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Abstract 
The study was conducted to evaluate short- and long-term effects of pig wean 
age on innate immunity and cortisol. Seventy-two white crossbred pigs from 
12 litters were randomly assigned to a weaning age of 14 or 28 d-of-age. Pigs 
were weaned at assigned treatment age and kept as littermates until 20 
wk-of-age. Blood samples were taken prior to weaning (d 0) and days 1, 7, and 
14 post-weaning (short-term), and at 8, 12, 16, and 20 wk-of-age (long-term). 
Prior to weaning (d 0), total WBC and lymphocyte numbers were greater for 
28-d weaned pigs than 14-d and 28-d pigs had greater lymphocyte numbers at 
d 1, 7, and 14 post-weaning. At d 0, cytotoxicity and phagocytosis were greater 
for 14-d than 28-d weaned pigs. Regardless of age, at d 1 and 7 post-weaning 
all pigs had greater WBC counts, neutrophils, and phagocytosis, but reduced 
lymphocytes and NK cytotoxicity compared with d 0. Cortisol was decreased 
at d 7 and increased at d 14 post-weaning in 28-d weaned pigs. These pigs also 
had greater cortisol at d 0, 1 and 14 post-weaning than 14-d weaned pigs. Ef-
fects of weaning on leukocyte profile and N:L ratio were longer-lasting in 14-d 
weaned pigs than 28-d with effects still apparent at d 14 post-weaning for 
lymphocytes, neutrophils, N:L ratio, NK, phagocytosis, and IgG. These data 
imply that weaning age differentially affected pig leukocyte populations and 
innate immunity in response to weaning stress in both short- and long-term. 
More specifically, pigs weaned at 14 d-of-age had a more profound and longer- 
lasting stress response to weaning and 14-d weaned pigs had a more profound 
innate response, especially NK cytotoxicity while 28-d weaned pigs had more 
profound antibody response (IgG) in the long-term and these responses were 
still evident at 20 wk-of-age. 
 

Keywords 
Age, Immune, Pigs, Stress, Wean 

How to cite this paper: Salak-Johnson, J.L. 
and Webb, S.R. (2018) Short- and Long- 
Term Effects of Weaning Age on Pig Innate 
Immune Status. Open Journal of Animal 
Sciences, 8, 137-150. 
https://doi.org/10.4236/ojas.2018.82010  
 
Received: February 25, 2018 
Accepted: April 9, 2018 
Published: April 12, 2018 
 
Copyright © 2018 by authors and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/  

  
Open Access

http://www.scirp.org/journal/ojas
https://doi.org/10.4236/ojas.2018.82010
http://www.scirp.org
https://doi.org/10.4236/ojas.2018.82010
http://creativecommons.org/licenses/by/4.0/


J. L. Salak-Johnson, S. R. Webb   
 

 

DOI: 10.4236/ojas.2018.82010 138 Open Journal of Animal Sciences 
 

1. Introduction 

Weaning is a common stressful event in the life of a pig that involves abrupt so-
cial, nutritional, and environmental aspects, which may lead to low feed intake, 
weight loss, increased mortality and potentially compromised health. Various 
factors such as sex, age, previous experience, and genetics, just to name a few, 
can influence the stress responsiveness of an animal and the biological conse-
quences [1]. Weaning age of a pig can impact the immune system and cortisol 
[2] [3] [4], but with variable results. Newly weaned pigs, especially those weaned 
prior to 20 d-of-age are more vulnerable to disease [5] [6]. In fact, pigs weaned 
at 16 or 18 d-of-age had more rapid onset of diarrhea to an E coli challenge than 
pigs weaned at 20 d-of-age [7]. Early-weaned pigs had increased neutrophil- 
to-lymphocyte ratio—indicative of acute stress [8], decreased cellular immunity 
[9] and cytokine production [10], while pigs weaned at >21 d-of age had in-
creased cortisol and decreased lymphocyte proliferation [11]. Still, others have 
found no effect of age at weaning on the immune system of pigs, including 
adaptive immunological competence [12] [13]. However, it has been shown that 
as weaning age progresses, the immune system develops, such that leukocyte 
populations shift from cells predominately involved in innate immune function 
at 14 d-of-age to cells predominately involved in adaptive immune function at 
21 and 28 d-of-age implying that weaning age had short-term effects on endo-
crine and immune measures in pigs [14]. There is limited scientific information 
on effects that weaning age may have on immune responsiveness of the pig 
beyond the weanling phase. Therefore, the objectives of this study were to iden-
tify and describe the short- and long-term impacts of age at weaning on stress 
responsiveness and immune status of the pig.  

2. Materials and Methods 
2.1. Animals and Experimental Design 

Seventy-two piglets were used from multiparous white-cross sows housed at the 
University of Illinois research farm (Urbana, IL). Six pigs per litter (n = 12 lit-
ters) were randomly assigned to a weaning-age treatment of either 14 or 28 d. At 
the assigned weaning age, 3 barrows and 3 gilts per litter were randomly as-
signed to a pen within a mechanically-ventilated and environmentally controlled 
animal house until 20-wk-of-age. The piglets chosen from each litter were ba-
lanced for body weight within sex. All pigs were fed a diet formulated to meet or 
exceed recommended nutrient allowances (NRC, 2000) and each pen was 
equipped with a cup waterer. The University of Illinois Institutional Animal 
Care and Use Committee approved all experimental procedures involving ani-
mals 

2.2. Blood Collection 

Blood sample were obtained at respective weaning age (14 or 28), and at d 1, 7, 
and 14 post-weaning, and then again at 8, 12, 16, and 20 wk-of-age. Blood sam-

https://doi.org/10.4236/ojas.2018.82010


J. L. Salak-Johnson, S. R. Webb 
 

 

DOI: 10.4236/ojas.2018.82010 139 Open Journal of Animal Sciences 
 

ples were collected via anterior vena cava puncture using vacutainers containing 
sodium heparin and samples were placed immediately on ice. Pigs were held in a 
supine position (procedure lasted ≤ 1 min) until 8 wk-of-age, and then at 12 
wk-of-age, pigs were nose-snared and sample was collected while the pig was 
standing (procedure lasted ≤ 2 min). 

2.3. Cell Isolation and Counting 

Heparin-treated whole blood (10 μl) was added to Isoflow (10 ml; Beckman 
Coulter, Miami, FL), red blood cells were lysed, and total white blood cell 
(WBC) counts were measured electronically using a Coulter Z1 Particle Counter 
(Beckman Coulter). Leukocyte differentials were made and manually counted 
using a light microscope to determine percentages of leukocyte cell populations. 
Whole blood was diluted with Roswell Park Memorial Institute (RPMI) medium 
(Gibco, Carlsbad, CA), layered over Hisptopaque-1077 (density: 1.077 g/ml; 
Sigma) and −1119 (density: 1.119 g/ml; Sigma), and centrifuged at 700 × g for 30 
min at 25˚C. Lymphocytes were collected from the Hisptopaque-1077 layer, 
washed twice in RPMI, resuspended, and counted. Neutrophils and red blood 
cells were removed from the Hisptopaque-1119 layer and washed once in RPMI. 
Red blood cells were lysed using cold endotoxin-free water, and isotonicity was 
restored using 10× PBS. Neutrophils were centrifuged for 10 min at 475 × g, su-
pernatant was decanted, and the pellet was washed twice and resuspended in 
RPMI. Cell concentrations were adjusted with RPMI based on immune-assay 
requirements. 

2.4. Immune Assays 

Natural killer cell (NK) cytotoxicity was measured using a commercially availa-
ble non-radioactive cytotoxicity-detection kit (Roche Diagnostics, Indianapolis, 
IN) as previously described [15]. Briefly, porcine lymphocytes were used as ef-
fector cells; K-562 chronic human myelogenous leukemia cells (American Tissue 
Type Culture Collection, Manassas, VA) as target cells. Lymphocytes were ad-
justed to 1 × 107 cells/ml and K562 cells to a constant 10,000 cells per well. Sam-
ples were analyzed in triplicate at effector (lymphocytes): target-cell (K-562) ra-
tios of 12.5:1, 25:1, 50:1, and 100:1, respectively. Results were measured using a 
microplate reader (BIO-TEK Instruments) at wavelength 490 nm and reference 
wavelength 690 nm. Assay was considered valid if maximum release divided by 
spontaneous release was ≤20%.  

Neutrophil chemotaxis was measured using an assay previously described 
[16]. Briefly, neutrophils were used at a concentration of 3 × 106 cells/ml to eva-
luate the ability of cells to migrate toward assay medium (control; random mi-
gration) or recombinant human complement-5a (hC5a; 10−7 M; Sigma) (chemo-
taxis; directed migration). Neutrophil phagocytosis was measured using a flow- 
cytometry-based assay as previously described [17] with minor modifications 
[14]. Fluorescent beads were pre-incubated 30 min with non-heat-inactivated 
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porcine serum before beads were added to samples at a 10:1 (beads-to-neutrophils) 
ratio. Cells and beads were incubated together for 45 min, and then percentage 
of engulfment of fluorescent beads by cells was evaluated by means of a flow cy-
tometer. 

2.5. Plasma Analyses 

Total plasma immunoglobulin G (IgG) was measured using an ELISA as pre-
viously described by Niekamp et al. (2007). Porcine plasma samples were diluted 
1:3000 in 0.05% Tween-PBS. In duplicate, 120 μl of diluted sample or standard 
was added to 96-well microtiter plates coated with porcine IgG (Jackson Immu-
noresearch, West Grove, PA). Rabbit anti-pig IgG (120 μl; Sigma, St. Louis, MO) 
was added and plates were incubated for 2 h at 25˚C and then washed three 
times with 0.05% Tween-PBS. Enzyme-linked anti-rabbit IgG (200 μl; Jackson 
Immunoresearch) was added at a dilution of 1:7500. Plates were incubated for 1 
h, decanted, and then washed three times. Substrate solution (200 μl; 1 mg/ml of 
p-nitrophenyl phosphate; Sigma) was added and, after 30-min incubation, the 
reaction was stopped with 100 μl of 2 M NaOH. Plates were read using a micro-
plate reader (Bio-Tek Instruments, Winooski, VT) at a wavelength 405 nm. A 
standard curve (0, 0.1, 0.5, 1, 5, 10, 20, and 40 μg/ml of IgG) was used to estimate 
total plasma IgG. Plasma cortisol was measured using a commercially available 
RIA kit (Coat-A-Count; Diagnostic Products, Los Angeles, CA) validated for 
porcine samples, with intra- and inter-assay coefficients of variation were 7.0% 
and 13.5%, respectively, and minimal detectable concentration was 2 ng/ml.  

2.6. Statistical Analysis 

Statistical analyses were performed using SAS (SAS, 2012). All traits were tested 
for departures from a normal distribution. Natural logarithmic transformation 
was applied to all traits deviating from a normal distribution. A linear, mixed- 
effects model was used to analyze all pig variables across weaning ages, piglet va-
riables repeated through the nursery and grow-finish phases, and the effects of 
age on piglet BW. The pig was the experiment unit. The fixed effects in the 
model were treatment (age 14 and 28), time (0, 1, 7, and 14 d post-weaning, and 
8, 12, 16, and 20 wk-of-age), and sex (gilts and barrows). Random effects in-
cluded were litter and pen. A repeated measures model with covariance structure 
was fitted to account for the repeated nature of the measurements within pig. 
Means and estimate statement are respectively used to compare the effects 
among different time points and between two weaning age at each time point. 
Significance was set at P ≤ 0.05.  

3. Results 
3.1. Age Effects on Immune Status 

Prior to weaning (d 0 = treatment weaning age), total WBC and lymphocyte 
counts were greater for 28-d pigs compared with 14-d pigs (P < 0.05; Table 1) 
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and NK cytotoxicity and plasma cortisol concentrations were greater for 28-d 
pigs when compared with 14-d pigs (P < 0.001; Table 2). Conversely, neutrophil  

 
Table 1. Effects of pig weaning age on total white blood cells, neutrophil (N), lymphocyte 
(L) populations and N:L ratio pre (d 0) and post (d 1, 7 and 14) weaning. 

Item 
Weaning age Contrast 

14 d 28 d 14 vs. 28 

Total WBC no./mL (108)    

Day 0, prior to weaning 1.47 ± 0.15a 1.58 ± 0.15a * 

Day 1, post-weaning 1.48 ± 0.15a 2.00 ± 0.15a  

Day 7, post-weaning 2.22 ± 0.16b 1.71 ± 0.15a  

Day 14, post-weaning 1.65 ± 0.16a 2.20 ± 0.15b ** 

Lymphocytes no./mL (107)    

Day 0, prior to weaning 2.16 ± 0.20a 2.65 ± 0.20a * 

Day 1, post-weaning 1.54 ± 0.20b 2.86 ± 0.20a ** 

Day 7, post-weaning 2.38 ± 0.20ac 2.93 ± 0.20a * 

Day 14, post-weaning 2.73 ± 0.20c 4.50 ± 0.20b ** 

Neutrophil no./mL (106)    

Day 0, prior to weaning 1.06 ± 0.26a 0.85 ± 0.26a  

Day 1, post-weaning 1.40 ± 0.26a 1.12 ± 0.26ab  

Day 7, post-weaning 2.51 ± 0.26b 1.43 ± 0.26bc  

Day 14, post-weaning 1.91 ± 0.26ab 1.57 ± 0.26c  

Lymphocytes, %    

Day 0, prior to weaning 72.2 ± 2.1a 72.7 ± 1.9a  

Day 1, post-weaning 60.5 ± 1.9b 60.9 ± 2.0b  

Day 7, post-weaning 49.4 ± 1.9c 64.3 ± 1.9b ** 

Day 14, post-weaning 52.2 ± 1.9c 67.4 ± 1.9ab ** 

Neutrophils, %    

Day 0, prior to weaning 26.8 ± 2.1a 25.4 ± 1.9a  

Day 1, post-weaning 36.1 ± 1.9b 34.1 ± 2.0b  

Day 7, post-weaning 45.9 ± 1.9c 29.5 ± 1.9ab ** 

Day 14, post-weaning 41.8 ± 2.0bc 26.1 ± 1.9a ** 

N:L ratio    

Day 0, prior to weaning 0.42 ± 0.07a 0.37 ± 0.07a  

Day 1, post-weaning 0.72 ± 0.07b 0.60 ± 0.07b  

Day 7, post-weaning 1.16 ± 0.07c 0.51 ± 0.07ab ** 

Day 14, post-weaning 0.94 ± 0.07bc 0.44 ± 0.07ab ** 

a-cMeans with different superscripts within a column differed at P < 0.05 compared to baseline measure (d 0 
= prior to weaning). Rows with asterisk (s) represent two means within same row differed at *P < 0.05, or 
**P < 0.001.  
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Table 2. Effects of pig weaning age on innate immunity, immunoglobulin G, and cortisol 
pre (d 0) and post (d 1, 7 and 14) weaning. 

Item 
Weaning age Contrast 

14 d 28 d 14 vs. 28 d 

NK cytotoxicity, % 
(Effector:target = 50:1) 

   

Day 0, prior to weaning 85.0 ± 6.7a 54.3 ± 4.4a ** 

Day 1, post-weaning 70.2 ± 3.6a 52.2 ± 3.7a  

Day 7, post-weaning 58.7 ± 3.8b 19.6 ± 2.9b  

Day 14, post-weaning 38.9 ± 2.9c 
34.5 ± 2.8c 

 
 

Neutrophil phagocytosis, %    

Day 0, prior to weaning 33.2 ± 1.7a 26.7 ± 1.7a ** 

Day 1, post-weaning 44.3 ± 1.7b 20.1 ± 2.7a  

Day 7, post-weaning 32.9 ± 1.7a 25.1 ± 1.7a  

Day 14, post-weaning 24.7 ± 1.8c 32.4 ± 1.7b  

Neutrophil chemotaxis, no.  
(directed migration) 

   

Day 0, prior to weaning 119.8 ± 18.0a 96.7 ± 19.2a  

Day 1, post-weaning 112.6 ± 18.1a 128.1 ± 18.1b  

Day 7, post-weaning 193.8 ± 18.1b 79.6 ± 18.1a  

Day 14, post-weaning 115.5 ± 18.1a 98.2 ± 19.1a  

Plasma IgG, ng/ml (103)    

Day 0, prior to weaning 4.94 ± 1.8a 4.88 ± 1.8a  

Day 1, post-weaning 4.25 ± 1.9a 4.44 ± 1.8a  

Day 7, post-weaning 3.29 ± 1.9b 4.05 ± 1.8a  

Day 14, post-weaning 2.68 ± 1.9c 6.02 ± 1.9b ** 

Cortisol, ng/ml    

Day 0, prior to weaning 21.8 ± 2.5 32.9 ± 2.5a ** 

Day 1, post-weaning 25.7 ± 2.5 35.9 ± 2.5ac * 

Day 7, post-weaning 19.1 ± 2.6 21.3 ± 2.5b  

Day 14, post-weaning 22.1 ± 2.5 40.0 ± 2.6c ** 

a−cMeans with different superscripts within a column differed at P < 0.05 relative to baseline value (d 0 = 
prior to weaning). Rows with asterisk (s) represent two means within the same row differed at *P < 0.05, or 
**P < 0.001.  

 
phagocytosis was greater for 14-d pigs compared with 28-d pigs (P < 0.001; Ta-
ble 2) on d 0. Pigs weaned at 14 d-of-age had greater total WBC and neutrophil 
counts on d 7 post-weaning compared with d 0 (P < 0.05; Table 1) and lympho-
cyte counts and percentages were less on d 1 post-weaning compared with d 0, 
and percentages were still less on d 7 and 14 post-weaning compared with d 0 
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(P < 0.05; Table 1). Neutrophil percentages and N:L ratio were greater on d 1, 7 
and 14 post-weaning compared with d 0 for pigs weaned at 14 d-of-age (P < 0.05; 
Table 1). Conversely, total WBC, lymphocyte, and neutrophil counts were similar 
for pigs weaned at 28 d-of-age on d 1 and 7 post-weaning compared to d 0 (base-
line), but on d 14 post-weaning, total WBC, lymphocyte, and neutrophil counts 
were greater compared with d 0 and neutrophil percentages and N:L ratio were 
greater on d 1 post-weaning compared with d 0 for these pigs (P < 0.05, Table 1).  

Both, 14 and 28 d weaned pigs had similar NK cytotoxicity on d 1 post- 
weaning compared with d 0, but on d 7 and 14 post-weaning, NK cytotoxicity 
was less for pigs weaned at 14 d-of-age (P < 0.001) when compared with d 0. On 
d 7 post-weaning, NK was less for pigs weaned at 28 d-of-age compared with d 0 
(P < 0.001; Table 2). Neutrophil phagocytosis was greater for pigs weaned at 14 
d-of-age on d 1 post-weaning when compared with d 0 (P < 0.001; Table 2), but 
on d 14 post-weaning phagocytosis was less when compared with d 0 (P< 0.001; 
Table 2). Conversely, neutrophil phagocytosis was similar on d 1 and 7 post- 
weaning when compared with d 0 for pigs weaned at 28 d-of-age but on d 14 
post-weaning phagocytosis was greater compared with d 0 (P < 0.01; Table 2). 
On d 1 post-weaning neutrophil chemotaxis was greater for pigs weaned at 14 
and 28 d-of-age compared to d 0, but less on d 7 and 14 post-weaning for pigs 
weaned at 14 d-of-age, and less on d 14 post-weaning for pigs weaned at 28 
d-of-age (P < 0.05; Table 2). Total IgG was similar to baseline on d 1 and 7 
post-weaning for both 14 and 28 d-of-age weaned pigs, but on d 14 
post-weaning those weaned at 14 d-of-age had less total IgG, and pigs weaned at 
28 d had greater IgG when compared with d 0 (P < 0.05; Table 2). Cortisol was 
only affected in those weaned at 28 d-of-age, with cortisol being less on d 7 
post-weaning and greater on d 14 for those pigs weaned at 28 d-of-age when 
compared with d 0 (P < 0.05; Table 2).  

3.2. Short-Term: Age Effects on Immune Response to Weaning Stress 

Pigs weaned at 28 d-of-age had greater total WBC (P < 0.001) on d 14 post- 
weaning and greater numbers of lymphocytes (P < 0.01) on d 1, 7 and 14 post- 
weaning compared with 14-d weaned pigs (Table 1). Pigs weaned at 28 d-of-age 
had greater lymphocytes % (P < 0.001) and less neutrophils (P < 0.001) on d 7 
and 14 post-weaning compared with 14-d weaned pigs, resulting in greater N:L 
ratio on d 7 and 14 post-weaning for those 14-d weaned pigs (P < 0.001; Table 
1). After weaning, plasma IgG was greater on d 14 post-weaning for 28-d 
weaned pigs compared with pigs weaned at 14 d-of-age (P < 0.001; Table 2). On 
d 1 and 14 post-weaning, cortisol was also greater for pigs weaned at 28 d-of-age 
compared with 14-d weaned pigs (P < 0.001; Table 2). 

3.3. Long-Term: Age Effects on Immune Response to Weaning Stress 

At 8 wk-of-age, total WBC counts (P < 0.05) and at 8, 12, and 20 wk-of age 
lymphocyte numbers (P < 0.001) were greater for 14-d weaned pigs compared 
with 28-d weaned pigs (Table 3). Natural killer cell cytotoxicity was greater at 8, 
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12, 16 and 20 wk-of-age for pigs weaned at 14 d-of-age compared with 28-d 
weaned pigs (P < 0.001; Table 4) Conversely, at 8 wk-of-age neutrophil phago-
cytosis (P < 0.001) and at 8 and 12 wk-of-age both neutrophil chemotaxis (P < 

 
Table 3. Effects of pig weaning age on total white blood cells, neutrophil (N), lymphocyte 
(L) populations and N:L ratio from 8 to 20 weeks of age. 

 
Weaning age 

P-value 
14 d 28 d 

Total WBC no./mL (108)    

weeks-of-age   <0.05 

8 2.42 ± 0.16a 1.86 ± 0.15b  

12 1.87 ± 0.16 2.12 ± 0.15  

16 2.08 ± 0.16 2.31 ± 0.15  

20 1.59 ± 0.41 1.86 ± 0.63  

Lymphocytes no./mL (107)    

weeks-of-age   <0.001 

8 5.07 ± 0.21a 4.02 ± 0.20b  

12 4.97 ± 0.21a 4.05 ± 0.21b  

16 4.17 ± 0.21 4.46 ± 0.21  

20 4.21 ± 0.21a 2.13 ± 0.21b  

Neutrophil no./mL (106)    

weeks-of-age   <0.001 

8 2.67 ± 0.31 1.83 ± 0.30  

12 1.12 ± 0.31 1.01 ± 0.30  

16 1.22 ± 0.31a 0.73 ± 0.30b  

20 1.38 ± 0.27b 3.25 ± 0.31a  

Lymphocytes, %    

weeks-of-age   <0.05 

8 62.7 ± 2.1 65.9 ± 2.1  

12 69.7 ± 2.1 73.2 ± 2.1  

16 66.7 ± 2.1b 72.4 ± 2.1a  

20 65.4 ± 2.1 67.5 ± 2.1  

Neutrophils, %    

weeks-of-age   >0.10 

8 30.3 ± 2.1 29.4 ± 2.0  

12 26.3 ± 2.1 22.5 ± 2.0  

16 27.1 ± 2.1 22.6 ± 2.0  

20 29.8 ± 2.1 28.1 ± 2.1  

N:L ratio    

weeks-of-age   >0.10 

8 0.55 ± 0.07 0.52 ± 0.07  

12 0.41 ± 0.07 0.33 ± 0.07  

16 0.45 ± 0.07 0.33 ± 0.07  

20 0.50 ± 0.07 0.44 ± 0.07  

a,bMeans with different superscripts within a row differed at P < 0.05. 
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Table 4. Effects of pig weaning age on innate immunity, immunoglobulin G, and cortisol 
from 8 to 20 weeks of age. 

 
Weaning age 

P-value 
14 d 28 d 

NK cytotoxicity, % 
(Effector:target = 50:1) 

   

weeks of age   <0.001 

8 42.8 ± 3.1a 34.9 ± 3.0b  

12 26.9 ± 3.3a 17.2 ± 3.1b  

16 30.6 ± 3.1a 23.4 ± 3.1b  

20 31.6 ± 3.2a 16.8 ± 3.1b  

Neutrophil phagocytosis, %    

weeks of age   <0.001 

8 19.9 ± 2.9b 30.1 ± 1.6a  

12 26.8 ± 1.7 24.7 ± 1.7  

16 20.9 ± 1.7 19.0 ± 1.8  

20 21.4 ± 1.7 20.3 ± 1.8  

Neutrophil chemotaxis, no. 
(directed migration) 

   

weeks of age   <0.01 

8 123.9 ± 16.6b 244.8 ± 20.8a  

12 139.7 ± 21.1b 186.3 ± 19.2a  

16 124.2 ± 21.2 122.2 ± 22.2  

20 201.1 ± 20.8a 140.4 ± 19.1b  

Plasma IgG, ng/ml (103)    

weeks of age   <0.05 

8 5.6 ± 1.9b 13.0 ± 1.8a  

12 20.9 ± 2.7 17.8 ± 2.6  

16 11.6 ± 2.8b 33.3 ± 3.4a  

20 39.7 ± 2.6b 48.2 ± 2.1a  

Plasma cortisol, ng/ml    

weeks of age   <0.001 

8 41.7 ± 2.6 43.8 ± 2.5  

12 46.6 ± 2.5a 37.5 ± 2.6b  

16 31.9 ± 2.6 30.1 ± 2.6  

20 24.0 ± 2.6 31.7 ± 2.5  

a,bMeans with different superscripts within a row differed at P < 0.05. 
 

0.01) and total IgG (P < 0.05) were greater for pigs weaned at 28 d-of-age com-
pared with 14-d weaned pigs (Table 4). At 12-wk-of age cortisol and at 20 
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wk-of-age neutrophil chemotaxis were both greater for 14-d weaned pigs (Table 
4).  

4. Discussion 

These results demonstrate that age at weaning can differentially affect leukocyte 
populations, innate immune parameters, and total IgG concentrations in re-
sponse to weaning stress in the short- and long-term. As previously reported, 
weaning does evoke a stress response as evident by a shift in lymphocytes and 
neutrophils in the periphery resulting in an elevated neutrophil-to-lymphocyte 
ratio at d 1 post-weaning, regardless of weaning age. However, this leukocyte 
shift was short-lived in the 28-d weaned pigs because they returned to baseline 
by day 7 post-weaning. Kick et al [13] also reported similar immunological 
changes at weaning, but levels returned to baseline 1 wk post-weaning, regard-
less of weaning age treatment. Conversely, this was not true for those pigs 
weaned at 14 d-of-age, these pigs actually had a leukocyte profile indicative of 
prolonged weaning stress. Specifically, the shift in greater neutrophils and less 
lymphocytes at d 7 and 14 post-weaning in the periphery resulted in significantly 
elevated N:L ratio in 14-d weaned pigs. Neutrophils proliferate in the periphery 
in response to stress resulting in neutrophilia which leads to an elevated N:L ra-
tio that is indicative of stress [18] [19]. Stress-induced reduction in circulating 
lymphocytes is not due primarily to large-scale destruction of cells, but rather to 
glucocorticoid-induced alterations in the “trafficking”, or redistribution, of 
lymphocytes from the blood to other body compartments [20]. These changes 
are thought to ensure that the different types of cells are routed to where they are 
needed during the stress response [18] [21].  

Interestingly, the neutrophilia response induced in the 14-d weaned pigs in 
response to weaning stress was not associated with elevated cortisol, in fact cor-
tisol concentrations remained unchanged in these pigs at 1, 7, and 14 days post-
weaning and levels were less when compared to pigs weaned at 28 d-of-age. Lack 
of change in cortisol concentration in response to weaning stress was surprising 
because increased cortisol is associated with weaning [22], but returns quickly to 
baseline (<7 days) [13] [14] [23]. Therefore, it is plausible that increased cortisol 
was not the primary mediator responsible for the shift in leukocyte population 
profile seen in the 14-d weaned pigs at d 1, 7 and 14 post-weaning. The 28-d 
weaned pigs were stress as evident by the shift in the leukocyte profile, but this 
profile was not apparent by 7 d postweaning; whereas, the 14-d weaned pigs had 
a more profound response to weaning stress. However, it is apparent despite the 
leukocyte cell distribution and N:L ratio found in the 14-d weaned pigs being in-
dicative of a stress response to weaning, these changes did not affect the func-
tionality of neutrophils or lymphocytes. Neutrophil phagocytosis and chemotax-
is are mechanisms of phagocytic cells, which are essential to host innate defenses 
against pathogenic microorganisms and neutrophil function was increased at d 1 
(phagocytosis) and d 7 (chemotaxis) post-weaning, implying that 14-d weaned 
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pigs still had an active innate immune response despite the profound elevated 
N:L ratio at day 7 and 14 post-weaning.  

Moreover, long-term elevation of N:L ratio and decreased immune cell num-
bers occurs when glucocorticoid is chronically elevated and often these changes 
are not transient or reversed upon cessation of stress [24]. Despite the long- 
lasting elevated N:L ratio seen in the 14-d weaned pigs, cortisol was not chroni-
cally elevated and the leukocyte profile was reversed since N:L ratio did not re-
main elevated and total WBC and lymphocyte numbers were greater by 8 wk-of 
age. But, neutrophil function may have been affected in the long-term in the 
14-d weaned pigs, neutrophil phagocytosis and chemotaxis were less at 8 and 12 
wk-of-age compared with 28-d weaned pigs. Moreover, the 14-d weaned pigs 
had more stimulated NK activity (innate immunity) and less total IgG (adaptive 
immunity) at 8, 12, 16, and 20 wk-of age compared with 28-d weaned pigs im-
plying that weaning age may have long-term effects on immune response of pigs; 
with 14-d weaned pigs having greater innate response and 28-d weaned having 
greater adaptive response. It is plausible that there was a long-term tradeoff in 
terms of innate immunity among 14-d weaned pigs with reduced neutrophil 
function for enhance NK cytotoxicity.  

The pig is immunologically naive at birth and its immune system usually does 
not fully develop until about 1 month old [25] [26] [27]. Neonatal animals must 
rely primarily on their innate immune system until the adaptive immune system 
develops. Our previous work supports this, as pigs get older both, IgG concen-
trations and mitogen-induced B-cell proliferation decreased [14] and these 
findings were similar to findings previously reported [2] [9] [26]. However, in 
this study, 14-d weaned pigs did not have a more developed adaptive response in 
the long-term, but a more developed innate response. NK cytotoxicity is an in 
vitro measure of innate immunity associated with natural killer lymphocyte 
function and serves as a first-line of nonspecific defense against viral challenges; 
whereas IgG, an antibody, predominately involved in the secondary antibody 
response, generally corresponds to maturation of the antibody response. Nie-
kamp et al. [14] found that NK activity was greater in 28-d weaned pigs and ac-
tivity increased as pigs got older, while Annamalai [28] found that 9 d-of-age 
suckling pigs had no detectable NK activity, but 26 d-of-age pigs had greater NK 
activity. Conversely, we found that 14-d weaned pigs baseline was greater but in 
response to stress was reduced, and still had levels much greater than 28-d 
weaned pigs at 14 d-of-age through 20 wk-of-age. But, 14-d weaned pigs had 
much lower IgG at 20 wk-of-age. These findings contradict our earlier findings 
[14], but these differences may be partly attributed to the differences between 
this study and previous work, especially in terms of lack of photoperiodic treat-
ment, different blood sampling schedule, and longer duration of this study. But, 
it is also plausible that the profound leukocyte profile seen in the 14-d weaned 
pigs within contributed to this skewed innate profile. Regardless of the explana-
tion, it is apparent those pigs weaned at 14 d-of-age had a more active innate 
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immune response (NK activity) in the long-term; whereas, 28-d weaned pigs had 
a more robust humoral response.  

5. Conclusion 

In summary, weaning at either 14 or 28 d-of-age was a stressful event, and im-
munological changes were observed both short- and long-term. Immunological 
differences shortly after weaning were more robust and longer-lasting in pigs 
that were weaned at 14 d-of-age. These pigs had more profound stress response 
to weaning in terms of changes in leukocyte populations, neutrophil function, 
and NK activity at 7 and 14 d post-weaning; whereas late weaned pigs returned 
to baseline for all parameters by d 7 post-weaning. Moreover, this study demon-
strated that age at weaning and stress response to weaning differentially affected 
innate immunity and antibody production long-term; with the 14-d weaned pigs 
had more activated NK activity at 20 wk-of-age while the 28-d weaned pigs had 
more activated IgG response. Thus, age at weaning may have long-term effects 
on pig immune status.  
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