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ABSTRACT
Purpose: Gestational nutrition has an impact on the growth and development of the fetus. 
Choline (C) and docosahexaenoic acid (DHA) are important and essential nutrients for 
humans that play a role in the structural integrity of the membranes as well as signalling. 
C is used in the synthesis of phosphatidylcholine, and cell membranes are highly enriched 
with DHA. The dietary intake of C or DHA during pregnancy directly influences fetal 
development. Currently, there is no evidence to prove the effectiveness of the combined 
dietary supplementation of both C and DHA during gestation on developmental outcomes in 
the offspring.
Methods: The current study was designed to assess the physical, sensory, and motor 
development of rat pups born to mothers supplemented with C and/or DHA during the 
entire gestational period. Pregnant rat dams were divided into the following five groups: 
Normal control (NC), Saline control (SC), Choline (C), DHA, and Choline+DHA (C+DHA). 
The NC dams did not receive any supplementation during the entire gestation period. The 
experimental groups were supplemented with Saline, C, and/or DHA, respectively, during the 
entire gestation (E0 to delivery).
Results: Rat pups (n = 6/group) exposed to combined C and DHA showed significant 
improvement in birth weight, fur development, eye-opening as well as weight gain on the 
7th, 14th, and 21st postnatal day and pinnae detachment (assessed from birth to postnatal 
day 21) when compared with age-matched NC, SC or C or DHA pups. Further, significant 
reflex responses were observed in visual placing and bar holding of pups exposed to both 
C and DHA, whereas the differences in surface righting, negative geotaxis, and grasping 
reflexes were not significant between the groups.
Conclusion: Gestational supplementation of both C and DHA rather than either of them 
alone is better in enhancing developmental outcomes in rat pups.
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INTRODUCTION

Gestational nutritional status has a considerable role in the physical, sensory, and motor 
development of the embryo as growth and nutrition are having a direct relationship with each 
other. The process of multiplication of the cells and their growth in size requires an adequate 
supply of essential nutrition [1]. In addition, nutrition levels during fetal development can 
unfavourably affect cognition including spatial memory, and also influences the growth and 
development of the offspring [2]. Maternal malnutrition leads to poor intrauterine growth and 
low birthweight (LBW) which leads to irreversible, cognitive, motor, and health impairment, 
which includes a possible predisposition to chronic disease in adult life. LBW is also one of 
the causes of neonatal deaths, which is strongly linked with perinatal morbidity and can lead 
to the risk of long-term disability [3]. There is an association between cardiovascular disease, 
hypertension, type 2 diabetes, and intrauterine growth and development [4]. Micronutrient 
deficiency results in physical, and mental growth retardation, a deficit in motor coordination 
in animal models, and behavioural and cognitive impairments [5].

Choline (C) is one of the essential nutrients which is an important precursor for the 
production of the neurotransmitter acetylcholine and also essential for the synthesis of 
phospholipids of the cell membrane and other signalling molecules. C has a vital role in 
fetal development [6]. Many studies have shown the association between placental weight 
and docosahexaenoic acid (DHA) concentration, which is correlated between placental 
weight and infant growth and development [7]. Previous studies executed in adult animal 
models have shown few positive effects of C or DHA alone on central nervous system 
(CNS) development. Combined supplementation of C and DHA during the prenatal period 
enhances neural cell development of the hippocampus in rat offspring compared to the 
normal control group rather than supplementation of these nutrients separately [8]. In 
addition, most of the previous studies reveal the consequences of the deficiencies of C and 
DHA, rather than their effect on the physical, sensory, and motor development of the fetus. 
Moreover, the efficacy of combined dietary supplementation of both C and DHA during 
gestation on developmental outcomes in offspring was seldom found in the literature. The 
outcomes of this combined therapy in the physical, sensory, and motor development of the 
fetus should be examined since C is an essential component used to synthesize maximum 
neuronal membrane phospholipids, and the DHA is the most preferred omega-3 fatty acid 
than any other polyunsaturated fatty acids during the synthesis. Therefore, the current study 
was designed to assess the physical, sensory, and motor development of rat pups born to 
mothers supplemented with C and or DHA during the entire gestational period.

METHODS

The current experimental study was conducted after obtaining approval of the Animal Ethics 
Committee (IAEC/KMC/32/12) from the Manipal Academy of Higher Education (MAHE), and 
also following guidelines by the Committee for the Purpose of Control and Supervision of 
Experiments on Animals, Indian Government.

Animals
Wistar strain laboratory rats (three months old), weighing approximately between 200 to 
250 grams were housed in an animal house research facility, MAHE, Manipal, Udupi District. 
Rats were encased in cages made of polypropylene, with paddy husk as bedding material, 
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and maintained under standard lab conditions with temperatures ranging from 23 ± 2°C, 
humidity (50 ± 5%), and a 12-hour light-dark cycle. These rates were provided with pellet 
feed procured from VRK Nutritional Solutions (VRK’s “Scientist’s Choice” Laboratory 
Animal Diets Pune, India) (with C content 1 mg/kg) and these animals were free to access ad 
libitum water. Female rats during the estrus cycle were separated and permitted for mating 
with male rats. Upon identification of sperms in the vaginal smear, the first day of gestation 
was decided. Proper care was provided to the pregnant female rats which are maintained in 
separate polypropylene cages.

Study design
Pregnant dams (n = 6) were split into the following five groups: normal control (NC), 
saline control (SC), C, DHA, and C + DHA. NC dams were not disturbed, during the entire 
gestation period and were fed with normal animal feed. Pregnant dams of the SC group 
were supplemented orally with saline using a feeding needle from E0 to delivery. Dams from 
the C group were supplemented orally with C from E0 to delivery using a feeding needle. 
Pregnant dams from the DHA group were supplemented orally with DHA from E0 to delivery 
using a feeding needle. Pregnant dams from C + DHA group were supplemented orally with 
C + DHA from E0 to delivery using a feeding needle. After delivery one pup from each dam 
(A total of six pups from each group of dams) were collected. Postnatal physical landmarks 
of rat pup development such as birth weight, body weight on the 7th, 14th and 21st days, 
pinnae detachment, fur development, incisor eruption, eye-opening, and postnatal sensory 
and motor development of the rat pups like surfacing righting, negative geotaxis, visual 
placing response, grasping reflex, bar holding, were assessed. Test animals were handled 
with care during the entire procedure. The marking of each animal was made with a unique 
identification using a nontoxic, indelible marker. The pups are separated from their mothers 
only for the short time (less than 5 minutes) to avoid the maternal separation stress.

Oral supplementation of C and DHA
Extra Pure C chloride (98%) was purchased from (Loba Chemie Laboratory Reagents; Loba 
Chemie Pvt. Ltd., Mumbai, India) and dissolved in distilled water (4.6 mmol/kg/day of C) was 
supplemented. Soft gelatin capsules containing 300 mg DHA capsules were procured from 
Nouveau Medicament (P) Ltd., Chennai, India and the capsules (400 mg/day of DHA) were 
supplemented [1].

Physical landmarks of rat’s development
Birth weight and body weight on the 7th, 14th and 21st days were assessed using the digital 
weighing machine. The pinna detachment of pups was examined individually when the tip 
of the ear is separated from the head and the minimum days required for pinna detachment 
were recorded. Upper incisor eruptions were examined until the first appearance of upper 
incisors and days required for the incipience of incisors were recorded. Fur development was 
monitored every day until the fur appeared on the dorsal surface of pups and days required 
for the same were recorded. The number of days required for both eyes to fully open in the 
pups was recorded. During the entire process, test animals were handled with care [9].

Sensory and motor development
Surface righting
The righting reflex was evaluated to estimate motor function and coordination. The pup was 
placed on its back and the time it took for the pup to turn over onto its belly was noted. If the pup 
spends more than 60 seconds, the test was stopped and the time was recorded as 60 seconds [10].

657https://doi.org/10.4163/jnh.2023.56.6.655

Choline and DHA enhance prenatal development

https://e-jnh.org



Negative geotaxis
Negative geotaxis was conducted to diagnose the vestibular and proprioceptive function, it 
is an automatic stimulus where animals show a reaction in their postural by turning upright. 
Each of the pups was placed on an inclined plane (typically 30o from horizontal) with its 
head facing downwards. The latency period (in seconds) was recorded for the pup to change 
its direction so that its head faces up in the inclined plane. If the pup spends more than 60 
seconds, the test was stopped and the time was recorded as 60 seconds. The newborn pups 
were well protected to avoid damage.

Visual placing response
The visual placing response is used to assess the animal’s proprioceptive ability. The pups 
were hanged by their tails and scowled towards a hard surface. If the pup lifts its head and 
properly extends its limbs, the observation was recorded as a ‘Yes’ or else as a ‘No’.

Grasping reflex
This test is to assess the neuromuscular strength of the rat pup since this reflex is controlled 
by the spinal reflex mechanism, with the help of motor areas of the brain through their 
interneurons. The paw of the pups was stroked with a blunt instrument and observation was 
recorded whether the animal grasped the instrument or not.

Bar holding
The function of the cerebellar and vestibular system is reflected in bar holding. Pups were 
lifted by clasping the trunk and brought near the thin metal bar which is ≤ 4 to 7 mm in 
diameter. The animal was allowed to grasp with its front paws and hang by its front paws. 
The duration of the animal's grasp was recorded, up to a maximum of 10 seconds. Care was 
taken to prevent the animal from jumping or falling from the bar.

Statistical analysis
Data were analysed using one-way analysis of variance followed by Bonferroni’s test (post 
hoc) and expressed as mean ± SEM with the significance level at p < 0.05 using statistical 
software Graph pad prism version 5.03.

RESULTS

Physical and developmental landmarks
Rat pups exposed to combined C and DHA during gestation showed a significant increase 
in birth weight (cp < 0.05) when compared with the NC and SC groups of rat pups. Rat pups 
supplemented prenatally with C and DHA alone did not show any significant difference 
in birth weight when compared with the NC and SC group of rat pups. Additionally, a 
significant increase in birth weight (dp < 0.05) was observed when compared with groups of 
rats supplemented with DHA alone (Fig. 1).

Rat pups supplemented prenatally with the combination of C and DHA showed significant 
weight gain (ccp < 0.01) when compared with the NC and SC group of rat pups on the 7th 
day. Rat pups supplemented prenatally with C and DHA alone did not show significant 
weight gain when compared with the NC and SC control group of rat pups on the 7th day. 
Additionally, a significant increase in weight gain (ep < 0.05) was observed when compared 
with groups of rats supplemented with C alone. Rat pups exposed to C (ap < 0.05) and DHA 
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(bp < 0.05) alone showed significant weight gain when compared with the NC and SC group 
of rat pups on the 14th day. However, rat pups supplemented prenatally with combined C, 
and DHA showed significantly more weight gain (ccp < 0.01) when compared with the NC and 
SC group of rat pups on the 14th day. Additionally, a significant increase in weight gain (dp < 
0.05) was observed when compared with the groups of rats supplemented with DHA alone. 
Rat pups supplemented prenatally with C (aap < 0.01) and DHA (bp < 0.05) alone showed 
significant weight gain when compared with the NC and SC group of rat pups on the 21st 
day. However, rat pups supplemented prenatally with the combination of C and DHA showed 
more significant weight gain (cccp < 0.001) when compared with the NC and SC group of 
rat pups on the 21st day. Additionally, a significant increase in weight gain (dp < 0.05) was 
observed when compared with the group of rats supplemented with DHA alone (Fig. 2).

Rat pups exposed to combined C and DHA showed significantly earlier pinnae detachment 
(ccp < 0.01) when compared with the NC and SC group of rat pups. Rat pups supplemented 
prenatally with C and DHA alone did not show a significant difference in pinnae detachment 
when compared with the NC and SC group of rat pups (Fig. 3).

Rat pups exposed to combined C and DHA showed significantly earlier fur development 
(ccp < 0.01) when compared with the NC and SC group of rat pups. Rat pups supplemented 
prenatally with C and DHA alone did not show a significant difference in fur development 
when compared with the NC and SC group of rat pups (Fig. 4). There was no significant 
difference in the day of upper incisor teeth eruption between the groups (Fig. 5).

Rat pups exposed to combined C and DHA showed the opening of both eyes significantly 
earlier (ccp < 0.01) when compared with the NC and SC group of rat pups. Rat pups 
supplemented prenatally with C and DHA alone did not show a significant difference in days 
of eye-opening when compared with the NC and SC group of rat pups (Fig. 6).

Sensory and motor development
Rat pups exposed to C (aap < 0.01) and DHA (bp < 0.05) alone showed significant 
enhancement in visual placing response when compared to the NC and SC group of rat 
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Fig. 1. Comparison of birth weight among rat pup groups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. Different letters within a variable are different as below: c, NC and SC vs. C + DHA (cp < 0.05). d, 
DHA supplemented group vs. C + DHA group. 
NS, not significant; NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, 
choline + docosahexaenoic acid.



pups. Rat pups supplemented prenatally with combined C and DHA also showed significant 
enhancement in visual placing response (ccp < 0.01) when compared to the NC and SC group 
of rat pups (Fig. 7).

Rat pups exposed to C and DHA alone did not show a significant difference in bar-
holding response when compared to the NC and SC groups of rat pups. However, rat pups 
supplemented prenatally with combined C and DHA showed significant enhancement in a 
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Fig. 3. Comparison of days required for pinnae detachment in rat pups. 
Data are shown as mean ± SE (n = 6 per group). Data were analysed using one-way analysis of variance followed 
by Bonferroni’s test. Different letter within a variable is different as below: NC and SC vs. C + DHA, ccp < 0.01. 
NS, not significant; NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, 
choline + docosahexaenoic acid.
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Fig. 2. Comparison of weight gain in rat pups among the groups tested on 7th day.  
Data are shown as mean ± SE (n = 6 per group) for rat pups in each group. Data were analysed using one-way 
analysis of variance followed by Bonferroni’s test. Different letters within a variable are different as below: On 7th 
day NC and SC vs. C + DHA: ccp < 0.01, C vs C+DHA: ep< 0.05. On the 14th day NC and SC vs. C: ap < 0.05, NC and 
SC vs. DHA: bp < 0.05 and NC vs. C + DHA: ccp < 0.01 and DHA vs C+DHA: dp< 0.05. On the 21st day NC and SC vs. 
C: aap < 0.01, NC and SC vs. DHA: bp < 0.05, NC and SC vs. C + DHA: cccp <0.001 and DHA vs C+DHA: dp< 0.05. 
NS, not significant; NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, 
choline + docosahexaenoic acid.



bar-holding response (cp < 0.05) when compared to the NC and SC group of rat pups (Fig. 8).  
There was no significant difference in the findings of surface righting reflex and negative 
geotaxis reflex between the groups (Figs. 9 and 10).
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Fig. 4. Comparison of days required for fur development in rat pups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. Different letter within a variable is different as below: NC and SC vs. C + DHA: ccp < 0.01. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.
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Fig. 5. Comparison of days required for incisor teeth eruption in rat pups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.
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Fig. 6. Comparison of days required for eye-opening in rat pups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. Different letter within a variable is different as below: NC and SC vs. C + DHA: ccp < 0.01. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.



DISCUSSION

In the present study, prenatal supplementation of a combination of C and DHA during 
normal pregnancy in rats caused a significant increase in birth weight, weight gain on the 7th, 
14th and 21st days, significantly earlier pinnae detachment, fur development, and eye-opening. 
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Fig. 7. Comparison of days required for correct visual placing response in rat pups. 
Data are shown as mean ± SD (n=6 per group). Data were analysed using one-way analysis of variance followed 
by Bonferroni’s test. Different letters within a variable are different as below: NC and SC vs. C: aap < 0.01, NC and 
SC vs. DHA: bp < 0.05, and NC and SC vs. C + DHA: ccp < 0.01. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.
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Fig. 8. Comparison of days required for correct bar holding among rat pups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. Different letter within a variable is different as below: NC and SC vs. C + DHA: cp < 0.05. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.
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Fig. 9. Comparison of days required for correct surface righting among rat pups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.



Also, prenatal supplementation of C or DHA alone showed significant weight gain on the 14th 
and 21st days when compared to the same in rat pups from NC and SC groups.

C is an essential component in the diet for the normal function of all cells and critical to 
general health and cognition. C also forms complementary to B vitamins and omega-3 
fatty acids [11]. C is a precursor for acetylcholine, which functions as phosphatidylcholine, 
and forms the major component of all cell membranes. C is vital for the integrity of the 
communication for all cells in the body including the CNS. C availability for the fetus brings 
enduring significance during adolescence [12]. C availability ensures the formation of 
membranes of the CNS [13]. Prenatally supplementation of C improves cognitive function 
until adulthood in animals [14].

During pregnancy, DHA has a vital role in CNS development and function [15]. DHA status 
of the pregnant mother is linked with fetal development including birth weight, head 
circumference, and the weight of the placenta [16]. DHA is preferably conveyed to the fetus 
during the last stages of gestation which is related to brain and retinal development [17,18]. 
Many authors have reported that DHA exposure to animals during gestation has a positive effect 
on, neural differentiation, neurotransmitter release, and synaptogenesis. Specifically, DHA is 
also essential for the development of dopaminergic the signalling system in the body [19-21].

Normal rat fetuses/pups supplemented prenatally with a combination of C and DHA was 
observed to show significant enhancement in visual placing response and bar holding 
compared to normal control rat pups postnatally. Additionally, rat pups supplemented 
prenatally with either C or DHA alone also showed enhancement although to a lesser 
significant level in visual placing response when compared to NC and SC groups of rat pups.

Negative geotaxis, an automatic, stimulus-bound, orientation, and movement directionally 
against gravitational cues are often conducted to assess the behaviour of infant rodents. 
Negative geotaxis was conducted to examine motor coordination and the motor performance 
of the rat pups [22]. Negative geotaxis, bar holding, and surface righting are reflecting 
the function of the cerebellar and vestibular system and are concerned with vestibular and 
proprioceptive function [23,24]. Visual placing response is to assess the proprioceptive abilities 
of the animals. If this response is impaired, it may be due to the motor deficit or damage to the 
sensory pathway for proprioception, or damage to the centers of the cerebellum which integrate 
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Fig. 10. Comparison of days required for showing negative geotaxis among rat pups. 
Data are shown as mean ± SE (n=6 per group). Data were analysed using one-way analysis of variance followed by 
Bonferroni’s test. 
NC, normal control; SC, saline control; C, choline; DHA, docosahexaenoic acid; C + DHA, choline + 
docosahexaenoic acid.



this response [25]. The grasping reflex is controlled by the spinal reflex mechanism, and under 
the control of motor areas of the brain through the interneurons [26].

C is essential for the development of CNS during the perinatal period. The fetus receives C 
from the mother which transfers through the placenta, necessary for neural tube closure 
and CNS development [27]. C deficiency during gestation affects the development of 
cortical structure and function by abnormal estimated glomerular filtration rate (EGFR) and 
signalling [28]. EGFR knockout mice also show neurodegeneration in the olfactory bulbs 
and frontal cortex even during postnatal development and a decrease in the volume of the 
hippocampus [29].

DHA status of the fetus and infant is positively related to movement quality, enhanced 
visual activity, better mental and psychomotor development, and visual system function 
[30,31]. Oral supplementation of fish oil increases the DHA content of breast milk and is a 
positive effect on Griffith’s experiment which include the coordination of the eye and hand 
of the infant [32]. Various studies show that prenatal and postnatal concentration of DHA 
influences infant cognitive and motor development [33]. DHA is the primary component of 
the nerve cell membranes and has a structural and neuroprotective role which are essential 
for cerebral and visual performances by influencing the development and maintenance [34].

Lipid-based nutrients (C and DHA) are essential for the growth and development of the fetus. 
It has been observed that there was a potential interaction between the metabolism of C 
and DHA, especially during its combined supplementation. The availability of DHA allows 
increased C uptake by the cells of the nervous system when compared to the supplementation 
of C alone [35]. The combined efficiency of C and DHA were demonstrated by the previous 
study in the Pemt−/− mouse model. Phosphatidylethanolamine-N-methyltransferase (PEMT) 
acts as a link between the metabolism of C and DHA. PEMT influences endogenous production 
of C. C influences phosphatidylcholine synthesis in the (cytidine diphosphate-choline) CDP-
choline pathway and PEMT pathway. The PEMT pathway is most important since it catalyzes 
de novo biosynthesis of phosphatidylcholine even during the absence of dietary C [36]. PEMT 
enzyme prefers PtdEtn which contains DHA which is the long-chain polyunsaturated fatty acid 
[37] that facilitates the formation of DHA-enriched PtdCho in cell membranes, importantly in 
the brain. Thus, the availability of C and DHA during development facilitates better laying down 
of cell membranes which is an important prerequisite for increased formation of the tissues 
of the body. This may be the reason why combined supplementation of C and DHA shows 
enhanced physical, sensory and motor development.

SUMMARY

The aim of this study was to explore the potential benefits of gestational supplementation 
of C and DHA individually or in combined form on fetal developmental parameters. The 
findings of the study provide evidence of the importance of combined supplementation of C 
and DHA during gestation in rats for enhancing postnatal sensory, motor, and development 
of reflexes as well as their physical growth milestones. Furthermore, the findings show that 
pups exposed to a combination of C and DHA during gestation attain physical milestones and 
reflexes much more quickly than pups exposed to either nutrient alone.
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