L.H.; Paden, A.J.; Johnson, E.M. Mixed-lineage kinase inhibitors require the activation of 

Trk receptors to maintain long-term neuronal trophism and survival. J. Pharmacol. Exp. Ther. 2005, 

312, 1007–1019. 

54. Tervonen, T.A.; Ajamian, F.; De Wit, J.; Verhaagen, J.; Castrén, E.; Castrén, M. Overexpression of 

a truncated TrkB isoform increases the proliferation of neural progenitors. Eur. J. Neurosci. 2006, 24, 

1277–1285. 

55. Garcés, M.F.; Sanchez, E.; Torres-Sierra, A.L.; Ruíz-Parra, A.I.; Angel-Müller, E.; Alzate, J.P.; 

Sánchez, A.Y.; Gomez, M.A.; Romero, X.C.; Castañeda, Z.E.; et al. Brain-derived neurotrophic factor 

is expressed in rat and human placenta and its serum levels are similarly regulated throughout 

pregnancy in both species. Clin. Endocrinol. 2014, 81, 141–151. 

56. Dini, P.; Carossino, M.; Loynachan, A.T.; Ali, H.E.-S.; Wolfsdorf, K.E.; Scoggin, K.E.; Daels, P.; 

Ball, B.A. Equine hydrallantois is associated with impaired angiogenesis in the placenta. Placenta 

2020, 93, 101–112. 

57. Daneshmand, S.S.; Cheung, C.Y.; Brace, R.A. Regulation of amniotic fluid volume by 

intramembranous absorption in sheep: Role of passive permeability and vascular endothelial 

growth factor. Am. J. Obstet. Gynecol. 2003, 188, 786–793. 

  



 

28       

PART 2 – FOALS AFFECTED BY NEONATAL ENCEPHALOPATHY 

Citation: Ellero, N.; Lanci, A.; Baldassarro, V.A.; Alastra, G.; Mariella, J.; Cescatti, M.; Castagnetti, C.; Giardino, 

L. Study on NGF and VEGF during the Equine Perinatal Period—Part 2: Foals Affected by Neonatal 

Encephalopathy. Vet. Sci. 2022, 9, 459. 

https://doi.org/ 10.3390/vetsci9090459 

 

SIMPLE SUMMARY 

Based on human medicine, Neonatal Encephalopathy is the term used by equine clinicians for 

newborn foals which develop a variety of non-infectious neurological signs in the immediate 

postpartum period. It has become the preferred term because it does not imply a specific underlying 

etiology or pathophysiology, as hypoxia and ischemia may not be recognized in all cases. 

Understanding the underlying pathophysiology is important in formulating a rational approach to 

diagnosis. Our aim is to clinically characterize a population of foals spontaneously affected by 

Neonatal Encephalopathy and to evaluate the levels of trophic factors, such as nerve growth factor 

and vascular epithelial growth factor, and thyroid hormones obtained at birth/admission from a 

population of affected foals and in the first 72 h of life/hospitalization, as well as the expression of 

trophic factors in the placenta of mares that delivered foals affected by Neonatal Encephalopathy. 

The less pronounced decrease of the two trophic factors compared to healthy foals, their close 

relationship with thyroid hormones over time, and the dysregulation of trophic factor expression in 

placental tissues, could be key regulators in the mechanisms of equine Neonatal Encephalopathy. 

ABSTRACT 

Neonatal Encephalopathy (NE) may be caused by hypoxic ischemic insults or inflammatory insults 

and modified by innate protective or excitatory mechanisms. Understanding the underlying 

pathophysiology is important in formulating a rational approach to diagnosis. The preliminary aim 

was to clinically characterize a population of foals spontaneously affected by NE. The study aimed 

to: (i) evaluate nerve growth factor (NGF) and vascular endothelial growth factor (VEGF) levels in 

plasma samples obtained in the affected population at parturition from the mare’s jugular vein, 
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umbilical cord vein and foal’s jugular vein, as well as in amniotic fluid; (ii) evaluate the NGF and 

VEGF content in the plasma of foals affected by NE during the first 72 h of life/hospitalization; (iii) 

evaluate NGF and VEGF levels at birth/admission in relation to selected mare’s and foal’s clinical 

parameters; (iv) evaluate the relationship between the two trophic factors and thyroid hormone 

levels (TT3 and TT4) in the first 72 h of life/hospitalization; and (v) assess the mRNA expression of 

NGF, VEGF and brain-derived neurotrophic factor (BDNF), and their cell surface receptors, in the 

placenta of mares that delivered foals affected by NE. Thirteen affected foals born from mares 

hospitalized for peripartum monitoring (group NE) and twenty affected foals hospitalized after birth 

(group exNE) were included in the study. Dosage of NGF and VEGF levels was performed using 

commercial ELISA kits, whereas NGF, VEGF, and BDNF placental gene expression was performed 

using a semi-quantitative real-time PCR. In group NE, NGF levels decreased significantly from T0 

to T24 (p = 0.0447) and VEGF levels decreased significantly from T0 to T72 (p = 0.0234), whereas in 

group exNE, only NGF levels decreased significantly from T0 to T24 (p = 0.0304). Compared to 

healthy foals, a significant reduction of TT3 levels was observed in both NE (T24, p = 0.0066; T72 p = 

0.0003) and exNE (T0, p = 0.0082; T24, p < 0.0001; T72, p < 0.0001) groups, whereas a significant 

reduction of TT4 levels was observed only in exNE group (T0, p = 0.0003; T24, p = 0.0010; T72, p = 

0.0110). In group NE, NGF levels were positively correlated with both TT3 (p = 0.0475; r = 0.3424) 

and TT4 levels (p = 0.0063; r = 0.4589). In the placenta, a reduced expression of NGF in the allantois 

(p = 0.0033) and a reduced expression of BDNF in the amnion (p = 0.0498) were observed. The less 

pronounced decrease of the two trophic factors compared to healthy foals, their relationship with 

thyroid hormones over time, and the reduced expression of NGF and BDNF in placental tissues of 

mares that delivered affected foals, could be key regulators in the mechanisms of equine NE. 

Keywords: placental insufficiency; dystocia; Neonatal Encephalopathy; nerve growth factor; 

vascular endothelial growth factor; brain derived neurotrophic factor; thyroid hormones 

1. Introduction 

Based on human medicine, Neonatal Encephalopathy (NE) is the term used by equine clinicians for 

newborn foals which develop a variety of non-infectious neurological signs in the immediate 

postpartum period. So far, the terms used included neonatal maladjustment syndrome, hypoxic-

ischemic encephalopathy, hypoxic-ischemic syndrome, perinatal asphyxia syndrome, neonatal 

maladaptation syndrome, barkers, wanderers, convulsives, and dummies [1–11], but NE has become 

the preferred term because it does not imply a specific underlying etiology or pathophysiology [12], 

as hypoxia and ischemia may not be recognized in all cases. 

The assessment of brain injury in newborn foals affected by NE currently relies on clinical 

examination. The disease in foals is recognized by many behavioral abnormalities and other signs 

of neurologic dysfunction including alterations in respiratory function, changes in muscle tone, 

changes in responsiveness, vestibular signs, and autonomic disturbances [13]. However, these tools 

are limited by their subjective nature and the expertise required for interpretation, and peripheral 

blood biomarkers which reflect end-organ injury may provide objective quantitative measures that 
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are free from these limitations [10]. Nevertheless, there are no blood-based biomarkers in current 

clinical use for foals with NE. Unlike in the human infant, the prognosis of foals with a single 

diagnosis of NE, in terms of short- and long-term neurological damage, is good [12]. 

Overall, equine NE can be the consequence of adverse peripartum events leading to 

ischemia/hypoxia/inflammation in the prepartum period (e.g., high-risk pregnancy, mares’ systemic 

illness, placental insufficiency) and at parturition (e.g., premature placenta separation, dystocia, 

cesarian section) [12]. Causes of high-risk pregnancy in the equine species can be of maternal, fetal, 

or placental origin, and most placental conditions pose limited risks to the mare, but significant risks 

to the fetus [14]. Placental insufficiency is an ill-defined condition that has been identified in a large 

retrospective study as responsible for more than 60% of pregnancy losses due to abortion, stillbirth, 

and neonatal death [14,15]. Several factors contribute to placental insufficiency such as premature 

placental separation, placental villous hypoplasia, placental thickening, and placentitis [16–18]. 

Neurotrophins, such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), 

are known to play an important role in pre- and post-natal brain development, making them of great 

interest for the diagnosis and treatment of numerous neurological disorders [19]. Vascular 

endothelial growth factor (VEGF) has also been implicated in several acute neurological disorders, 

such as in brain ischemia, where it can mediate positive effects according to three different 

mechanisms. VEGF can stimulate angiogenesis and modulate vascular permeability, exert direct 

neuroprotective effects, or promote neurogenesis [20]. In addition to its neuroprotective role, VEGF 

has also negatively been implicated in blood– brain barrier break-down after ischemia and in 

mediating inflammatory responses [21,22]. Recently, the authors measured NGF and VEGF levels 

in the plasma of mares diagnosed with normal pregnancy and parturition, in the amniotic fluid, in 

the umbilical cord vein, and in the plasma of their healthy foals in the first 72 h of life [23]. 

Reported laboratory abnormalities in foals affected by NE include low thyroid hormone 

concentrations [7]. Although not diagnostic, thyroid disfunction is a frequent condition in critically 

ill foals [24], and low thyroid hormones are associated with disease severity also in sepsis [25] and 

prematurity [26]. Although a possible interaction of thyroid hormones with members of the 

neurotrophin family has been investigated in the equine species under physiological conditions [23], 

to the authors’ knowledge, the relationship between trophic factors and thyroid hormones in the 

equine NE is still under investigation. 

As the NGF and VEGF levels at parturition and in the early stages of equine neonatal life under 

physiological conditions have been elucidated in the first part of the study [23], the role of the two 

trophic factors can now be investigated in a population of foals affected by NE. The preliminary aim 

of the present investigation, as a pilot study, was to clinically characterize a population of foals 

spontaneously affected by NE. Particularly (i) to evaluate NGF and VEGF levels in plasma samples 

obtained in the affected population at parturition from the mare’s jugular vein, umbilical cord vein 

and foal’s jugular vein, as well as in amniotic fluid; (ii) to evaluate NGF and VEGF content in the 

plasma of foals affected by NE during the first 72 h of life/hospitalization; (iii) to evaluate NGF and 

VEGF levels at birth/admission in relation to selected mare’s and foal’s clinical parameters; (iv) to 

evaluate the relationship between the two trophic factors and thyroid hormone levels (TT3 and TT4) 
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in the first 72 h of life/hospitalization; and (v) to assess the mRNA expression of NGF, BDNF, and 

VEGF and their cell surface receptors in the placenta of mares that delivered foals affected by NE. 

This study was based on the hypothesis that circulating NGF and VEGF levels, which theoretically 

reflect central levels and then cerebral status, should differ between healthy neonatal foals and foals 

affected by NE, and that trophic factors also play a key role in metabolic activities, cell differentiation 

and development through their interaction with the hypothalamus–pituitary–thyroid (HPT) axis. 

2. Materials and Methods 

2.1. Population 

Thirteen sick foals born from mares hospitalized for peripartum monitoring and twenty sick neonatal 

foals hospitalized within 24 h after birth at the Perinatology and Reproduction Unit (Equine Clinical 

Service, Department of Veterinary Medical Sciences) of the University of Bologna during 2018–2021 

foaling seasons were included in Part 2 of the study. The population of 14 healthy foals born from 

mares with normal pregnancy and parturition hospitalized for peripartum monitoring examined in 

Part 1 of the study [23] represented the healthy control group (group H). 

Upon a pregnant mare’s admission, a complete clinical evaluation, including blood count (ADVIA 

2120 analyzer, Siemens Healthcare srl, Milan, Italy) and transrectal ultrasonography were 

performed. Based on the judgement of the clinician, transabdominal ultrasonography was 

performed when indicated. Subsequently, mares were clinically evaluated twice a day and by 

ultrasonography every 5–10 days until parturition. When an increase in the combined thickness of 

the uterus and placenta (CTUP) was observed, a cervical swab was performed to obtain a bacterial 

culture and a focused treatment was eventually started based on the clinician’s judgment. After 

delivery, a macroscopic and histopathological examination of the placenta was performed in all 

mares. 

High-risk pregnancy was defined as a history of premature udder development/lactation, an 

increase of CTUP, purulent/serosanguineous vulvar discharge, or the mare’s systemic illness [15,18]. 

Dystocia was defined as any stage II impediment that could result from maternal or fetal causes or 

from the fetal membranes [27,28]. Diagnosis of placental insufficiency was performed 

retrospectively following macroscopic and histopathological examination of the placenta [14,18]. 

At birth, a complete clinical evaluation, including complete blood count and serum biochemistry 

(AU 400 analyzer, Olympus/Beckman Coulter, Lismeehan, Ireland), was performed in all foals born 

from attended parturition. Based on the judgment of the clinician, blood culture and arterial blood 

gas analysis (from dorsal metatarsal artery by CO-oximetry using the blood gas analyzer ABL 800 

FLEX, Radiometer Medical ApS, Copenhagen, Denmark) were performed when indicated. In all sick 

foals admitted to the hospital after birth, a complete clinical evaluation, including blood culture, 

complete blood count, serum biochemistry, arterial blood gas analysis and serum IgG determination 

(by immunoturbidimetric method; DVM Rapid Test II, MAI Animal Health, Elmwood, WI, USA) 

were performed. The foals were monitored throughout the hospitalization period by a clinical 

examination performed every 2–6 h, depending on the severity of the existing conditions. 
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Sick foals were born from attended parturition or referred to the hospital after birth. The inclusion 

criteria were: (i) age at admission less than 24 h; and (ii) diagnosis of NE requiring level 1–3 of 

intensive care, based on the classification proposed by Koterba [29]. 

Sick foals were classified as affected by NE based on their history and clinical signs, especially those 

of neurological dysfunction [30], with the exclusion of other neurological diseases such as meningitis 

or trauma. Typical historical events included high-risk pregnancy, dystocia, and/or placental 

insufficiency, and common clinical signs included loss or absence of the suckle reflex, inappropriate 

teat-seeking behavior, dysphagia, hyperreactivity, and weakness [7]. Foals affected by NE and other 

diseases (i.e., sepsis, prematurity/dysmaturity, neonatal isoerythrolysis) were excluded from the 

study. 

The population was then divided into two groups: 13 foals affected by NE born at the Perinatology 

and Reproduction Unit (group NE), and 20 foals affected by NE hospitalized within 24 h of life 

(group exNE). 

2.2. Clinical Data and Sample Collection 

The following data were recorded for each mare: breed, age (years), parity, clinical signs, 

ultrasonographic findings, cervical swab culture, prepartum treatment, gestation length (days), type 

of parturition (eutocic/dystocic), length of stage II parturition (min), placenta/foal weight ratio (%), 

macroscopic and histopathological evaluation of the placenta. 

The following data were recorded for each foal born from attended parturition: breed, sex, weight 

(kg), Apgar score at birth [31], blood glucose at birth (mg/dL) (Medisense Optium, Abbott 

Laboratories Medisense Products, Bedford, MA, USA), umbilical cord vein (UV) and jugular vein 

(JV) lactate concentration at birth (mmol/L) (Lactate SCOUT+, Leipzig, Germany), 

hematobiochemical parameters, clinical signs of NE, organ dysfunctions associated with NE, level 

of intensive care [29], length of hospitalization (days), and outcome. The same data were recorded 

for the foals hospitalized after birth, except for the Apgar score and UV lactate concentration. 

All biological samples were harvested as part of the clinical monitoring program of the Unit; owners 

gave written consent to use samples for research. 

The amniotic fluid (AF), UV blood, and plasma/serum sampling from the mare’s JV at parturition 

(TP) and from the foal’s JV at each time point (at birth/admission: T0; at 24 h from birth/admission: 

T24; at 72 h from birth/admission: T72), as well as the macroscopic and histopathologic evaluation 

of the placenta, were collected as described in Part 1 of the study [23]. In 5/13 mares of group NE, 

placenta samples were collected for molecular biology investigations. 

2.3. Measurement of NGF and VEGF by ELISA 

As described in Part 1 of the study [23], dosage of NGF and VEGF levels was performed using 

commercial ELISA kits (MyBiosource, San Diego, CA, USA), which detect equine NGF and VEGF 

(Horse NGF/VEGF ELISA; NGF, Cod. MBS040618; VEGF, Cod. MBS035093). According to the kit’s 

instructions, samples were centrifuged, incubated with primary antibody, and conjugated with 

microplate, with HRP-conjugate and two chromogens added in sequence. A sequence of four 
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washings was carried out before adding chromogens. Finally, the stop solution was distributed, and 

the plate read within 15 min at 450 nm. 

Quantification was performed by interpolating the optical density values on a linear standard curve 

using the GraphPad Prism v 6.0. NGF standard curve ranges from 15.6 ng/mL to 500.0 ng/mL, 

whereas VEGF standard curve ranges from 31.2 pg/mL to 1000.0 pg/mL. 

Each clinical group (H, NE and exNE) was represented in each analytical session. 

2.4. Measurement of Thyroid Hormones 

As described in Part 1 of the study [23], basal thyroid hormone levels of total triiodothyronine (TT3) 

and total thyroxine (TT4) from the mare JV, UV, and the foal JV at T0, T24, and T72 were determined 

using the Siemen’s Immulite TT3 and TT4 kits (Immulite Canine TT3 and TT4; Siemens, Oakville, 

ON, Canada) validated for use with equine serum at the Endocrine Laboratory, Prairie Diagnostic 

Services, Saskatoon, SK [32,33]. The analytical sensitivity was 0.54 nmol/L for the TT3 assay and 0.15 

nmol/L for the TT4 assay. 

2.5. Placental Gene Expression 

As described in Part 1 of the study [23], chorion, allantois, and amnion tissues were homogenized, 

and total RNA isolation was performed using the RNeasy Microarray Tissue Mini Kit (Qiagen, 

Hilden, Germany; Cod. 73404) by the automated extractor QIAcube Connect (Qiagen). 

Total RNA was eluted in RNase Free Water and quantified through a spectrophotometer (Nanodrop 

2000, Thermo Scientific, Waltham, MA, USA) measuring absorbance values at 260, 280, and 320 nm. 

cDNA was produced using the cDNA the iScript™ gDNA Clear cDNA kit (Biorad, Hercules, CA, 

USA; Cod. 1725035BUN). 

A semi-quantitative real-time PCR was performed using the CFX96 real-time PCR system (BioRad, 

Hercules, CA, USA). The reactions were performed in a 20 µL final volume including SYBR Green 

qPCR master mix (BioRad, Cod. 1725274), 0.4 µM of forward and reverse primer mix, and nuclease-

free water. The no-RT control was processed in parallel with the others and tested by the real-time 

PCR for every primer pair to check for eventual genomic DNA contamination, and no-template 

controls were also added for each gene expression analysis. All primers were designed using the 

Primer Blast software (NCBI, Bethesda, MD, USA) and synthesized by IDT (Coralville, IA, USA). 

Specific sequences of primers are listed in Table 1 in Part 1 of the study [23]. For the semi-quantitative 

analysis, the expression of the genes was normalized on the housekeeping gene β-actin (ACTB; 

NM_001081838.1). 

The thermal profile of PCR reactions consisted first of a denaturation step (98 ◦C, 3 min) and 40 

cycles of amplification (95 ◦C for 10 sec and 60 ◦C for 1 min), followed by the melting curves (55 ◦C 

to 95 ◦C, ∆t = 0.5 ◦C/s). 

Primer efficiency values for all primers were 95–100%, therefore the 2−∆∆ Ct method was used to 

perform the analysis. 
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2.6. Statistical Analysis 

In order to compare the population affected by Neonatal Encephalopathy (NE and exNE groups) 

with the healthy population (H group), all biomarkers were expressed as a percentage of the mean 

of the results obtained in the healthy group at each time point and a t-test was performed to reveal 

significant differences between the groups. When the biomarker levels of the three groups were 

compared, based on age at T0, only foals in the exNE group with 0–12 h at admission were compared 

with those in the H and NE groups. 

To assess the correlations between the parameters, Pearson or Spearman correlation coefficients 

were calculated with Gaussian or non-Gaussian distributions, respectively. 

NGF and VEGF levels were correlated in foals JV-plasma, between mares and foals and with the 

data recorded for each mare at TP (age, parity, gestation length, placenta/foal weight ratio) and the 

following clinical and haematobiochemical parameters, recorded for each foal at T0: weight at birth, 

UV and JV lactate concentration, serum creatine kinase, total bilirubin, blood urea nitrogen, 

creatinine, magnesium, and serum amyloid A. 

A p < 0.05 was considered statistically significant. 

All statistical analyses were carried out using commercial software GraphPad Prism version 8.00. 

3. Results 

3.1. Population Characterization 

The clinical and histopathological data collected from mares hospitalized for attended parturition 

that delivered foals affected by NE (group NE) are shown in Table 1. Four/thirteen mares had a high-

risk pregnancy associated with increased transrectal CTUP (three/four mares) and both increased 

transrectal CTUP and systemic illness (surgical colic at 282 days of gestation; one/four mares). In 

8/13 mares, a diagnosis of placental insufficiency was reached on the basis of macroscopic and 

histopathological placenta evaluation. Specifically, placental insufficiency was associated with 

placental villous hypoplasia in 5/8 mares. Macroscopically, an extensive transition area between the 

normal chorionic surface and the hypoplasic/discolored surface of the chorioallantois was observed. 

The histological preparation of the chorioallantois stained with hematoxylin–eosin showed severe 

hypoplasia of the chorionic villi. In 3/8 mares, placental insufficiency was associated with placental 

edema. Macroscopically, generalized edematous and heavy fetal membranes, with an increased 

placenta/foal weight ratio, were observed. The histological section of the chorioallantois showed 

hyperemia and edema of the chorionic connective lamina associated with mild to severe hypoplasia 

of the chorionic villi. In 4/13 mares, the clinical condition of the neonate was associated with a 

dystocic parturition and in 1/13 mares the pregnancy, parturition, and placenta evaluation were 

apparently normal. As shown in the table, 3/13 mares (23%) from group NE were treated for 

increased transrectal CTUP with a negative cervical swab, using flunixin meglumine, 1.1 mg/kg, iv, 

q12h, and pentoxifylline, 8.5 mg/kg, po, q12h, until CTUP returned to normal. In addition, 1/10 

mares from group NE received treatment for both increased transrectal CTUP with a negative 

cervical swab and surgical colic (sodium ampicillin, 20 mg/kg, iv, q8h; gentamicin sulfate, 6.6 mg/kg, 
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iv, q24h; flunixin meglumine, 1.1 mg/kg, iv, q12h; pentoxifylline, 8.5 mg/kg, po, q12h; altrenogest, 

0.088 mg/kg, po, q24h). 
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Table 1. Clinical and histopathological data collected from the 13 mares hospitalized for attended parturition (group NE). SB = Standardbred; QH = Quarter Horse; 

WB = Warmblood; SD = Saddlebred; US = ultrasonographic; CTUP = transrectal combined thickness of the uterus and placenta; NA = data not available. Data are 

expressed as mean ± standard deviation (min-max). 
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The clinical data collected from 13 affected foals of group NE born from attended parturition are 

summarized in Table 2. The clinical data collected from 20 affected foals of group exNE hospitalized 

within 24 h of life, with an average age at admission of 10 h, are summarized in Table 3. 

Three/thirteen foals (23%) of NE group and three/twenty foals (15%) of exNE group were born from 

red bag delivery (premature placenta separation). Overall, 10/33 foals (30.3%) required level three 

of intensive care [29], which is provided to severely affected neonates. Foals were unable to stand 

and/or unable to nurse from the mare and need round-the-clock care; this level of care usually 

involves separation of the foal from the dam, oxygen therapy, parenteral nutrition, 

inotropes/vasopressor therapy, insulin therapy. Based on the level of intensive care and outcome, 

foals in the exNE group presented a more severe clinical condition. 

Overall, these foals developed a wide range of neurological signs in the immediate postpartum 

period. Among the most frequent clinical signs of NE, the authors documented: depression (20/33 

foals, 60.6%), hypoventilation (16/33 foals, 48.5%), lack of suckle reflex (16/33 foals, 48.5%), lack of 

affinity with the mare (14/33 foals, 42.4%), severe and prolonged dysphagia (11/33 foals, 33.3%), 

lateral recumbency (10/33 foals, 30.3%), tongue protrusion (7/33 foals, 21.2%), coma (4/33 foals, 

12.1%), and hyperexcitability (4/33 foals, 12.1%). These signs were frequently accompanied by 

gastrointestinal (abdominal distension, ileus, gastric reflux, gastric ulceration, meconium retention; 

13/33 foals, 39.4%), respiratory (abnormal respiratory patterns, dyspnea, hypoxemia; 13/33 foals, 

39.4%), renal (oliguria; 11/33 foals, 33.3%), cardiovascular (hypotension, dysrhythmia; 10/33 foals, 

30.3%), and metabolic (hypo/hyperglycemia; 6/33 foals, 18.2%) dysfunctions. 

The results of the complete blood count, serum biochemistry and arterial blood gas analysis, 

including JV glucose and UV and JV lactate at T0 (measured through rapid methods) performed in 

both groups are shown in Table S1 [34–38] in the Supplementary Materials. 
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Table 2. Clinical data collected from 13 foals affected by Neonatal Encephalopathy born from attended parturition (group NE). SB = Standardbred; QH = Quarter 

Horse; WB = Warmblood; SD = Saddlebred; Sv = survived to hospital discharge; NSv = not survived; n = number of animals. Data are expressed as mean ± standard 

deviation (min-max). 

 

Table 3. Clinical data collected from 20 foals affected by Neonatal Encephalopathy hospitalized within 24 h after birth (group exNE). SB = Standardbred; QH = 

Quarter Horse; SD = Saddlebred; AH = Arabian Horse; Sv = survived to hospital discharge; NSv = not survived; NA = data not available; n = number of animals. 

Data are expressed as mean ± standard deviation (min-max). 
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3.2. Biomarkers (NGF, VEGF, TT3 and TT4) in Biological Fluids 

The NGF and VEGF plasma levels and the TT3 and TT4 serum levels found in the foal JV at 0, 24, 

and 72 h from birth, AF, UV, and mare JV at TP in group NE, and in the foal JV at 0, 24, and 72 h 

from admission in group exNE are shown in Table 4 (a,b,c). In group NE, NGF levels decreased 

significantly from T0 to T24 (p = 0.0447), VEGF levels decreased significantly from T0 to T72 (p = 

0.0234) and TT4 levels decreased significantly from T0 to T72 (p = 0.0007). In group exNE, NGF levels 

decreased significantly from T0 to T24 (p = 0.0304) and TT4 levels decreased significantly from T0 to 

T24 (p = 0.0055) and from T0 to T72 (p = 0.0044). 

Figures 1 and 2 represent the comparison of biomarkers versus healthy group. Data are expressed as 

a percentage of the mean of the results obtained in the healthy group at each time point and in each 

biological fluid analyzed. A significant reduction of TT3 levels was observed in both NE (T24, p = 

0.0066; T72 p = 0.0003) and exNE groups (T0, p = 0.0082; T24, p < 0.0001; T72, p < 0.0001), whereas a 

significant reduction of TT4 levels was observed only in exNE group (T0, p = 0.0003; T24, p = 0.0010; 

T72, p = 0.0110). 

Among the different biological fluids analyzed, no correlation was found in either the NE or exNE 

group, but in NE group NGF levels were positively correlated with both TT3 (p = 0.0475; r = 0.3424) 

and TT4 levels (p = 0.0063; r = 0.4589), as shown in Figure 3. 
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Table 4. Biomarker levels in: a; group NE—samples obtained from foal’s jugular vein at three consecutive time 

points (T0: birth; T24: h from birth; T72: h from birth); b; group NE— samples obtained from amniotic fluid, 

umbilical cord vein and mare’s jugular vein at parturition (TP); c; group exNE—samples obtained from foal’s 

jugular vein at three consecutive time points (T0: admission; T24: h from admission; T72: h from admission). 

Data are expressed as mean ± standard deviation (min-max). n = number of samples analyzed; NA = data not 

available. * Asterisks indicate significant differences from T0, specific adjusted p values are listed below: *1 p = 

0.0447; *2 p = 0.0234; ***3 p = 0.0007; *4 p = 0.0304; **5 p = 0.0055; **6 p = 0.0044. 
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Figure 1. Biomarkers comparison between NE and exNE groups versus H group. Levels in samples obtained 

from foal’s jugular vein at three consecutive time points (T0: birth/admission; T24: h from birth/admission; 

T72: h from birth/admission) are expressed as percentage of the mean of the results obtained in the healthy 

group at each time point. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001. Vet. Sci. 2022, 9, 459 13 Figure 1. 

Biomarkers comparison between NE and exNE groups versus H group. Levels in samobtained from foal’s 

jugular vein at three consecutive time points (T0: birth/admission; T24: hbirth/admission; T72: h from 

birth/admission) are expressed as percentage of the mean of the reobtained in the healthy group at each time 

point. * p < 0.05; ** p < 0.01; *** p < 0.005; 

 

Figure 2. Biomarkers comparison between NE group versus H group. Levels in samples obtained from 

umbilical cord vein, amniotic fluid and mare’s jugular vein (JV) at parturition (TP) are expressed as percentage 

of the mean of the results obtained in the healthy group (H) at each time point. No differences were observed 

between groups. 
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Figure 3. Correlation found in NE group between NGF plasma levels and TT3-TT4 serum levels in samples 

obtained from foal’s jugular vein at three consecutive time points (T0: birth; T24: h from birth; T72: h from 

birth). The correlation between NGF and TT3 levels was calculated using Spearman’s non-parametric 

correlation, whereas the correlation between NGF and TT4 levels was calculated using Pearson’s parametric 

correlation. 

3.3.Equine NGF/VEGF and Clinical Data 

No significant correlations were found between NGF levels in the foal’s JV at T0 and the data 

recorded for the mares at TP and the selected foal’s clinical parameters at T0, but a significant 

negative correlation was found between VEGF levels in the foal’s JV at T0 and the lactate 

concentration at T0 (p = 0.0500; r = −0.6444), as shown in Figure 4. 

 

Figure 4. Significant correlation found between Vascular endothelial growth factor (VEGF) levels inplasma 

samples obtained from foal’s jugular vein and the lactate concentration at T0 (p = 0.0500; r =−0.6444). Statistical 

analysis: nonparametric Spearman correlation. 

 



 

43       

3.4. Equine NGF, VEGF, BDNF and Their Receptors Gene Expression in the Placenta 

In 5/13 mares in the NE group diagnosed with placental insufficiency, the fetal membranes were 

subjected to molecular biology investigations. Among all the genes analyzed, in the chorion, no 

significant differences were found between H and NE groups in terms of the expression of trophic 

factors and their receptors. In the allantois, a decreased NGF expression was observed in NE group 

(p = 0.0033), while no differences in the expression of P75NTR and TRKA receptors were observed. 

In the amnion, a decreased BDNF expression was observed in NE group (p = 0.0498), with no 

differences in TRKB receptor expression. Only those genes that showed significant differences 

between the two groups were included in Figure 5. 

 

Figure 5. Differences in nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) relative 

mRNA expression normalized on healthy foals between H and NE groups in allantois and amnion, 

respectively. * p < 0.05; ** p < 0.01. 

4. Discussion 

In the present study, NGF and VEGF levels were measured in the plasma of mares diagnosed with 

placental insufficiency and/or dystocia, in the amniotic fluid, in the umbilical vein, in the plasma of 

their foals affected by NE (in the first 72 h of life—group NE), and in foals affected by NE admitted 

within 24 h after birth (in the first 72 h of hospitalization—group exNE). The trend of serum thyroid 

hormones (TT3 and TT4) in the first 72 h of life/hospitalization and the gene expression of NGF, 

VEGF, BDNF, and their receptors (TRKA, p75NTR, FLT-1, KDR, TRKB) in the fetal membranes were 

also evaluated. 

The first aim of the present study was to clinically characterize a population of foals spontaneously 

affected by NE. This is a complex disease recognized across different species, characterized by 

neurologic dysfunction, but often leading to multiorgan dysfunction [39]. Reviews, case reports, and 

ongoing investigations demonstrate how the understanding of the disease in foals is constantly 

evolving [6,11,40,41]. Identification of blood markers of brain injury would be crucial for the 
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diagnosis and the prognosis of NE in foals, and the role of trophic factors requires ongoing 

investigation, since it is likely to be pivotal. 

A specific pathogenesis related to hypoxia, ischemia, and asphyxia may not always be recognized 

in all cases [11,12,42]. In the present study, a history of placental insufficiency based on the 

histopathological placenta evaluation, dystocic parturition, including premature placenta 

separation, was evident in most of the cases reported, but not in all, especially in foals hospitalized 

after birth, where information related to pregnancy and parturition was often lacking. In group NE, 

in which pregnancies were monitored and parturition attended, the Apgar score provided a semi-

quantitative assessment of the severity of signs occurring in response to peripartum asphyxia, and 

the following score was assigned: <6 (severe asphyxia), 6-8 (mild asphyxia), or 8-10 (normal foals) 

[31]. Unfortunately, sick foals are usually referred several hours after birth, when the Apgar score 

can no longer be performed. 

In the present study, NE in foals was clinically recognized by many behavioral abnormalities and 

the most common signs of neurological dysfunction, include alterations in mental status and in 

respiratory function, changes in muscle tone, changes in responsiveness, vestibular signs, and 

autonomic disturbances. Behavioral abnormalities included lack of affinity with the mare, 

disorientation and abnormal udder seeking, lack of suckle reflex and tongue incoordination, and 

less frequently abnormal vocalization. In many cases, clinical signs of NE followed very predictable 

patterns; however sometimes foals appeared normal at birth, but developed behavioral or 

neurological signs a few hours later, as already described [12]. The foals of exNE group presented 

more clear and severe neurological signs and, generally, more severe clinical conditions. Differently 

from group NE, foals born from assisted delivery were hospitalized after birth and did not receive 

prompt intervention and supportive treatment. Furthermore, the clinical signs most frequently 

associated with NE have been reported in the affected population, devoid of typical concomitant 

neonatal diseases, and respiratory, gastrointestinal, renal, and cardiovascular dysfunction appear to 

be the most common. 

Laboratory findings in foals with NE are non-specific and often reflect secondary systemic disease 

or varying degrees of organ dysfunction associated with NE. In both groups, foals could be hypoxic, 

hypercapnic, had acid-base and electrolyte disorders, azotemia, and poor glucose control. 

Hypermagnesemia may be the result of severe tissue damage with cell injury or death, and release 

of the intracellular magnesium, or related to acidosis and hypoxia [8]. Elevated creatinine at birth is 

commonly observed in foals that have experienced fetal distress or placental dysfunction. The 

allantoic fluid contains high concentrations of creatinine, and under pathological conditions there is 

redistribution of fetal fluids to the fetus, resulting in higher blood creatinine levels [43,44]. Foals born 

from dystocia showed increased creatine kinase activity because they are likely to be affected by 

muscle damage [45]. 

Treatment of NE in foals is largely supportive and directed at controlling neurologic dysfunction 

and addressing associated multiple organ dysfunction. Goals of therapy should be aimed at 

supporting perfusion and oxygen delivery via fluid therapy, inopressors and oxygen 

administration, controlling seizures, assessing renal function, supporting metabolic function 
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through careful nutritional management and blood glucose regulation, and preventing sepsis. The 

prognosis of foals with a unique diagnosis of NE in this study is in line with those proposed 

previously [10,12,13], with a survival rate of 80%. In the present study, it was not possible to 

investigate the prognostic value of NGF and VEGF levels at birth/admission, due to the low number 

of non-surviving foals; therefore, further investigations in larger cohorts are required. 

The decreasing trend of TT4 levels recorded in the serum of NE and exNE foals in the first 72 h of 

life/hospitalization is in agreement with a previous study conducted on foals aged less than 12 h 

affected by NE [7]. In the present study, serum TT3 levels were lower in both affected foals born at 

the Unit and those hospitalized after birth compared to healthy subjects, while TT4 levels were lower 

only in foals hospitalized after birth compared to healthy ones. Perinatal asphyxia could trigger 

effects on the neonatal HPT axis, causing the lower levels of thyroid hormones found in affected 

foals in this study, which aggravate both neurological symptoms and multi-organ dysfunction. The 

decrease in thyroid hormone levels in foals with NE found in this study could be an expression of 

altered transplacental transport due to a condition of placental insufficiency, or an expression of 

non-thyroidal illness syndrome (NTIS) developed after birth [46]. This is a well-recognized 

syndrome described in patients with severe non-thyroidal illness characterized by low T3 associated 

with normal or low T4 [47]. NTIS probably represents an adaptive response to a systemic illness 

with a suppressive effect on the HPT axis and a decreased metabolism preventing organ dysfunction 

or death. Initially, the conversion of T4 to T3 in peripheral tissues decreases, then, as the severity of 

illness progresses, T4 concentration also decreases, suggesting dysfunctions at the hypothalamic, 

pituitary, or thyroid gland level [47]. It should be noted that in this study, reduced TT4 levels were 

observed in group exNE foals hospitalized after birth, which had a more severe clinical condition. 

The few studies on NGF which have been performed in the human perinatal period under 

pathological conditions are mainly related to intrauterine growth restricted (IUGR) fetuses and 

neonatal plasma levels [48], preeclamptic women [49], and infants born preterm [50]. It has been 

reported that circulating NGF is significantly lower in IUGR neonates than in appropriate for 

gestational age ones [48]. Maternal plasma NGF levels in preeclamptic women are lower than those 

in normotensive ones [49], while maternal and cord plasma NGF levels were reported to be 

significantly reduced in women who deliver preterm, suggesting a correlation between reduced 

cord NGF levels and fetal growth, with likely implications for post-natal neurodevelopmental 

disorders [50]. Otherwise, foals with NE did not differ significantly from healthy control subjects in 

terms of plasma NGF and VEGF levels, as well as in terms of umbilical cord vein plasma and 

amniotic fluid levels. Notably, NGF plasma levels are around 1000 times higher in foals compared 

to human neonates [48]. Under pathological conditions, no correlations were observed between 

plasma NGF and VEGF levels and the selected mare’s and foal’s clinical parameters, probably due 

to the low number of samples and high individual variability. However, a negative correlation was 

found at T0 between VEGF levels in the foal plasma and lactate concentration. On the contrary, an 

inverse correlation between NGF levels and symptom severity (as assessed by Glasgow Coma Scale 

score) has been reported in human children with traumatic brain injury [51]. The pathophysiologic 

principles of CNS ischemia and hypoxia are shared by animals and humans. Compared to human 
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infants with hypoxic ischemic encephalopathy, foals appear to respond rapidly or more successfully 

to hypoxia, also in view of the better prognosis of the disease in the newborn foal [12]. It can be 

postulated that high endogenous levels of NGF may exert a default neuroprotective role in foals. 

Although hyperlactatemia does not provide diagnostic information, it does indicate the severity of 

the disease and the need for early and aggressive intervention or closer monitoring, as it occurs 

during hypoxia and poor tissue perfusion [52]. VEGF can stimulate angiogenesis and modulate 

vascular permeability [20], and it is also involved in mediating inflammatory responses [21,22]. 

Although speculative conclusions on this correlation need to be further evaluated, it cannot be 

excluded that in affected foals, VEGF is able to restore normal tissue perfusion and oxygenation, 

leading to a decrease in blood lactate concentrations. Differently from that observed in the healthy 

population, in NE and exNE foals, NGF plasma levels decreased significantly only in the first 24 h 

of life/hospitalization, whereas VEGF plasma levels decreased only in group NE. Starting from 

comparable plasma values at birth, in healthy foals the levels of the two trophic factors drop more 

markedly than in affected foals. Another interesting result was the lack of the positive correlation 

that exists in healthy foals between plasma levels of NGF and VEGF at each time point. These 

findings are not diagnostic, but it cannot be ruled out that a failure to decrease circulating trophic 

factors in the first 72 h of life may be related to the extent of brain damage. Increased segregation of 

NGF in the brain of these foals cannot be excluded, and the authors speculate that this change 

primarily reflects the brain compartment, as suggested by studies conducted in human perinatology, 

showing that blood levels of neurotrophins are similar to those in the brain [48], changing in infants 

with neurological disorders due to clinical states of prolonged perinatal hypoxia [49]. In vitro and 

in vivo animal models have also shown that hypoxia-induced cell death is preceded by a period of 

NGF up-regulation, suggesting that NGF plays a protective role [53]. In the same direction, clinical 

studies conducted on infants with hypoxic-ischemic brain injury and treated with intraventricular 

NGF infusion showed a significant clinical improvement in their neurological condition [54,55], and 

increased NGF and VEGF segregation in asphyxiated foals may protect neurons against protracted 

injury. 

The second interesting aspect was the correlation that exists in group NE foals between NGF and 

TT3-TT4 levels at each time point. The close relationship between the trophic factor and thyroid 

hormones has not been found in healthy foals [23], but experimental studies have long confirmed 

that thyroid hormones mediate direct effects on NGF-induced expression in neonatal mice [56], and 

also modulate NGF expression in the cerebellum of perinatal rats [57]. The significance of this 

positive correlation should be investigated in light of NGF and thyroid-hormones roles in the brain 

compartment. From a translational point of view, several studies suggest the possible interaction of 

thyroid hormones with members of the NGF family of neurotrophins and their functional receptors, 

not only during brain maturation, but also during its maintenance. Thyroid hormones are known to 

regulate endogenous NGF synthesis under physiological conditions [58,59] and their administration 

promotes NGF synthesis and increased NGF content in the brain, depending on brain region and 

post-natal age [60–62]. Although further studies are needed to investigate the functional 

consequences of the interaction between thyroid hormones and NGF during NE, the increased NGF 
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segregation and the relationship observed with TT3-TT4 could indicate a neuronal distress and the 

need for protection from ischemic damage. 

In the NE group of mares, the histological preparation of the chorioallantois stained with 

hematoxylin–eosin showed varying degrees of hyperemia and edema of the connective lamina 

associated with mild to severe hypoplasia of the chorionic villi. These findings may indicate an 

inability of the placenta to meet the increasing metabolic demands of the fetus as pregnancy 

progresses. Conditions affecting the utero-placental unit, such as placental hypoplasia and placental 

edema, can cause a decrease in the nutrients and oxygen supplied to both the fetus and placenta, 

and any deficiency in placental structure and function may be reflected in a corresponding deficit in 

fetal growth and maturity, leading to a manifestation of NE in the neonate [44]. Despite the low 

number of samples, the reduced expression of NGF in the allantois and the reduced expression of 

BDNF in the amnion seems to characterize the fetal membranes of mares with placental insufficiency 

that delivered foals affected by NE. Neurotrophins are defined as “angioneurins” as they also 

regulate angiogenesis in the placenta [63] by contributing to the maintenance, survival, and function 

of endothelial cells [64]. The allantois represents the essential structural framework for an incredibly 

dense mass of fetal capillaries supported by minimal amounts of allantoic mesoderm [65], whereas 

the amnion consists of a cuboid epithelial layer that comes into direct contact with AF [66]. 

Neurotrophins such as NGF and BDNF play an important role in placental development and 

maturation, acting through autocrine–paracrine mechanisms [67,68]. In women, NGF is reported to 

be synthetized in the placenta [69], while a recent study also suggests that optimal NGF expression 

at the feto-maternal interface is essential for a healthy pregnancy [70], influencing the process of 

angiogenesis [63]. In the present study, the reduced expression of the two neurotrophins could be 

related to dysregulation of adhesion [71], angiogenesis [72], apoptosis [73], and proliferation [74] 

pathways. It can therefore be reasonably postulated that, in the mare and in the fetus, decreased 

expression of NGF and BDNF in placental tissues may imply the development of impaired maternal 

and fetal vascular and nervous networks for the interchange of nutrients and stimuli, leading to a 

clinical manifestation of NE in the neonate. 

The main limitation of the study design is that the population of foals affected by NE was not 

perfectly homogeneous. In some cases, the disease was associated with a “chronic hypoxia” due to 

placental insufficiency, whereas in others it was associated with an “acute hypoxia” due to dystocic 

parturition. Nevertheless, the population offered a pure and spontaneous model of equine NE, 

devoid of typical concomitant diseases such as bacteremia, local infections, sepsis, or 

prematurity/dysmaturity. 

5. Conclusions 

The present study provides limited but novel information on the role of trophic factors in the early 

stages of equine neonatal life, when the diagnosis of NE is reached through careful clinical 

examination. Foals with NE do not differ significantly from healthy control subjects in terms of 

plasma NGF and VEGF levels, although the levels of the two trophic factors decrease less markedly 

than in healthy foals. A positive correlation between NGF and both thyroid hormones appears to 
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characterize the first 72 h of life in affected foals, as their fetal membranes seem to be characterized 

by the dysregulation of NGF and BDNF expression. 

Overall, these results provide a starting point for a better understanding of the role of NGF and 

VEGF during the equine perinatal period under pathological conditions, although they require 

confirmation by further studies on a wider population of affected foals. 

Nevertheless, no blood biomarkers are yet in current clinical use for foals with NE. In the authors’ 

opinion, the ideal biomarker for identifying equine NE would be stable, measurable during the first 

hours of life with a high-sensitivity technique, and in an easyto-access biological sample. Although 

NGF and VEGF were unable to detect the disease in the population examined, they appear to be 

promising candidates, which warrants investigation in wider cohorts. 
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SUPPLEMENTARY MATERIALS 

Table S1. Foals complete blood cell counts, serum biochemistry, electrolyte concentrations, rapid determinations and arterial blood gas analysis at birth (group 

NE) or at admission (group exNE). Data are expressed as mean ±standard deviation (min-max). For normal values refer to [34], [35], [36], [37], and [38]. 

 

  



 
50       

  



 

51       

REFERENCES 

1. Galvin, N.; Collins, D. Perinatal asphyxia syndrome in the foal: Review and a case report. Ir. Vet. 

J. 2004, 57, 707–714. 

2. MacKay, R.J. Neurologic disorders of neonatal foals. Vet. Clin. Equine 2005, 21, 387–406. 

3. Dickey, E.J.; Long, S.N.; Hunt, R.W. Hypoxic ischemic encephalopathy—What can we learn from 

humans? J. Vet. Intern. Med. 2011, 25, 1231–1240. 

4. Wong, D.; Wilkins, P.A.; Bain, F.T.; Brockus, C. Neonatal encephalopathy in foals. Compend. 

Contin. Educ. Vet. 2011, 33, E1–E10. 

5. Ringger, N.C.; Giguere, S.; Morresey, P.R.; Yang, C.; Shaw, G. Biomarkers of brain injury in foals 

with hypoxic-ischemic encephalopathy. J. Vet. Intern. Med. 2011, 25, 132–137. 

6. Diesch, T.J.; Mellor, D.J. Birth transitions: Pathophysiology, the onset of consciousness and 

possible implications for neonatal maladjustment syndrome in the foal. Equine Vet. J. 2013, 45, 656–

660. 

7. Pirrone, A.; Panzani, S.; Govoni, N.; Castagnetti, C.; Veronesi, M.C. Thyroid hormone 

concentrations in foals affected by perinatal asphyxia syndrome. Theriogenology 2013, 80, 624–629. 

8. Mariella, J.; Isani, G.; Andreani, G.; Freccero, F.; Carpenè, E.; Castagnetti, C. Total plasma 

magnesium in healthy and critically ill foals. Theriogenology 2016, 85, 180–185. 

9. Gold, J.R. Perinatal asphyxia syndrome. Equine Vet. Educ. 2017, 29, 158–164. 

10. Lyle-Dugas, J.; Giguere, S.; Mallicote, M.F.; MacKay, R.J.; Sanchez, L.C. Factors associated with 

outcome in 94 hospitalised foals diagnosed with neonatal encephalopathy. Equine Vet. J. 2017, 49, 

207–210. 

11. Wong, D.M.; Jeffery, N.; Hepworth-Warren, K.L.; Wiechert, S.A.; Miles, K. Magnetic resonance 

imaging of presumptive neonatal encephalopathy in a foal. Equine Vet. Educ. 2017, 29, 534–538. 

12. Toribio, R.E. Equine neonatal encephalopathy: Facts, evidence, and opinions. Vet. Clin. Equine 

2019, 35, 363–378. 

13. Abraham, M. Practical management and treatment of foals with neonatal 

encephalopathy/neonatal maladjustment syndrome in an ICU setting. Equine Vet. Educ. 2022. 

14. Santschi, E.M.; Vaala, W.E. Identification of the high-risk pregnancy. In Equine Reproduction; 

McKinnon, A.O., Squires, E.L., Vaala, W.E., Varner, D.D., Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 

2011; pp. 5–15. 

15. Vaala, W.E.; Sertich, P.L. Management strategies for mares at risk for periparturient 

complications. Vet. Clin. N. Am. Equine Pract. 1994, 10, 237–265. 

16. Giles, R.C.; Donahue, J.M.; Hong, C.B.; Tuttle, P.A.; Petrites-Murphy, M.B.; Poonacha, K.B.; 

Roberts, A.W.; Tramontin, R.R.; Smith, B.; Swerczek, T.W. Causes of abortion, stillbirth, and 

perinatal death in horses: 3527 cases (1986–1991). J. Am. Vet. Med. Assoc. 1993, 203, 1170–1175. 

17. Laugier, C.; Foucher, N.; Sevin, C.; Leon, A.; Tapprest, J. A 24-year retrospective study of equine 

abortion in Normandy (France). J. Equine Vet. Sci. 2011, 31, 116–123. 



 

52       

18. Ellero, N.; Lanci, A.; Ferlizza, E.; Andreani, G.; Mariella, J.; Isani, G.; Castagnetti, C. Activities of 

matrix metalloproteinase-2 and-9 in amniotic fluid at parturition in mares with normal and high-

risk pregnancy. Theriogenology 2021, 172, 116–122. 

19. Chouthai, N.S.; Sampers, J.; Desai, N.; Smith, G.M. Changes in neurotrophin levels in umbilical 

cord blood from infants with different gestational ages and clinical conditions. Pediatr. Res. 2003, 53, 

965–969. 

20. Ruiz de Almodovar, C.; Lambrechts, D.; Mazzone, M.; Carmeliet, P. Role and therapeutic 

potential of VEGF in the nervous system. Physiol. Rev. 2009, 89, 607–648. 

21. Silverman, W.F.; Krum, J.M.; Mani, N.; Rosenstein, J.M. Vascular, glial and neuronal effects of 

vascular endothelial growth factor in mesencephalic explant cultures. Neuroscience 1999, 90, 1529–

1541. 

22. Mani, N.; Khaibullina, A.; Krum, J.M.; Rosenstein, J.M. Astrocyte growth effects of vascular 

endothelial growth factor (VEGF) application to perinatal neocortical explants: Receptor mediation 

and signal transduction pathways. Exp. Neurol. 2005, 192, 394–406. 

23. Ellero, N.; Lanci, A.; Baldassarro, V.A.; Alastra, G.; Mariella, J.; Cescatti, M.; Giardino, L.; 

Castagnetti, C. Study on NGF and VEGF during the equine perinatal period—Part 1: Healthy foals 

born from normal pregnancy and parturition. Vet. Sci. 2022, 9, 451. 

24. Toribio, R.E. Endocrine dysregulation in critically ill foals and horses. Vet. Clin. Equine 2011, 27, 

35–47. 

25. Himler, M.; Cattaneo, A.; Barsnick, R.J.I.M.; Hurcombe, S.D.A.; Rathgeber, R.; Toribio, R.E. 

Thyroid hormones in healthy, sick non-septic and septic foals. J. Vet. Intern. Med. 2010, 24, 784. 

26. Breuhaus, B.A.; LaFevers, D.H. Thyroid function in normal, sick and premature Foals. J. Vet. 

Intern. Med. 2005, 19, 445. 

27. Frazer, G.S.; Perkins, N.R.; Embertson, R.M. Normal parturition and evaluation of the mare in 

dystocia. Equine Vet. Educ. 1999, 11, 41–46. 

28. Lanci, A.; Perina, F.; Donadoni, A.; Castagnetti, C.; Mariella, J. Dystocia in the Standardbred 

mare: A retrospective study from 2004 to 2020. Animals 2022, 12, 1486. 

29. Koterba, A.M. Management of the intensive care unit: Levels of care, quality control and care 

after discharge. In Equine Clinical Neonatology; Lea and Febiger: Philadelphia, PA, USA, 1990; pp. 

769–778. 

30. Knottenbelt, D.C.; Holdstock, N.; Madigan, J.E. Equine Neonatology Medicine and Surgery; 

Saunders: Edinburgh, UK, 2004; pp. 155–363. 

31. Vaala, W.E.; House, J.K.; Madigan, J.E. Initial management and physical examination of the 

neonate. In Large Animal Internal Medicine; Mosby St. Louis: Kirkwood, MO, USA, 2002; pp. 277–293. 

32. Lopez-Rodriguez, M.F.; Cymbaluk, N.F.; Epp, T.; Laarveld, B.; Thrasher, M.; Card, C.E. A field 

study of serum, colostrum, milk iodine, and thyroid hormone concentrations in postpartum draft 

mares and foals. J. Equine Vet. Sci. 2020, 90, 103018. 

33. Lopez-Rodriguez, M.F.; Cymbaluk, N.; Epp, T.; Laarveld, B.; Recalde, E.C.S.; Simko, E.; Card, C. 

Effects of the glucosinolate sinigrin in combination with a noniodine supplemented diet on serum 

iodine and thyroid hormone concentrations in nonpregnant mares. J. Equine Vet. Sci. 2020, 91, 103110. 



 

53       

34. Harvey, J.W. Normal hematological values. In Equine Clinical Neonatology; Koterba, A.M., 

Drummond, W.H., Kosch, P.C., Eds.; Lea and Febiger: Philadelphia, PA, USA, 1990; pp. 561–570. 

35. Bauer, J.E.; Harvey, J.W.; Asquith, R.L.; McNulty, P.K.; Kivipelto, J.A.N. Clinical chemistry 

reference values of foals during the first year of life. Equine Vet. J. 1984, 16, 361–363. 

36. Stoneham, S.J.; Palmer, L.; Cash, R.; Rossdale, P.D. Measurement of serum amyloid A in the 

neonatal foal using a latex agglutination immunoturbidimetric assay: Determination of the normal 

range, variation with age and response to disease. Equine Vet. J. 2001, 33, 599–603. 

37. Pirrone, A.; Mariella, J.; Gentilini, F.; Castagnetti, C. Amniotic fluid and blood lactate 

concentrations in mares and foals in the early postpartum period. Theriogenology 2012, 78, 1182–1189. 

38. Aguilera-Tejero, E.; Estepa, J.C.; Lopez, I.; Mayer-Valor, R.; Rodriguez, M. Arterial blood gases 

and acid-base balance in healthy young and aged horses. Equine Vet. J. 1998, 30, 352–354. 

39. Aslam, S.; Strickland, T.; Molloy, E.J. Neonatal encephalopathy: Need for recognition of multiple 

etiologies for optimal management. Front. Pediatr. 2019, 7, 142. 

40. Mahaffey, L.W.; Rossdale, P.D. Convulsive and allied syndromes in newborn foals. Vet. Rec. 1957, 

69, 1277–1289. 

41. Madigan, J.E.; Haggett, E.F.; Pickles, K.J.; Conley, A.; Stanley, S.; Moeller, B.; Toth, B.; Aleman, 

M. Allopregnanolone infusion induced neurobehavioural alterations in a neonatal foal: Is this a clue 

to the pathogenesis of neonatal maladjustment syndrome? Equine Vet. J. 2012, 44, 109–112. 

42. Ferriero, D.M. Neonatal brain injury. N. Engl. J. Med. 2004, 351, 1985–1995. 

43. Axon, J.E.; Palmer, J.E. Clinical pathology of the foal. Vet. Clin. N. Am. Equine Prac. 2008, 24, 357–

385. 

44. Pirrone, A.; Antonelli, C.; Mariella, J.; Castagnetti, C. Gross placental morphology and foal serum 

biochemistry as predictors of foal health. Theriogenology 2014, 81, 1293–1299. 

45. Chiba, A.; Aoki, T.; Itoh, M.; Yamagishi, N.; Shibano, K. Hematological and blood biochemical 

characteristics of newborn heavy draft foals after dystocia. J. Equine Vet. Sci. 2017, 50, 69–75. 

46. Himler, M.; Hurcombe, S.D.A.; Griffin, A.; Barsnick, R.J.; Rathgeber, R.A.; MacGillivray, K.C.; 

Toribio, R.E. Presumptive nonthyroidal illness syndrome in critically ill foals. Equine Vet. J. 2012, 44, 

43–47. 

47. Economidou, F.; Douka, E.; Tzanela, M.; Nanas, S.; Kotanidou, A. Thyroid function during critical 

illness. Hormones 2011, 10, 117–124. 

48. Malamitsi-Puchner, A.; Nikolaou, K.E.; Economou, E.; Boutsikou, M.; Boutsikou, T.; Kyriakakou, 

M.; Puchner, K.P.; Hassiakos, D. Intrauterine growth restriction and circulating neurotrophin levels 

at term. Early Hum. Dev. 2007, 83, 465–469. 

49. Kilari, A.; Mehendale, S.; Pisal, H.; Panchanadikar, T.; Kale, A.; Joshi, S. Nerve growth factor, 

birth outcome and pre-eclampsia. Int. J. Dev. Neurosci. 2011, 29, 71–75. 

50. Dhobale, M.; Mehendale, S.; Pisal, H.; Nimbargi, V.; Joshi, S. Reduced maternal and cord nerve 

growth factor levels in preterm deliveries. Int. J. Dev. Neurosci. 2012, 30, 99–103. 

51. Chiaretti, A.; Antonelli, A.; Riccardi, R.; Genovese, O.; Pezzotti, P.; Di Rocco, C.; Tortorolo, L.; 

Piedimonte, G. Nerve growth factor expression correlates with severity and outcome of traumatic 

brain injury in children. Eur. J. Paediatr. Neurol. 2008, 12, 195–204. 



 

54       

52. Castagnetti, C.; Pirrone, A.; Mariella, J.; Mari, G. Venous blood lactate evaluation in equine 

neonatal intensive care. Theriogenology 2010, 73, 343–357. 

53. Bogetti, M.E.; Devoto, V.M.P.; Rapacioli, M.; Flores, V.; de Plazas, S.F. NGF, TrkA-P and 

neuroprotection after a hypoxic event in the developing central nervous system. Int. J. Dev. Neurosci. 

2018, 71, 111–121. 

54. Chiaretti, A.; Genovese, O.; Riccardi, R.; Di Rocco, C.; Di Giuda, D.; Mariotti, P.; Pulitan, S.; 

Piastra, M.; Polidori, G.; Colofati, G.S.; et al. Intraventricular nerve growth factor infusion: A possible 

treatment for neurological deficits following hypoxic–ischemic brain injury in infants. Neurol. Res. 

2005, 27, 741–746. 

55. Chiaretti, A.; Antonelli, A.; Genovese, O.; Fernandez, E.; Giuda, D.; Mariotti, P.; Riccardi, R. 

Intraventricular nerve growth factor infusion improves cerebral blood flow and stimulates 

doublecortin expression in two infants with hypoxic–ischemic brain injury. Neurol. Res. 2008, 30, 

223–228. 

56. Walker, P.; Weil, N.L.; Weichsel, M.E., Jr.; Fischer, D.A. Effect of thyroxine on nerve growth factor 

concentration in neonatal mouse brain. Life Sci. 1981, 28, 1777–1787. 

57. Figueiredo, B.C.; Almazan, G.; Ma, Y.; Tetzlaff, W.; Miller, F.D.; Cuello, A.C. Gene expression in 

the developing cerebellum during perinatal hypo-and hyperthyroidism. Mol. Brain Res. 1993, 17, 

258–268. 

58. Calzà, L.; Giardino, L.; Aloe, L. Thyroid hormone regulates NGF content and p75LNGFR 

expression in the basal forebrain of adult rats. Exp. Neurol. 1997, 143, 196–206. 

59. Calzà, L.; Giardino, L.; Aloe, L. NGF content and expression in the rat pituitary gland and 

regulation by thyroid hormone. Mol. Brain Res. 1997, 51, 60–68. 

60. Walker, P.; Weichsel, M.E., Jr.; Fisher, D.A.; Guo, S.M.; Fisher, D.A. Thyroxine increases nerve 

growth factor concentration in adult mouse brain. Science 1979, 204, 427–429. 

61. Oh, J.D.; Butcher, L.L.; Woolf, N.J. Thyroid hormone modulates the development of cholinergic 

terminal fields in the rat forebrain: Relation to nerve growth factor receptor. Dev. Brain Res. 1991, 59, 

133–142. 

62. Giordano, T.; Pan, J.B.; Casuto, D.; Watanabe, S.; Arneric, S.P. Thyroid hormone regulation of 

NGF, NT-3 and BDNF RNA in the adult rat brain. Mol. Brain Res. 1992, 16, 239–245. 

63. Zacchigna, S.; Lambrechts, D.; Carmeliet, P. Neurovascular signalling defects in 

neurodegeneration. Nat. Rev. Neurosci. 2008, 9, 169–181. 

64. Nico, B.; Mangieri, D.; Benagiano, V.; Crivellato, E.; Ribatti, D. Nerve growth factor as an 

angiogenic factor. Microvasc. Res. 2008, 75, 135–141. 

65. Allen, W.R.; Gower, S.; Wilsher, S. Immunohistochemical localization of vascular endothelial 

growth factor (VEGF) and its two receptors (Flt-I and KDR) in the endometrium and placenta of the 

mare during the oestrous cycle and pregnancy. Reprod. Domest. Anim. 2007, 42, 516–526. 

66. Lanci, A.; Ingrà, L.; Dondi, F.; Tomasello, F.; Teti, G.; Mariella, J.; Falconi, M.; Castagnetti, C. 

Morphological study of equine amniotic compartment. Theriogenology 2022, 177, 165–171. 



 

55       

67. Kawamura, K.; Kawamura, N.; Fukuda, J.; Kumagai, J.; Hsueh, A.J.; Tanaka, T. Regulation of 

preimplantation embryo development by brain-derived neurotrophic factor. Dev. Biol. 2007, 311, 

147–158. 

68. D’Angelo, A.; Ceccanti, M.; Petrella, C.; Greco, A.; Tirassa, P.; Rosso, P.; Ralli, M.; Ferraguti, G.; 

Fiore, M.; Messina, M.P. Role of neurotrophins in pregnancy, delivery and postpartum. Eur. J. Obstet. 

Gynecol. Reprod. Biol. 2020, 247, 32–41. 

69. Fujita, K.; Tatsumi, K.; Kondoh, E.; Chigusa, Y.; Mogami, H.; Fujii, T.; Yura, S.; Kakui, K.; Konishi, 

I. Differential expression and the anti-apoptotic effect of human placental neurotrophins and their 

receptors. Placenta 2011, 32, 737–744. 

70. Frank, P.; Barrientos, G.L.; Tirado González, I.; Cohen, M.; Moschansky, P.; Peters, E.M.; Klapp, 

B.F.; Rose, M.; Tometten, M.; Blois, S.M. Balanced levels of nerve growth factor are required for 

normal pregnancy progression. Reproduction 2014, 148, 179–189. 

71. Cassens, C.; Kleene, R.; Xiao, M.F.; Friedrich, C.; Dityateva, G.; Schafer-Nielsen, C.; Schachner, 

M. Binding of the receptor tyrosine kinase TrkB to the neural cell adhesion molecule (NCAM) 

regulates phosphorylation of NCAM and NCAM-dependent neurite outgrowth. J. Biol. Chem. 2010, 

285, 28959–28967. 

72. Nakamura, K.; Martin, K.C.; Jackson, J.K.; Beppu, K.; Woo, C.W.; Thiele, C.J. Brain-derived 

neurotrophic factor activation of TrkB induces vascular endothelial growth factor expression via 

hypoxia-inducible factor-1alpha in neuroblastoma cells. Cancer Res. 2006, 66, 4249–4255. 

73. Wang, L.H.; Paden, A.J.; Johnson, E.M. Mixed-lineage kinase inhibitors require the activation of 

trk receptors to maintain long-term neuronal trophism and survival. J. Pharmacol. Exp. Ther. 2005, 

312, 1007–1019. 

74. Tervonen, T.A.; Ajamian, F.; De Wit, J.; Verhaagen, J.; Castrén, E.; Castrén, M. Overexpression of 

a truncated TrkB isoform increases the proliferation of neural progenitors. Eur. J. Neurosci. 2006, 24, 

1277–1285. 

  



 

56       

GENERAL CONCLUSIONS 

The importance of trophic factors during the equine perinatal period is now emerging. Through 

their functional activities of neurogenesis and angiogenesis, they play a key role in the final 

maturation of the nervous and vascular systems.  In the study model proposed by the author, the 

compartments explored and sampled reflected feto-placental pathophysiology (fetal membranes, 

amniotic fluid and umbilical vein plasma) and the phatophysiology of the mother/neonate (mare 

and foal plasma), and the levels of trophic factors at the time of birth and in the first 72 h of life well 

represented the transition of the healthy or compromised equine neonate to extra-uterine life. The 

authors also proposed a new fetal membranes sampling model for use in molecular biology 

investigations. Once a biobank of biological materials was obtained, innovative biomolecular 

diagnostic techniques were developed, including the plasma assay of trophic factors by ELISA and 

their placental gene expression by semiquantitative real-time PCR. 

Studies conducted on human perinatology showed that the blood levels of neurotrophins, including 

NGF and BDNF, are similar to those in the brain and that the neural tube, from which the brain 

develops, becomes vascularized by a process involving VEGF. The significant decline in the NGF 

and VEGF content and their close relationship in foal plasma over time under physiological 

conditions appeared to be key regulators in directing vessel sprouting and regulating neuronal cell 

migration in the CNS. Due to the lack of expression of NGF and its receptors in the amnion, fetal 

urine, which is a major component of amniotic fluid during late gestation in the equine species and 

reasonably contains all molecules that cross the blood-brain barrier, could be the sourse of NGF in 

amniotic fluid. 

A population of foals spontaneously affected by Neonatal Encephalopathy was clinically and finely 

characterized. The disease appeared to be the consequence of adverse peripartum events leading to 

ischemia/hypoxia/inflammation in the prepartum period or at the time of parturition, and the most 

common behavioral abnormalities, signs of neurological disfunction, and organ dysfunction 

associated with the disease reported in the study represent a possible guide for clinicians in their 

diagnostic-therapeutic process. Perinatal asphyxia triggers effects on the neonatal hypothalamus-

pituitary-thyroid axis, causing the lower levels of thyroid hormones found in affected foals, which 

aggravate both neurological symptoms and multi-organ dysfunction. The decrease in thyroid 

hormone levels in foals with Neonatal Encephalopathy found in this study could be an expression 

of altered transplacental transport due to a condition of placental insufficiency, or an expression of 

non-thyroidal illness syndrome developed after birth. Overall, the less pronounced decrease of the 

two trophic factors compared to healthy foals, their relationship with thyroid hormones over time, 

and the dysregulation/reduced expression of NGF and BDNF in placental tissues of mares with 

placental insufficiency, could be key regulators in the mechanisms of equine Neonatal 

Encephalopathy, due to the development of impaired maternal and fetal/neonatal vascular and 

nervous networks for the interchange of nutrients and stimuli. 

In the equine species, NGF showed more than 90% homology with human NGF, indicating that 

NGF-encoding is a highly conserved gene. Surprisingly, NGF plasma levels are around 1000 times 
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higher in foals compared to human neonates, and in human medicine an inverse correlation between 

NGF levels and symptom severity has been reported in children with traumatic brain injury. The 

pathophysiologic principles of CNS ischemia and hypoxia are shared by animals and humans. 

Compared to human infants with hypoxic-ischemic encephalopathy, foals appear to respond 

rapidly or more successfully to hypoxia, also in view of the better prognosis of the disease in the 

newborn foal. The authors hypothesized that high endogenous levels of NGF may exert a default 

neuroprotective role in foals. 

Identification of blood markers of brain injury would be crucial for the diagnosis and the prognosis 

of Neonatal Encephalopathy in foals, but the role of trophic factors requires ongoing investigation, 

since it is likely to be pivotal. Overall, this study provides a starting point for a better understanding 

of the role of NGF and VEGF in the equine perinatal period under pathological conditions, laying 

the foundation for the future development of new therapeutic protocols in regenerative and 

translational medicine.  
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