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Abstract: Human milk (HM) feedings are associated with reduced risks of neurodevelopmental and 
neurocognitive delays and systemic inflammatory diseases in infants born prematurely and/or at a low birth 
weight. Utilizing a neonatal piglet model, HM feedings were compared to bovine milk-derived infant formula 
(IF)-feedings with the aim of understanding the underlying mechanisms involved in reducing these risks. Six 
male piglets at postnatal-day (PD)2 were randomized into two feeding groups: HM-fed (n = 3) or IF-fed (n = 3) 
for 28 days. At 3- and 4-weeks-old, piglet memory and learning performance were assessed using novel object 
recognition (NOR). At PD30 piglets were euthanized, and whole brains were excised, weighed, and preserved 
for further analyses, and brain microglial morphology, and systemic inflammatory cytokines were quantified. 
During NOR, HM-fed piglets had significantly more non-novel revisits at both 3- and 4-weeks-old compared 
to IF-fed piglets. Microglia of HM-fed piglets had longer processes, more branch points, more endpoints, and 
a larger territorial volume compared to IF-fed piglets at PD30. In a neonatal piglet model, HM-feedings may 
improve cognition and reduce brain inflammatory response compared to IF-feedings.    

Keywords: human milk 1; infant formula 2; neurodevelopment 3; cognition 4; microglia 5; 
inflammation 6; neonatal piglet 7  

 

1. Introduction 

Infants born prematurely (< 37 weeks gestation) and/or at a lower birth weight are at an 
increased risk of morbidities, acute and chronic neurodevelopmental and motor delays, and mortality 
[1–6]. Neurodevelopmental deficits may occur in preterm infants because they are born during a 
period of rapid neuronal and glial cell migration, growth, and maturation with changes in overall 
brain organization [7–13]. Human milk (HM) consumption has been correlated with a reduced risk 
for these morbidities. Additionally, HM feedings in preterm and term infants are associated with 
increased feeding tolerance, greater cognitive development, and higher IQ scores up to seven years 
of age compared with infant formula (IF) feedings [14–21]. However, most of these studies are 
observational and include a number of confounding variables, such as caregiver education, 
maternal/paternal IQ and age, and socioeconomic status, that may impact the decision to, and 
duration of, feeding an infant HM [22–24]. Randomized controlled feeding trials and the acquisition 
of tissue samples in non-diseased infants have obvious ethical limitations making animal models 
necessary to understand neurodevelopmental mechanisms in relation to feeding. The neonatal piglet 
model is ideally suited for developmental studies due to gastrointestinal (GI) and neurological 
developmental similarities and high genetic homology with human infants [25,26].   

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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The protective effects of HM on the developing GI system are most pronounced in preterm 
infants. These infants are at high risk for neonatal inflammatory diseases, including necrotizing 
enterocolitis (NEC), sepsis, and chronic lung disease [5,15,27–29]. These inflammatory disorders may 
lead to severe systemic inflammatory responses and blood-brain and blood-cerebrospinal fluid 
barrier disruptions, ultimately causing neuroinflammation and long-term cognitive impact [30–32]. 
Neuroinflammation may result in white matter injury due to apoptosis and subarachnoid 
hemorrhage-associated blood-brain barrier disruption that may be related to changes in microglial 
phenotypes [31–33]. This damage in early life may increase the risk of neurodevelopmental disorders, 
such as bipolar disorder, autism, cerebral palsy, and schizophrenia [34–37].  

The primary neurodevelopmental processes in the early postnatal period of neurodevelopment 
are oligodendrocyte maturation and myelination of axons [38,39]. During development, microglia 
are closely associated with oligodendrocytes and phagocytose myelin sheaths [40,41]. However, 
microglia also eliminate cells and/or myelin in response to injury or disease [42,43]. These disease-
related processes can be induced by inflammatory stimuli in the brain, which could disrupt normal 
developmental processes, including neurogenesis, oligodendrogenesis, neuronal migration, and 
myelination of axonal tracts due to aberrant pruning/phagocytosis [44].  

To assess neurodevelopment in a neonatal piglet model, a commonly used test is novel object 
recognition (NOR; [45,46]). The purpose of NOR testing is to utilize the innate exploratory nature of 
animals to assess memory of an object they have been previously exposed to (a familiar object; [45]). 

If an animal can remember this familiar object, then introducing a novel object should result in the 
animal spending more time with the new object [45].  

The question remains whether the improved cognitive outcomes associated with early HM 
feeding exposure, compared with IF feeding, involve reducing chronic low-grade systemic 
inflammation and subsequently minimizing neuroinflammation. In this pilot study, we hypothesized 
that HM feedings would lead to neurodevelopmental and neurocognitive improvements through 
decreasing systemic inflammation, thus reducing neuroinflammation compared to bovine milk-
derived infant formula (IF) feedings in a neonatal piglet model.  

2. Materials and Methods 

2.1. Animals and Animal Care 

Three Yorkshire-Duroc cross male neonatal piglet pairs (n=6) at postnatal day (PD)2 were 
obtained from a local swine producer (Colfax, WA). Due to significant differences in male and female 
development, baseline microglia morphology and inflammation during development, and 
potentially worse health prognosis/outcomes in males, we focused on male piglets in this study [47–
50]. Male littermates were randomly assigned as pairs into the two feeding groups upon arrival and 
received 28 days of assigned feedings: unpasteurized HM (n = 3) or bovine milk-derived IF (n = 3). 
The HM feedings included donated HM from 14 different mothers. HM donations were kept at –
80°C followed by being thawed at 4°C for 20 to 22 hours, homogenized to improve the 
generalizability of study results, and refrozen into individual three-liter volumes at –80°C to avoid 
excess freeze-thaw cycles during daily food preparation. Piglets were housed in clean individual 
rearing units (PD2 to PD15: L 30” x W 18.4” x H 20”; PD16 to PD30: L 30” x W 38.5” x H 20”) located 
at the University of Idaho Piglet Intervention Center (PInC™). Lights were turned on at 0800 hours 
and were turned off at 2100 hours each day. The PInCTM facility thermostat was set to maintain a 
temperature of 26.67°C (80°F) with each rearing unit containing a heat lamp set to maintain an 
enclosure temperature between 30°C - 34°C (86-93.2°F; optimal temperature for neonatal piglets) 
[51,52]. Piglets were assessed daily, including measurement of weight (kg), girth (cm), activity level, 
and waste outputs. Piglets were given a clean, small towel daily for enrichment.   

Piglet daily morning weight was used to determine estimated nutritional needs and HM or IF 
feedings were isocaloric (kcal/kg) and isonitrogenous (g/kg; Table S1; [53–58]). Both HM and IF-
feeding regimens included whey protein isolate (WPI; including lysine), vitamin and mineral 
supplements (VMS), and DI water to meet additional macro- and micronutrient requirements for 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2024                   doi:10.20944/preprints202405.1800.v1

https://doi.org/10.20944/preprints202405.1800.v1


 3 

 

piglets [53–58]. Once bulk HM (un-supplemented) for daily HM feeds was thawed, it was used within 
48 hours or discarded. Daily prepared HM and IF feeds (with supplemental nutrients) were used or 
discarded within 24 hours. Piglets were fed three times per day. This study was approved under 
protocol number IACUC-2020-56 from the University of Idaho Institutional Animal Care and Use 
Committee.  

2.2. Functional Neurocognitive Assessment: Novel Object Recognition (NOR)  

At 3-weeks-old (PD18-22) and 4-weeks-old (PD25-29), piglets underwent NOR testing to assess 
functional learning and memory differences between the two feeding groups (HM vs. IF). Piglets 
underwent NOR testing in a separate room from piglet housing to minimize distractions. Testing 
occurred within a 6’ (w) x 6’(l) x 3’ (h) stainless-steel arena with Tenderfoot® (Tandem Products, Inc., 
Minneapolis, MN, USA) flooring during daylight hours after the first piglet feeding of the day. 
Testing was video recorded and analyzed using EthoVision XT version 17 (Noldus, Wageningen, 
Netherlands).   

The NOR procedure was followed as outlined by Fleming & Dilger (2017) [46] and NOR testing 
was conducted through four phases: habituation, familiarization, novel testing, and control. Each 
piglet per week of testing underwent two habituation trials, one familiarization trial, three novel trials 
(randomized 5 min, 1 hr, and 24 hr delay following familiarization), and two control trials (Figure 
1a). The habituation phase involved two 10 minute trials over two consecutive days (one trial per 
day) where the piglet was placed into the empty arena without any objects. The open arena 
habituation phase was conducted to familiarize the piglets with the arena prior to conducting any 
cognitive testing.   

  
(a) (b) 

Figure 1. Novel object recognition (NOR) testing of human milk (HM)-fed and bovine milk-
derived infant formula (IF)-fed piglets at 3-weeks-old and 4-weeks-old to assess learning and 
memory. NOR neurocognitive testing involved four phases conducted in the following order: 
habituation, familiarization, novel testing, and control. (a) Flowchart of each NOR phase. The 
habituation phase had 2 trials, the familiarization phase had 1 trial, the novel testing phase had 3 trials 
(with randomized novel toy delay of 5 minutes, 1 hour, and 24 hours after the familiarization trial), 
and the control phase had 2 trials. All phase trials had a duration of 5 minutes, except for the 
habituation phase trials which were 10 minutes; (b) Objects used during NOR testing. Object pairs 1-
2 were examined at week 3 and object pairs 3-4 at week 4 of familiar and novel testing phases. Control 
phase testing involved the opposite object pairs where both feeding groups were exposed to all novel 
object pairs: 3-4 at week 3 and 1-2 at week 4. . 

The day after the habituation phase, piglets were exposed to two identical objects for 5 minutes 
in the familiarization phase. Piglets were removed from the arena and then there was a randomized 
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time delay (5 minutes, 1 hour, or 24 hours) before the novel testing phase began. The novel testing 
phase involved exposing piglets to one of the previously exposed objects from the familiarization 
phase (the familiar object) and a novel object of similar color and texture for 5 minutes (Figure 1b). 
Placement of the novel object (on the left or right side of the arena) was counterbalanced between 
trials to prevent an innate object location preference. The novel testing phase was repeated until each 
piglet had been tested at 5 minutes, 1 hour, and 24-hour delays in a random order. For example, for 
one week of testing for one piglet, they would have undergone one familiarization phase trial 
followed by three novel testing phase trials with the order of novel delay randomized (5 minutes, 1 
hour, and 24 hours; 5 minutes, 24 hours, and 1 hour; 1 hour, 5 minutes, and 24 hours; 1 hour, 24 hours, 
and 5 minutes; 24 hours, 5 minutes, and 1 hour; 24 hours, 1 hour, and 5 minutes).   

The day after the last novel testing phase delay, two control trials (both occurred in one day) 
were conducted for 5 minutes per trial. For each trial piglets were exposed to two object pairs of 
similar color, but different shape. These object pairs were the same objects used for the novel testing 
phase, but they occurred on opposing weeks of the novel testing phase (Figure 1b). Control phase 
trials were used to determine if any innate object preference (such as color, texture, shape, etc.) could 
influence the innate novelty preference in the novel testing phase.   

Piglet exploration of objects (familiar and novel) included detection of the object itself as well as 
a 15 cm boundary around the object. Object pairs were green, red, yellow, and blue (Figure 1b). NOR 
object pairs 1-2 (green and red) were used in week 3 and object pairs 3-4 (yellow and blue) were used 
in week 4 of the novel testing phase. HM piglets were exposed to object pairs green and yellow and 
IF piglets were exposed to object pairs red and blue during the novel testing phase. Only the familiar 
objects were used during the familiarization phase. Object pairs 3-4 were used in week 3 of control 
phase testing and object pairs 1-2 were used in week 4 of novel phase testing.   

2.3. Euthanization and Sample Collection  

At the end of the 28-day feeding trial (PD30), piglets were anesthetized with telazol/xylazine (9.3 
mg/kg) via intramuscular injection. Once anesthetized, piglets were weighed followed by cardiac 
puncture to obtain systemic blood samples and euthanized with pentobarbital sodium (1 mL/4.55 kg; 
Fatal Plus; Veterinary Laboratories, Inc, Lenexa, KS). Blood samples were collected in heparinized 
vacutainers followed by centrifugation at 3500 g for 15 minutes at 4°C. Plasma was transferred into 3 
mL cryotubes and stored at -80°C until analysis. Following euthanasia, a craniotomy was performed 
and whole brain tissue including brain stem was removed, weighed, and fixed in 10% neutral 
buffered formalin (NBF) for 48 hours at 4°C. Gross brain weights were normalized based on PD30 
piglet weight (g/kg body weight) and compared across feeding groups. Following initial fixation, 
brains were hemisected and brainstems were removed. Tissues were re-fixed in 10% NBF for 48 hours 
then washed with phosphate-buffered saline (PBS) and stored in PBS plus 0.01% sodium azide and 
transported to the University of Washington on ice (Department of Neurology, Seattle, WA). Tissue 
embedding, sectioning, immunofluorescence, and morphology was performed at the University of 
Washington. Microglial stereology and morphology was used to determine morphological 
differences that may be related to neuroinflammation in the feeding groups.   

2.4. Quantification of Microglial Morphology   

Brain sections were processed as outlined by Kajimoto et al. (2020; [59]). A one-centimeter cube 
section of the right prefrontal cortex was dissected out and cryo-protected in sequential 10%, 20%, 
and 30% sucrose prior to embedding in optimal cutting temperature (OCT) compound and flash-
frozen. Tissue was sectioned at 20 µm on a cryostat and stored at -20°C until staining. Tissue was 
blocked with 10% donkey serum and 0.1% Triton-X for 30 minutes prior to immunostaining. Tissue 
was incubated overnight at 4°C with a pan-myeloid marker for microglia goat anti-Iba1 (1:500; 
Abcam, Waltham, MA), washed, and incubated for 2 hours at RT with donkey anti-goat conjugated 
to AF-488 (1:500; Abcam), and stained with DAPI (1:1000; Sigma, Burlington, MA; [60–62]). Sections 
with randomized gray matter sampling of 30-45 fields of view and 1 um z-stacks from each section 
were then imaged through fluorescence microscopy (Marianas imaging system, Intelligent Imaging 
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Innovations, Inc. [3i], Denver, CO), using a Zeiss Axiovert 200 M microscope (Zeiss, Oberkochen, 
Germany) and Slidebook software (Slidebook, Denver, CO) and quantified within each region of 
interest using MATLAB software version 2021a (The MathWorks, Inc., Natick, MA) using standard 
stereological methods [63,64]. Analysis of microglial morphology was performed using the MATLAB 
script 3D-Morph [64] to measure average branch length (um), number of branch points, number of 
endpoints, cell complexity index, cell volume (um3), and territorial volume (um3).  

2.5. Systemic Inflammatory/Anti-inflammatory Markers  

Systemic inflammatory status was assessed by measuring concentrations of serum cytokines 
(TNF-𝛼, IL-1𝛽, IL-6, IL-8, and IL-10) using enzyme-linked immunosorbent assay following 
manufacturer recommendations (QuantikineⓇ ELISA; R&D Systems, Inc., Minneapolis, MN, USA). 
Samples for ELISAs were measured in duplicate with both positive and negative controls. Samples 
below the level of detection were inputted as the lowest level of detection divided by two.   

2.6. Statistical Analysis   

2.6.1. NOR Cognitive Testing   

NOR data was obtained from EthoVision XTTM version 17 (Noldus), and NOR statistical analyses 
were conducted using R software version 4.3 [65]. Of 90 recorded trials collected for NOR, six were 
excluded (remaining n = 84 total trials). Exclusion criteria for NOR trials included any trials where 
piglets managed to remove objects from their bolted station and trials lost due to video media loss. 
Trials were stratified into the following categories after exclusion: 23 habituation trials, 12 
familiarization sample object trials, 34 novel object trials, and 21 control trials. Missing observations 
accounted for 4.2% of the habituation phase, 5.6% of the novel testing phase, and 12.5% of the control 
phase.   

A discrimination index variable (DI) was calculated as DI = (TN-TF)/(TN+TF), where TN = the 
time spent exploring the novel object(s) and TF = the time spent exploring the familiar sample 
object(s). Positive values of DI indicate more time spent exploring the novel object and negative 
values indicate more time spent exploring the familiar sample object as defined previously by 
Antunes and Biala (2012; [45]). Zero means null or no preference between the two objects.  

The novel and control trial variables were analyzed using a general linear mixed model where 
feeding group (HM or IF) and age (3 weeks or 4 weeks) were fixed effects, and piglet subject, phase 
time delay, and toy color were random effects. All pairwise interactions and the three-way interaction 
were also included as fixed effects. Count variables (novel visits, fam visits, and novel revisits) were 
analyzed using the same independent variables as a generalized linear model with a Poisson 
distribution and a log link function. The habituation trial variables included group, age and group-
by-age interaction as fixed effects and piglet subject as a random effect. Count variables (border and 
center visits) were also analyzed using a generalized linear model with a Poisson distribution and 
log link function. Linear modeling was conducted using the ‘Ime4’ package; ANOVA was conducted 
using ‘ImerTest’ and ‘car’ packages for general and generalized linear models, respectively [66,67]. 
Models were evaluated for assumptions of equal variance, normality and independence, and 
identical distribution of the error terms by inspecting plots of residuals.   

2.6.2. Piglet Body Weights, Brain Morphology, and Systemic Cytokines  

All piglet body weight measurements (PD2, PD30, and average daily percentage of weight gain), 
normalized brain weight, and systemic cytokine (IL-6, IL-8, IL-10, TNF-𝛼, and IL-1𝛽) data were 
analyzed using R software version 4.3 [65]. Variance between HM and IF groups were assessed 
through F tests. Normality of data distribution was assessed using Shapiro-Wilk’s normality test.68 If 
data was normally distributed, independent samples t-tests were run. If data was non-normally 
distributed, Mann-Whitney U tests were used. Microglial morphological statistics were performed 
using GraphPad Prism version 8 (GraphPad Software, La Jolla, CA, USA) utilizing t-tests for group 
comparisons.   
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For all statistical analyses, significance was set at p-values < 0.05 with a confidence level of 95%.   

3. Results 

3.1. Piglet Weights 

Baseline (PD2) mean piglet weight was 1.517 ± 0.204 kg (n=6 males; HM=3 & IF=3) with no 
differences in PD2 weight between feeding groups (HM: 1.500 ± 0.100 kg; IF: 1.533 ± 0.306 kg, p = 
0.866; Figure 2a). At PD30, piglets weighed 5.900 ± 2.252 kg with a pattern towards IF-fed piglets 
weighing more than HM-fed (IF: 7.467 ± 2.303 kg; HM: 4.367 ± 0.416 kg; p = 0.083; Figure 2b). 
Additionally, IF-fed piglets had a significantly higher daily percentage of weight gain compared to 
HM-fed (IF: 5.924 ± 0.563 %; HM: 3.984 ± 0.265 %; p = 0.006; Figure 2c).   

 
Figure 2. Piglet weight examined by feeding group (HM-fed vs. IF-fed) throughout the 28-day feeding 
regimen: (a) piglet weight at the beginning of the study (PD2); (b) piglet weight at the end of the study 
(PD30); and (c) average daily percentage of piglet weight gain throughout the study. HM-fed (n = 3); 
IF-fed (n = 3). Significance was determined by independent samples t-tests and is indicated by †p < 
0.10, **p < 0.01. HM = human milk; IF = bovine milk-derived infant formula; PD = postnatal day. 

3.2. Cognitive Function – NOR Testing 

3.2.1. NOR Habituation Phase 

When comparing piglets by age, piglets traveled more distance (p < 0.001) and spent more time 
moving (p =0.037) regardless of diet at 3-weeks-old compared to 4-weeks-old (Figure 3a-b; Table 1). 
Additionally, there were age and nutritional group-by-age interaction differences in total time spent 
in the center of the arena, at the borders of the arena, and the number of border visits (Figure 3c-e; 
Table 1). HM-fed piglets spent less time in the center of the arena at 3-weeks-old compared to 4-
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weeks-old whereas IF-fed piglets spent more time in the center at 3-weeks-old vs. 4-weeks-old (age: 
p =0.003; nutritional-group-by-age: p < 0.0001). As expected, when piglets spent more or less time in 
the center the opposite was true for time spent on the borders of the arena (age: p =0.002; nutritional-
group-by-age: p < 0.0001). Lastly, HM-fed piglets had less border visits at 3-weeks-old compared to 
4-weeks-old whereas IF-fed piglets had more border visits at 3-weeks-old compared to 4-weeks-old 
(age: p =0.015; nutritional-group-by-age: p < 0.0001).    

 
Figure 3. Novel Object Recognition (NOR) habituation phase trials of piglet exploration examined by 
feeding group (human milk vs. infant formula) and age (3-weeks-old vs.4-weeks-old): (a) the total 
distance traveled (cm); (b) total time spent moving (s); (c) total time spent in the center of the arena 
(s); (d) Total time spent at the borders of the arena (s); and (e) the number of border visits (count). All 
values are expressed in means ± SE bars. Significance was determined by ANOVA and is indicated 
by †p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Uppercase letters indicate nutritional 
group-by-age interaction significance. HM-fed (n = 3); IF-fed (n = 3); HM = human milk; IF = bovine 
milk-derived infant formula; s = seconds; cm = centimeter. . 

Table 1. Novel object recognition (NOR) p-value results from ANOVA for all models and variables: 
Variables were divided based upon NOR phase (habituation, novel or control). Comparisons were by 
dietary nutrition group (HM-fed [n=3] vs. IF-fed [n=3]), piglet age (3-weeks-old vs. 4-weeks-old), and 
potential interactions (nutrition-by-age).  . 

Variable Nutritional Group Age Nutrition-by-
age 

Habituation Variables    
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Distance Traveled 
Total Time Moving 
Total Center Time 
Total Border Time 

Border Visits 

0.176 8.77 x 10-4*** 0.347 
0.169 0.037* 0.485 
0.224 0.003** 9.75 x 10-6**** 
0.231 0.002** 1.00 x 10-5**** 
0.369 0.015* 1.94 x 10-5**** 

Novel Variables 
Novel Object Visits 

Familiar Object Visits 
Novel Object Revisits 

Non-novel Object Revisits 
Time with Novel Object 

Time with Familiar Object 
DI 

   
0.356 0.001** 0.603 
0.036* 1.87 x 10-7**** 0.002** 
0.102 0.283 0.853 
0.033* 0.023* 0.123 
0.442 0.373 0.760 
0.582 0.918 0.893 
0.371 0.224 0.839 

Control Variables 
Novel Object Visits 

Familiar Object Visits 
Novel Object Revisits 

Non-novel Object Revisits 
Time with Novel Object 

Time with Familiar Object 
DI 

   
0.847 0.321 1.28 x 10-4*** 
0.649 0.107 0.579 
0.847 0.919 0.121 

0.001** 0.010* 0.005** 
0.428 0.935 0.312 
0.599 0.424 0.169 
0.666 0.072† 0.193 

†p<0.10, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. HM = human milk; IF = bovine milk-derived infant 
formula; Visits = count; Distance = centimeters; Time = seconds . 

3.2.2. NOR Novel & Control Testing Phases 

When examining piglets by age (3-weeks-old or 4-weeks-old), HM-fed piglets and IF-fed piglets 
had more novel object visits at 4-weeks-old compared to 3-weeks-old during the novel testing phase 
(p = 0.001; Figure 4a; Table 1). However, for the control phase HM-fed piglets continued to have more 
novel object visits at 4-weeks old compared to 3-weeks-old, but IF-fed piglets had less novel object 
visits at 4-weeks-old compared to 3-weeks-old (nutritional-group-by-age interaction: p < 0.001; Figure 
4h; Table 1). For familiar object visits, there was a significant interaction between nutritional group 
and age during the novel testing phase (p = 0.002; Figure 4b; Table 1). Both HM-fed and IF-fed piglets 
during the novel testing phase showed less familiar object visits at 4-weeks-old compared to 3-weeks-
old (age: p < 0.0001; Figure 4b; Table 1). IF-fed piglets had significantly more familiar object visits 
compared to HM-fed piglets at 3-weeks-old during the novel testing phase (nutritional group: p = 
0.036). There were no significant results for familiar object visits during the control testing phase 
(Figure 4i; Table 1) and there were no significant results for novel object revisits in both the novel and 
control testing phases (Figure 4c,j; Table 1).  
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Figure 4. Novel object recognition (NOR) novel (a-g) and control (h-n) testing phase trials of piglet object 
interaction examined by feeding group (human milk vs. infant formula) and age (3-weeks-old vs. 4-
weeks-old): (a,h) the number of novel object visits (count); (b,i) the number of familiar object visits 
(count); (c,j) the number of novel object revisits (count); (d,k)  the number of non-novel (center, 
border, and familiar sample object) visits; (e,l) total time spent with the novel object (s); (f,m) total 
time spent with the familiar sample object (s); and (g,n) the discrimination index (DI; positive values 
indicate more time with the novel object vs. negative values indicate more time with the familiar 
sample object). All values are Means ± SE. Significance was determined by ANOVA and is indicated 
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by †p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Superscript letters indicate nutritional 
group-by-age interaction significance. HM-fed (n = 3); IF-fed (n = 3); HM = human milk; IF = bovine 
milk-derived infant formula; s = seconds; cm = centimeter.  . 

For non-novel (center, border, and familiar object) revisits during the novel testing phase, HM-
fed piglets had more non-novel revisits compared to IF-fed piglets at both 3-weeks-old and 4-weeks-
old (nutritional group: p = 0.033; Figure 4d; Table 1). This was also true during the control testing 
phase (nutritional group: p = 0.001; Figure 4k; Table 1). Both HM-fed and IF-fed piglets had less non-
novel revisits at 4-weeks-old compared to 3-weeks old during the novel testing phase (age: p = 0.023; 
Figure 4d; Table 1). However, during the control phase IF-fed piglets had more non-novel revisits at 
4-weeks-old compared to 3-weeks-old whereas HM-fed piglets still had less non-novel revisits at 4-
weeks-old compared to 3-weeks-old (age: p = 0.010; Figure 4k; Table 1).   

There were no significant results for total time with the novel or familiar object during both 
novel and control testing phases (Figure 4e,l,f,m; Table 1). Lastly, there were no significant results for 
the discrimination index (DI; novel vs. familiar sample object ratio where a positive value indicates 
more time spent with the novel object) during both the novel and control testing phases (Figure 4g,n; 
Table 1). However, there was a pattern towards piglets at 4-weeks-old compared to 3-weeks-old 
moving towards null toy preference during the control phase (age: p = 0.072; Figure 4n; Table 1).    

3.3. Piglet Brain Weights  

At PD30, mean gross piglet brain weight was 52.500 ± 3.564 g and normalized brain weight was 
9.714 ± 3.386 (g/kg of body weight). Normalized brain weight for HM-fed piglets was not statistically 
different from IF-fed piglets (HM: 11.835 ± 2.449; IF: 7.593 ± 3.029; p = 0.132; Figure S1).   

3.4. Piglet Microglial Morphology    

When comparing HM-fed and IF-fed piglets at PD30, HM-fed prefrontal cortex microglia had 
significantly longer processes (p < 0.0001), more branch points (p < 0.0001), and more endpoints (p < 
0.0001; Figure 5a-c) compared with IF. Cell volume (p < 0.1001) and complexity index score (p < 0.1136) 
were non-significant between the groups (Figure 5d-e). However, the territorial volume of microglial 
in HM-fed brains was significantly larger than that patrolled by microglia in IF-fed brains (p < 0.0010; 
Figure 5f).   

 

Figure 5. Microglial morphology in the right prefrontal cortex of HM-fed (n = 3) vs. IF-fed piglets (n 
= 3) at PD30 as determined using immunofluorescence and quantified using 3DMorph: (a) average 
branch length (µm); (b) number of branch points (count); (c) number of end points (count); (d) cell 
complexity index (complexity score); (e) cell volume (µm3); (f) territorial volume (µm3); (g) 
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representative images of HM-fed microglia and (h) IF-fed microglia; Iba1-green; DAPI-blue; scale bar 
= 50 um. **p < 0.01, ****p < 0.0001. µm =micrometer or micron; µm^3 = micrometer or micron cubed; 
HM = Human milk; IF = bovine milk-derived infant formula; PD = postnatal day. 

3.5. Systemic inflammatory/Anti-inflammatory Markers  

When comparing HM-fed and IF-fed piglets at PD30, there were no significant differences in 
systemic cytokine levels (TNF-𝛼, IL-1𝛽, IL-6, IL-8, & IL-10 pg/mL; see Supplemental Information, 
Figure S2).  

4. Discussion 

This pilot study was conducted to assess the feasibility of using the neonatal piglet model to 
examine the effects of HM vs. IF on neurodevelopment. Due to the obvious ethical and tissue 
accessibility considerations involved in assigning specific feeding regimens in infant 
neurodevelopmental and neurocognitive studies, as well as potential neuroinflammation, a neonatal 
piglet model was used. This was the first study to compare HM vs. IF nutritional interventions 
utilizing different neurodevelopmental measures in term piglets from postnatal day (PD)2 to PD30.   

For perspective, the serotonergic neurological system (an autonomic brainstem process that 
includes the regulation of cognition, mood, respiration, and the waking state) in a piglet at PD4 is 
approximately equivalent to about a one-month-old infant, PD12 to a four-month-old infant, and 
PD30 to a six-month-old infant [69]. Moreover, one week of piglet total brain volume growth is 
equivalent to about one month of infant total brain volume growth [70]. Utilization of a neonatal 
piglet model allows for shorter experimental feeding periods to examine the effect of early life feeding 
on brain development relevant to human infants.   

At PD18 to PD22 (3-weeks-old) and PD25 to PD29 (4-weeks-old), the piglets in this study 
underwent NOR functional cognitive assessment. While the majority of significant results were not 
related to dietary exposure on its own, these results were useful to assess open field behavior in 
piglets. Previous studies in piglets have shown that when exhibiting anxiety, piglets move away from 
open spaces (center of an arena) and may seek the borders of the arena as a means of escape [46,71,72]. 
Moreover, piglet stress is reflected in open arena movements: low mobility (freezing behaviors) or 
high mobility (as a means of finding a way out of the area; [72,73]). Therefore, a piglet experiencing 
stress would spend more time on the borders of the arena as a means of trying to escape instead of 
staying in the center.   

The results of this study may indicate less anxiety in both HM-fed and IF-fed piglets at 4-weeks-
old compared to 3-weeks old as shown by significantly less total distance traveled and less total time 
moving (Figure 3a-b). This may be related to age (a more developed brain) and arena habituation 
over time. Furthermore, HM-fed piglets explored more at 4-weeks-old than 3-weeks-old as reflected 
by spending more time in the center of the area; whereas IF-fed piglets actually spent less time in the 
center of the arena at 4-weeks-old compared to 3-weeks-old (Figure 3c). Previous studies on male 
piglet brain development have shown that total brain volume, cortex, diencephalon, cerebellum, and 
brainstem reach their max growth rate at around 4 to 5 weeks of age.74 Our findings may reflect both 
increased brain maturation (4-weeks-old vs. 3-weeks-old) and/or impact of different feeding types, 
with HM-fed piglets at 4-weeks-old being less fearful of arena exploration than IF-fed piglets.  

While we observed some interactions between dietary regimen and age, there were some dietary 
findings that may have clinical significance and contribute toward improving future studies. There 
was a significant dietary group difference between HM-fed piglets and IF-fed piglets during non-
novel (center, border, and familiar object) revisits. During novel phase testing, both HM-fed and IF-
fed piglets had fewer non-novel revisits at 4-weeks-old compared to 3-weeks-old, but HM-fed piglets 
had much higher revisits at both 3 and 4-weeks-old compared to IF-fed piglets (Figure 4d). This may 
indicate more exploratory behavior overall in HM-fed piglets compared to IF-fed piglets. Moreover, 
although not statistically significant, HM-fed piglets showed overall more novel object visits and 
more time with novel objects at 4-weeks compared to 3-weeks-old in the novel phase. In contrast, IF-
fed piglets exhibited less novel object visits and less time with novel objects at 4 and 3-weeks-old in 
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comparison to HM-fed piglets (Figure 4a,e). This may suggest a greater impact of a HM-fed diet on 
memory performance than age-related brain development alone. In a human observational study by 
Belfort et al., (2016), HM intake > 50% in the first 28 days of life in very preterm infants was associated 
with higher IQ, working memory, and motor function at 7 years of age and a larger volume of both 
deep nuclear gray matter and hippocampus at term equivalent age [75]. Due to the Belfort et al. (2016) 
study being observational in nature, it was not possible to fully control confounding variables such 
as caregiver age, IQ, education, and socioeconomic status. However, our study supports their 
findings without these confounding variables.  

Although HM-fed vs. IF-fed piglets at PD30 were not statistically different in body weight, there 
was a pattern towards HM-fed piglets having smaller body weights compared with IF-fed 
counterparts that may be clinically significant (Figure 2b). Moreover, IF-fed piglets had a significantly 
higher daily percentage of weight gain throughout the study compared to the HM-fed piglets (Figure 
2c). This finding also aligns with clinical observations that HM-fed infants weigh less than IF-fed 
infants from at least three to eight months of age [76,77]. Despite HM-fed piglets having smaller body 
weights, they had greater normalized brain weights (brain volume per kg of body weight) than IF-
fed piglets, which may also have clinical significance (Figure S1). There is a similar pattern seen in 
infant MRI studies where HM-fed infants also have higher volumes of total white matter (including 
frontal and temporal regions), subcortical gray matter, and parietal lobe cortical thickness compared 
to formula-fed infants at two years old and even into adolescence [78–80].  

Moreover, we saw significant differences in prefrontal cortex microglia between HM-fed and IF-
fed piglets (Figure 5). HM-fed brains had microglia with characteristics indicative of a less activated 
phenotype - longer process lengths, more complex processes (more branch points and end points) - 
compared to microglia in IF-fed piglets (Figure 5). Other features, such as cell volume, were not 
significantly different between feeding groups. One possible explanation for these findings is that if 
low-grade inflammation is present, it may not be sufficient to dramatically drive profound 
morphological shifts observable given the limited sample number. Of further consideration is the role 
of microglia during neurodevelopment, including phagocytosis, thus microglia in the developing 
brain may have a more activated phenotype and transcriptome than microglia in healthy adult brains 
[81–83]. These subtle shifts in the piglets require a larger sample size to elucidate. Furthermore, while 
microglial morphology correlates well with activation state and function [64,84], there are other 
parameters that remain to be investigated such as transcriptomics that would provide more 
information on microglial responses in each feeding group.  Future research is necessary to 
determine microglial proliferation and activation states as well as levels and types of inflammatory 
cytokines within the brain.   

Although the systemic cytokines (IL-6, IL-8, IL-10, IL-1𝛽, and TNF-𝛼) from piglet blood plasma 
did not result in statistically significant results, this study showed patterns in HM-fed piglets having 
higher concentrations of IL-1𝛽 compared to IF-fed piglets (Figure S2). It is important to note that 
while IL-1𝛽 is typically released in response to infection and injury [85,86], it is also an immune cell 
mediator within the brain produced by glial cells and found in high abundance within the 
hippocampus [87–89]. IL-1𝛽 may be involved in synaptic plasticity with higher gene expression 
during long term potentiation processes involving learning and memory maintenance [90,91]. Long 
term potentiation is necessary for the strengthening of synaptic processes [92]. It is possible that HM-
fed piglets had higher levels of IL-1𝛽 in this study due to more memory consolidation compared to 
IF-fed piglets.   

There are also known sex differences in baseline inflammatory states. Males appear to have more 
activated microglia than females based on morphology [93]. While this is necessary for brain 
masculation during development, it may result in a higher baseline state of inflammation than 
females. Therefore, if feeding interventions, such as HM, decrease systemic inflammation, then this 
may impact males more greatly than females.   

Due to the pilot nature of this study, study design and results were used to determine the 
feasibility of a larger study and to generate preliminary data to further future research efforts that are 
adequately powered. Many potentially significant clinical trends were seen, and a larger sample size 
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will help to determine whether these differences will become statistically significant. We conducted 
a power analysis using the NOR data which indicated a sample size of n = 15 to 20 per feeding group 
would provide adequate statistical power to detect statistically significant and biologically 
meaningful differences between groups. Other limitations of this study involved uncontrollable 
variables related to the acquisition of piglets, NOR procedure, and microglial morphology. Piglets 
were obtained on PD2; however, it was difficult to quantify the actual volume of sow colostrum 
consumed and the exact postnatal age (in hours) of the piglet. Only date of birth, but not hour of 
birth, was listed at purchase. Both colostrum intake and postnatal age may have influenced overall 
piglet immune status. Furthermore, the NOR functional cognitive procedure may have been too 
strenuous for the piglet subjects. Piglets appeared less interested in both familiar and novel objects 
when randomization of trials results in more than two trials in one day (i.e. familiarization trial, 5 
minute delay, and 1 hour delay). This may have impacted how much they visited the novel object 
leading to less accurate results. However, this pilot study provided data for NOR procedure 
improvements in future studies.   

Future studies can improve these findings by increasing the sample size, simplifying NOR 
procedure (minimizing the number of novel object delay trials and the number of different colored 
objects) and having more precise PD age and colostrum consumption. Moreover, future studies will 
include microglial morphological comparisons between feeding groups with particular emphasis 
between Iba1 and CD68 to quantify the number of phagocytic microglia present and Iba1 and 
Tmem119 to differentiate between peripheral macrophages (Iba1+/Tmem119-) and resident microglia 
[94–96].   

5. Conclusions 

To our knowledge, this is the first study to utilize different feeding regimens (HM vs IF) to assess 
neurodevelopmental differences in term piglets from PD2 to PD30 (comparative roughly to a 6-
month-old infant brain) alongside neuroinflammation. When examining cognition, both HM-fed and 
IF-fed piglets appeared to have less anxiety at an older age (4-weeks-old vs. 3-weeks-old) as observed 
through less distance traveled and less total time moving in an arena.  HM-fed piglets exhibited 
more exploratory behavior than IF-fed piglets as observed through more time spent in the center vs 
border of the arena at 4-weeks-old compared to 3-weeks-old. Additionally, HM-fed piglets had more 
non-novel revisits at both 4-weeks-old and 3-weeks-old compared to IF-fed piglets.  

When examining memory and learning, diet may have impacted memory performance in HM-
fed vs. IF-fed piglets. Although not significant, HM-fed piglets had more novel object visits and spent 
more time with novel objects in an arena at both 3-weeks-old and 4-weeks-old compared to IF-fed 
piglets. This may indicate they recognized when a new object was presented to them over a familiar 
object.   

Brain development may also be different between HM-fed and IF-fed piglets at 4-weeks-old 
(~PD30). HM-fed piglets had a pattern towards smaller body weights and greater normalized brain 
weight compared to IF-fed piglets at PD30. Moreover, HM-fed piglet prefrontal cortex microglia had 
statistically significant characteristics of a less activated phenotype (longer and more complex 
processes) compared to IF-fed piglets. We also saw a pattern of higher IL-1𝛽 plasma levels in HM-
fed piglets compared to IF-fed piglets which may indicate more memory consolidation due to IL-1𝛽 
naturally higher abundance within the hippocampus.  

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1: Comparisons of estimated piglet nutrition requirements with an 
unpasteurized human milk (HM) and bovine milk-based infant formula (IF) feeding regimen; Figure S1: 
Normalized piglet brain weight; Figure S2: Systemic cytokine levels in piglets at PD30. 
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