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ABSTRACT: Study objectives were to evaluate
the impact of early life thermal stress (ELTS) on
thermoregulation, stress response, and intestinal
health of piglets subjected to a future heat stress
(HS) challenge during simulated transport. From
d 7 to 9 post-farrowing, 12 first-parity sows and
their litters were exposed to thermoneutral (ELTN;
25.4 *+ 1.1 °C w/heat lamp; n = 4), HS (ELHS;
cycling 32-38 °C w/heat lamp; n = 4), or cold
stress (ELCS; 25.4 £ 1.1 °C w/no heat lamp; n = 4)
conditions, and then from d 10 until weaning all
piglets were exposed to thermoneutral (TN) con-
ditions (25.3 £ 1.9 °C w/heat lamp). During the
ELTS period, respiration rate, rectal temperature
(Ty), and skin temperature (T,) of three mixed-sex
piglets per dam were monitored daily (0800, 1200,
1600, 2000 h). At 13 + 1.3 d of age, temperature
recorders were implanted intra-abdominally into
all piglets. At weaning (20.0 £ 1.3 d of age), pig-
lets were bled and then herded up a ramp into a
simulated transport trailer and exposed to HS con-
ditions (cycling 32-38 °C) for 8 h. During the 8 h
simulated transport, core body temperature (T,)
and T, were assessed every 15 min. After the sim-
ulated transport, piglets were unloaded from the
trailer, bled, weighed, and then housed individually

in TN conditions (28.5 = 0.7 °C) for 7 d. During this
time, ADFI and ADG were monitored, blood sam-
ples were taken on d 1, 4, and 7, and piglets were
video-recorded to assess behavior. Piglets were sac-
rificed on d 8 post-simulated transport and intesti-
nal morphology was assessed. Data were analyzed
using PROC MIXED in SAS 9.4. In the ELTS
period, piglet T, was increased overall (P = 0.01)
in ELHS (39.77 £ 0.05 °C) compared to ELTN
(39.34 + 0.05 °C) and ELCS (39.40 * 0.05 °C) lit-
ters. During simulated transport, TC was greater
(P = 0.02) in ELHS (40.84 £ 0.12 °C) com-
pared to ELTN (40.49 + 0.12 °C) and ELCS
(40.39 + 0.12 °C) pigs. Following simulated trans-
port, BW loss was greater (P = 0.01; 40%) for ELHS
compared to ELTN and ELCS pigs and ADFI was
reduced (P = 0.05; 28.6%) in ELHS compared to
ELTN pigs. Sitting behavior tended to be increased
(P =0.06;47.4%) in ELHS vs. ELCS or ELTN pigs.
Overall, circulating cortisol was greater for ELHS
(P <0.01; 38.8%) compared to ELCS and ELTN
pigs. Goblet cells per villi were reduced (P = 0.02;
20%) in the jejunum of ELHS vs. ELCS and ELTN
pigs. In summary, ELHS reduced thermotolerance
and increased the future stress response of piglets
compared to ELCS and ELTN.
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Thermal stress and piglet well-being

INTRODUCTION

Transporting newly weaned pigs can reduce
well-being (Johnson and Lay, 2017), and ambi-
ent temperature may contribute to piglets total
stress load (Lambooy, 1988). Unfortunately, newly
weaned pigs are often transported through wide
temperature ranges and for extended durations
(Lewis et al., 2005). As global temperatures rise
(NOAA, 2016), heat stress (HS)-related welfare
issues will likely increase. Therefore, it’s impera-
tive that management strategies are developed to
improve piglet well-being during incidences of
simultaneous production stress and HS.

Weaning causes intestinal barrier deterioration
due to chronically elevated stress hormones (Smith
et al., 2010) and reduced feed intake (Wijtten et al.,
2011). Moreover, HS exposure increases intestinal
damage due to ischemia and hypoxia of the gut
(Lambert, 2009; Liu et al., 2011; Pearce et al., 2012).
Furthermore, transport during times of HS can
prolong post-transport recovery rate (Lewis, 2008)
and increase BW loss due to dehydration (Berry and
Lewis, 2001). Taken together, this implies that the
well-being of newly weaned pigs is compromised due
to the additive effects of weaning, transport, and HS.

Prior HS exposure may improve future thermo-
tolerance and provide protection against unrelated
stressors such as hypoxia, ischemia/reperfusion, and
traumatic injuries (as reviewed by Horowitz, 2007).
Because HS and weaning cause intestinal injury
characterized by hypoxia and ischemia, it is possi-
ble that early life HS (ELHS) exposure may improve
future piglet well-being in response to weaning and
transport during HS. Consequently, because cold
stress (CS) acclimation is characterized by increased
thermogenesis and vasoconstriction (Tipton et al.,
2008), it is possible that early life CS (ELCS) would
decrease piglets’ ability to adapt to a future HS chal-
lenge. Therefore, study objectives were to evaluate
the effects of early life thermal stress (ELTS) on the
future thermoregulation, productivity, and intesti-
nal morphology of newly weaned piglets exposed to
simulated transport and HS. We hypothesized that
ELHS would be beneficial and ELCS would be det-
rimental to future piglet well-being when exposed
to a HS challenge during simulated transport com-
pared to early life thermoneutral (ELTN) exposure.

MATERIALS AND METHODS

Early Life Thermal Stress

All procedures involving animal use were
approved by the Purdue University Animal Care
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and Use Committee (protocol #1701001525), and
animal care and use standards were based upon the
Guide for the Care and Use of Agricultural Animals
in Research and Teaching (Federation of Animal
Science Societies, 2010). Twelve first-parity sows
with similar sized litters [z = 11.8 piglets/litter;
Duroc X (Landrace X Yorkshire)] were selected
and exposed to ELTN [z = 4 sows and litters;
25.4 £ 1.1 °C with heat lamp; 56.1 £ 8.1% rela-
tive humidity (RH)], ELHS (n = 4 sows and litters;
cycling 32-38 °C with heat lamp; 41.2 £ 10.2%
RH), or ELCS (n = 4 sows and litters; 25.4 + 1.1 °C
with no heat lamp; 56.1 £ 8.1% RH)ond 7 £ 1.3
d, 8 £ 1.3d, and 9 * 1.3 d post-farrowing. The
HS temperature was selected based on the Guide
for the Care and Use of Agricultural Animals in
Research and Teaching recommended thermal con-
ditions for swine (Federation of Animal Science
Societies, 2010). Cycling HS was achieved by set-
ting the ambient temperature (T,) to 32 °C as a
baseline, and then over a 4 h period it was grad-
ually increased until 38 °C was achieved, which
was then held constant for a second 4 h period.
Following the second 4 h period, T, was grad-
ually reduced over 4 h until 32 °C was achieved
and this temperature was held overnight for 12 h.
Litters were weighed on d 6, 10, and at weaning
(20.0 £ 1.3 d of age) to calculate ADG during the
ELTS testing period and from d 10 to weaning.
Thermal measurements were performed at 0800,
1200, 1600, and 2000 h on d 6, 7, 8, and 9 post-far-
rowing on each sow as well as three piglets per sow
(n =2 barrows and 1 gilt per 2 sows and 1 barrow
and 2 gilts per 2 sows) that represented the mean
pig BW within litter. Thermal measures for pig-
lets included respiration rate (RR), skin tempera-
ture (Ty), and rectal temperature (T,). In addition,
sow T, was measured at 0800, 1200, 1600, and
2000 h daily. Respiration rate (breaths per minute;
bpm) of piglets was determined by counting flank
movement for 15 s then multiplying by four. Skin
temperature was measured by taking a broad-
side photo of individual piglets using an infrared
camera (FLIR-T62101; accuracy 0.1 °C; FLIR
Systems Inc.; Wilsonville, OR), and photos were
analyzed with FLIR Tools software (version 2.1).
Rectal temperature of piglets was measured with
a calibrated and lubricated thermometer (ReliOn
model #144-MT-118-BF; accuracy = 0.2 °C;
Mabis Healthcare Inc.; Waukegan, IL) inserted
approximately 2.5 cm into the rectum, and sow T
was measured using a calibrated and lubricated
thermometer (Cooper Atkins model# TM99A;
accuracy * 0.2 °C; Middlefield, CT) inserted
approximately 10 cm into the rectum.
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On 13 £ 1.3 d of age, calibrated thermochron
temperature recorders (iButton model 1921H;
accuracy * 0.2 °C; Dallas Semiconductor, Maxim,
Irving, TX) were implanted intra-abdominally into
the 36 selected piglets to measure core body tem-
perature (T_). For thermochron implantation, pig-
lets were anesthetized using 1 to 4% isoflurane, and
then a 6-cm incision was made on the abdomen,
2 c¢m lateral to the linea alba. Sterile temperature
recorders were then placed in between the perito-
neum and abdominal muscle and the incision site
was closed. After surgery, all piglets were admin-
istered a broad spectrum antibiotic (5 mg/kg IM
every 3 d; Ceftiofur; Zoetis; Florham Park, NJ)
to prevent infection at the surgical site, as well as
analgesia (2.2 mg/kg IM; Flunixin meglumine;
Merck Animal Health; Madison, NJ) immedi-
ately after surgery and 24 h post-surgery to con-
trol pain. Piglets were immediately returned to the
sow after surgery where they remained in thermo-
neutral (TN) conditions (25.3 £ 1.9 °C with heat
lamp; 48.3 + 9.8% RH) until weaning. Following
weaning, the wean to estrus interval and total pigs
weaned per sow in the next parity was recorded for
all sows exposed to TN, CS, or HS conditions.

Simulated Transport

At weaning, the three selected piglets were
removed from each sow, weighed, and then herded
up a ramp (0.9 m; 9.6° angle) into a simulated trans-
port trailer where they were placed into 18 total
pens (n = 2 pigs/pen; Fig. 1). Pigs were then exposed
to cycling HS (cyclical 32-38 °C; 18.9 = 2.9% RH)

8.1 cm spacing
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for 8 h. For cyclical HS, the T, was set at 32 °C as a
baseline, and then over a 2 h period it was gradually
increased to 38 °C where it was held for 4 h before
being reduced to 32 °C over the final 2 h period.
Design of the trailer was adapted from previous
work by our lab (Johnson and Lay, 2017). Briefly,
the simulated trailer (3 m X 0.8 m X 0.9 m) was
constructed out of plywood coated in corrugated
plastic sheeting and provided 0.06 m?*/piglet based
on the Guide for the Care and Use of Agricultural
Animals in Research and Teaching recommendations
for minimum area allowances in transportation of
4.5 t0 9.0 kg piglets (Federation of Animal Science
Societies, 2010; Fig. 1). The trailer did not have a
roof so that T could be measured without the need
to enter the trailer. The trailer was divided into 18
pens (0.12 m*/pen) to separate the piglets for T
measurements and to ensure that piglets were ran-
domly distributed within the trailer throughout the
entire transport (Fig. 1). Piglets were blocked into
pens by ELTS treatment and sex (n = 6 pens/ELTS
treatment), and pigs within each pen were randomly
selected from different litters to simulate piglet mix-
ing. Pen walls were constructed out of wire mesh
so as to not obstruct airflow through the trailer.
Two data loggers (Hobo; data logger temperature/
RH; Onset; Bourne, MA) were evenly spaced within
the trailer to measure T, and RH% in 5-min inter-
vals. Four rows of holes (12.7 cm diameter) spaced
8.1 cm apart were drilled into the side panels of
the trailer and two fans were positioned toward
the front corners at a 45° angle to simulate air flow
through a moving trailer. As previously described
(Johnson and Lay, 2017), this procedure is referred
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Figure 1. Simulated transport trailer schematic.



Thermal stress and piglet well-being

to as simulated transport as in piglets are weaned
from the sow, and then moved down an alley and
up a ramp then mixed inside a trailer. The move-
ment of the trailer is not simulated, only the mixing,
1solation, duration, feed and water withdrawal, and
thermal stress component of the procedure.

In 15-min intervals throughout the entire
8 h simulated transport, T. was measured by
implanted iButtons, and T was determined using
a FLIR-T62101 infrared camera. At the conclusion
of the 8 h simulated transport, piglets were herded
out of the simulated trailer, weighed, blood sam-
ples were collected, and piglets were placed into
individual pens (0.5 X 0.9 m) in TN conditions
(28.5 £ 0.7 °C; 24.6 £ 9.5% RH) for 7 d. During
the trial, four piglets were euthanized due to illness
unrelated to the ELTS treatments leaving 10 piglets
in the ELHS, 11 piglets in the ELCS, and 11 piglets
in the ELTN groups, respectively.

Following simulated transport, all piglets were
housed in individual pens (0.86 X 0.41 m) with rub-
ber-coated wire flooring. All pens were connected
to each other and were separated by vertical bars
allowing for auditory, olfactory, visual, and nose-
to-nose contact between pigs. Pigs were provided
feed and water ad libitum with individual feeders
and nipple waterers within each pen. ADFI, ADG,
and gain:feed were determined for individual pig-
lets throughout the 7 d post-simulated transport
period. In addition, piglets were video-recorded
23 h/d (0900-0800 h) using ceiling-mounted cam-
eras (Panasonic WV-CP254H, Matsushita Electric
Industrial Co. Ltd., Osaka, Japan) attached to a
digital video recorder system. Video was recorded
both during the 12 h light (0900-2000 h) and the
12 h dark (2000-0800 h) periods. Only 23 h were
analyzed because animal caretakers entered the
room between 0800 and 0900 h daily, which dis-
turbed the piglets’ natural behavior. Video files
were later analyzed in Observer XT 11.5 (Noldus;
The Netherlands) by two trained individuals that
were blind to the treatments and maintained an
agreement of 90% or greater. Behaviors were deter-
mined using an instantaneous scan-sampling tech-
nique in 10-min intervals and included posture and
consumption. Posture behaviors included lying,
sitting, and standing and then percent of total
observations each pig displayed the behavior was
calculated. Consumption behaviors included feed-
ing (head in feeder) and drinking (snout in contact
with waterer), or other (anything other than head
in feeder or snout in contact with waterer) and then
percent of total observations each pig displayed
the behavior was calculated. In addition, time to

1643

first feeding bout (head in feeder) and time to first
drinking bout (snout in contact with waterer) was
determined immediately after pigs were placed into
their respective pens following simulated transport.
On d 7 post-simulated transport, all piglets were
weighed and then on d 8 they were euthanized and
a section of the jejunum (0.7 m distal to the pyloric
sphincter), and ileum (0.2 m anterior to the ileal-
cecal junction) were collected and placed into 10%
formalin for histology.

Blood Collection and Analyses

Blood samples were collected (BD vacutain-
ers; Franklin Lakes, NJ; serum; 5 mL) 1 d prior
to transport, immediately post-transport, and
on d 1, 4, and 7 post-transport. All blood sam-
ples except for the sample taken at 1600 h imme-
diately post-transport were obtained at 0800 h to
correspond with the daily feeding and animal care
schedule so that pigs were not disturbed more than
once a day. Serum was collected by centrifugation
at 4 °C and 1,900 X g for 15 min, aliquoted, and
stored at —80 °C. A commercially available ELISA
kit was used to determine serum heat shock pro-
tein 70 (HSP70; normal range = 4.49 * 1.36 ng/
mL; Johnson et al. 2015a) concentrations (mini-
mum detectable level: 0.8 ng/mL; Porcine HSP70
ELISA Kit, NEO Biolab, Cambridge, MA) follow-
ing the manufacturer’s instructions. Serum cortisol
concentrations (normal range = 41.0 = 2.3 ng/mL;
Marchant-Forde et al., 2012) were analyzed using a
commercially available RIA kit (minimum detect-
able level: 0.9 ng/mL; Cortisol RIA, Tecan Trading
AG, Mannedorf, Switzerland) according to manu-
facturer’s instructions. The intra-assay coefficients
of variation were 3.78 and 7.14 for HSP70 and
cortisol, respectively. The interassay coefficients of
variation were 8.31 and 10.11 for HSP70 and corti-
sol, respectively. Plate was included in the statistical
model to account for interplate variation.

Histology

Histological analyses were performed as previ-
ously described (Johnson and Lay, 2017). Briefly, jeju-
num and ileum samples were fixed in a 10% formalin
solution and then referred to the Purdue University
Histology and Phenotyping Laboratory for section-
ing (5-um thickness) and staining using toluidine blue
and periodic acid-Schiff stain. Each slide contained
two sections/tissue/piglet, and each section was
imaged three times (n = 6 images/tissue/piglet; 20X)
using Q-capture Pro 6.0 software (Qimaging, Surrey,
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British Columbia, Canada). Mean villus height (um),
mean crypt depth (um), and mean goblet cell count
per villi within each image were determined by one
individual using Imagel] 1.47v software (National
Institutes of Health; Bethesda, MD). Mean villus
height, crypt depth, villus height to crypt depth ratio,
and mean goblet cell count per villi for each image
were used in the final analysis.

Statistics

Data were analyzed using the PROC MIXED
procedure in SAS 9.4 (SAS Institute Inc., Cary,
NC). The assumptions of normality of error, homo-
geneity of variance, and linearity were confirmed
post-hoc. All behavioral data (standing%, sit-
ting%, lying%, feeding%, drinking%, other%) were
log-transformed to meet assumptions of normality;
however, all log-transformed data are presented as
arithmetic means for ease of interpretation. During
the ELTS phase, litter was the experimental unit
and fixed effects included ELTS treatment (ELTN,
ELHS, ELCS), day of age (d 7, 8, 9), and all inter-
actions. Average T, T, and RR of the litter at 6 d
of age was used as a covariate for the analysis of T,
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T,, and RR, respectively, during the ELTS phase. For
repeated analyses during the ELTS phase, each litter’s
respective parameter was analyzed using repeated
measures with an auto-regressive covariance structure
with day as the repeated effect when required. In the
simulated transport period, pen was the experimen-
tal unit and fixed effects included ELTS treatment
(ELTN, ELHS, ELCS), time (hours 1 to 8), sex (bar-
row, gilt), and all interactions. No sex differences were
observed with any analyses so it was removed from
the final model. Average T,. of the pen for 4 d prior
to transport was used as a covariate for the analysis
of T, during simulated transport. For repeated anal-
yses during the simulated transport period, each pen’s
respective parameter was analyzed using repeated
measures with an auto-regressive covariance structure
with time as the repeated effect when required. For the
analysis of data in the post-simulated transport phase,
fixed effects included ELTS treatment (ELTN, ELHS,
ELCS), post-transport day (d 1 to 7), sex (barrow,
gilt), and their interaction. No sex differences were
observed with any analyses, so it was removed from
the final model. Sow was included as a random effect
for all analyses in the post-simulated transport phase
and plate was included as a random effect for blood
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Figure 2. The effects of early life thermoneutral (ELTN), early life heat stress (ELHS), and early life cold stress (ELCS) conditions on (A) piglet
respiration rate by day of age, (B) piglet skin temperature (T) by day of age, (C) piglet rectal temperature (T,) by day of age, and (D) sow T, by day
of age. Error bars indicate = 1 SE. An asterisk (*) on the legend indicates overall early life thermal stress (ELTS) treatment differences (P < 0.05).
#’Symbols indicate overall day of age differences (P < 0.05). “*Letters indicate ELTS treatment by day interactions (P < 0.05).
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Figure 3. The effects of early life thermoneutral (ELTN), early life
heat stress (ELHS), and early life cold stress (ELCS) conditions on (A)
piglet core body temperature by hour during simulated transport, and
(B) piglet skin temperature by hour during simulated transport. Error
bars at h 1 and h 9 indicate + 1 SEM. An asterisk (*) on the legend
indicates overall early life thermal stress treatment differences for core
body temperature (P = 0.02) and skin temperature (P = 0.03).

parameter analyses in the post-simulated transport
phase. Weaning weight was used as a covariate in the
analysis of ADG, ADFI, gain:feed, and d 7 BW dur-
ing the post-simulated transport phase. Preplanned
statistical comparisons were conducted for ELTN vs.
ELHS or ELCS pigs, and ELHS vs. ELTN or ELCS
pigs using the CONTRAST statement of SAS. For
repeated analyses during the post-transport period,
each pig’s respective parameter was analyzed using
repeated measures with an auto-regressive covari-
ance structure with day as the repeated effect when
required. Statistical significance was defined as P
<0.05 and a tendency was defined as 0.05 < P <0.10.

RESULTS

Thermoregulation

Early life thermal stress phase. RR was increased
overall (P =0.01; 52.3%) in litters exposed to ELHS
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compared to ELCS and ELTN, but no differences
were detected between litters exposed to ELCS or
ELTN (Fig. 2A). A day effect was detected where
RR was greatest (P = 0.01; 10%) on d 8 of age com-
pared to d 7 and 9 regardless of early life thermal
treatment (Fig. 2A). No ELTS treatment by day
effect was detected for RR (P = 0.91; Fig. 2A).

Skin temperature was increased overall (P = 0.01)
in ELHS (38.77 = 0.10 °C) compared to ELCS
(36.78 £ 0.10 °C) and ELTN (37.70 £ 0.10 °C) lit-
ters, and tended (P = 0.10) to be reduced in ELCS
compared to ELTN litters (Fig. 2B). Overall, T, was
greatest (P = 0.02) on d 8 but did not differ when com-
paringd 7 and 9 (Fig. 2B). No ELTS treatment by day
interaction was detected for T, (P = 0.24; Fig. 2B).

Piglet T, was increased overall (P = 0.01)
in ELHS (39.77 = 0.05 °C) compared to ELTN
(39.34 £ 0.05 °C) and ELCS (39.40 £ 0.05 °C) litters,
but no differences were detected between ELTN and
ELCS litters (Fig. 2C). Although no day effect was
detected (P = 0.44), an ELTS treatment by day effect
was observed (P = 0.04) where T, of ELHS and
ELTN litters were similar to ELCS pigs but greater
in ELHS compared to ELTN litters (Fig 2C).

Sow T, was greater overall (P = 0.01) in
ELHS litters (39.66 = 0.17 °C) compared to ELCS
(38.86 = 0.16 °C) and ELTN (38.86 £ 0.24 °C) lit-
ters (Fig. 2D). A day effect was observed (P = 0.01)
where sow T, was greater on d 8 and d 9 compared
to d 7, but no differences were detected between d
8 and 9 (Fig. 2D). A ELTS treatment by day effect
was observed (P = 0.03) where sow T was increased
in ELHS litterson d 7, 8, and 9 compared to ELTN
and ELCS litters, but no differences were detected
between ELTN and ELCS litters (Fig. 2D).

Simulated  transport  phase. During simulated
transport, piglet T, tended to be increased overall
(P = 0.06) in ELHS (40.84 *+ 0.12 °C) compared to
ELTN (40.49 £ 0.12 °C) and ELCS (40.39 £ 0.12 °C)
pigs, but no differences were detected between ELTN
and ELCS pigs (Fig. 3A). Overall, T. was greater
(P=0.02) in ELHS compared to ELCS or ELTN pigs
(Fig. 3A). An overall time effect was observed where
T, was increased as time progressed throughout the
simulated transport phase and reached a peak at 7 h
(Fig. 3A). No other differences were detected for T,..
Piglet T, tended to be greater overall
(P =0.09) in ELHS (40.20 £ 0.06 °C) when com-
pared with ELTN (40.01 £ 0.06 °C) and ELCS
(40.02 £ 0.06 °C) pigs (Fig. 3B). Skin temperature
was increased (P = 0.03) in ELHS vs. ELTN or
ELCS pigs (Fig. 3B). An overall time effect was
detected (P < 0.01) where T was increased as time
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Table 1. Effects of early life thermal stress (ELTS) on piglet performance during the ELTS and post-simu-
lated transport phases and subsequent sow performance following the ELTS treatment

Environmental treatment P
Parameter ELTN* ELHSY ELCS!# SEM E? Contrast 11 Contrast 2!
ELTS phase
Initial BW, kg 2.02 1.86 1.91 0.21 0.84 0.68 0.59
Weaning weight, kg 5.42 5.01 4.89 0.19 0.26 0.48 0.11
ADG,® g/d 230 210 200 1 0.15 0.52 0.06
ELTS ADG,” g/d 220 170 170 2 0.11 0.49 0.04
Post-simulated transport
BW loss,® g 240° 3200 210° 2 0.01 0.01 0.26
ADFTI, g/d 171.8 122.7° 142.6%® 13.8 0.05 0.05 0.03
ADG, g/d 160 120 150 2 0.29 0.15 0.28
Gain:feed 0.98 0.86 0.97 0.12 0.73 0.44 0.65
d 7 BW, kg 6.65 6.27 6.57 0.18 0.29 0.15 0.28
Sow performance
Days to estrus” 5.5 6 5.8 0.5 0.84 0.60 0.64
Pigs weaned,* % 96.2 100 90.1 5.1 0.37 0.31 0.88

*Pigs exposed to early life thermoneutral conditions on d 7, 8, and 9 post-farrowing.

Pigs exposed to early life heat stress conditions on d 7, 8, and 9 post-farrowing.

Pigs exposed to early life cold stress conditions on d 7, 8, and 9 post-farrowing.

SEnvironmental treatment.

TEarly life heat stress vs. early life thermoneutral or early life cold stress conditions.

IEarly life thermoneutral vs. early life heat stress or early life cold stress conditions.

@ADG of piglets from d 10 to 20 of age.
#*ADG of piglets during the ELTS phase (d 7, 8, and 9 of age).
SBW loss during the 8 h simulated transport.

"Weaning to estrus interval following the early life thermal stress treatment.

*Percent of pigs weaned per sow following the early life thermal stress treatment.

abLetters indicate significant differences (P < 0.05) within a row.

progressed throughout the simulated transport
phase and reached a peak at 6 h (Fig. 3B). No
other differences were detected for T,

Future Sow Performance

No differences in d to estrus or percent pigs
weaned per sow in the next parity were detected fol-
lowing the ELTS phase (Table 1).

Growth performance.

Early life thermal stress phase. Initial BW and wean-
ing weight were similar (P > 0.25; 1.93 £ 0.21 kg
and 5.11 * 0.19 kg, respectively), regardless of
ELTS treatment (Table 1). Overall ADG and ADG
during the ELTS phase were similar (P > 0.10;
210 £ 1 g/d and 190 * 2 kg/d, respectively), regard-
less of ELTS treatment (Table 1). Overall ADG
tended to be reduced (P = 0.06; 10.9%) in ELHS
or ELCS vs. ELTN pigs, and ADG fromd 7 to 9 of
the ELTS phase was reduced (P = 0.04; 22.7%) in
ELHS or ELCS vs. ELTN pigs (Table 1). No other
growth performance differences were detected dur-
ing the ELTS phase.

Post-simulated transport phase. BW loss following
simulated transport was greater (P = 0.01; 40%) in
ELHS when compared with ELCS and ELTN pigs,
but no differences were detected between ELCS
and ELTN pigs (Table 1).

During the post-simulated transport phase,
ADFI was reduced overall (P = 0.05; 28.6%) in
ELHS compared to ELTN pigs (Table 1). ADFI
was reduced overall (P < 0.05) in ELHS or ELCS
vs. ELTN pigs, and in ELHS vs. ELTN or ELCS
pigs (Table 1). No other post-simulated transport
growth performance differences were detected
(Table 1).

Blood parameters. Overall, circulating HSP70 was
reduced (P < 0.01) in ELHS (6.20 * 0.49 ng/mL)
compared to ELCS (7.14 £ 0.49 ng/mL) and ELTN
(7.30 = 0.48 ng/mL) pigs (Fig. 4). An overall day
effect was detected where circulating HSP70 was
reduced (P < 0.01) as days progressed regardless
of ELTS treatment (Fig. 4). No ELTS treatment by
day differences (P = 0.73) were detected for circu-
lating HSP70 (Fig. 4).

Circulating cortisol was increased over-
all (P = 0.01) in ELHS (62.97 £ 4.62 ng/mL)
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Figure 4. The effects of early life thermoneutral (ELTN), early
life heat stress (ELHS), and early life cold stress (ELCS) conditions
on circulating heat shock protein 70 (HSP70) by day. Pre-transport
(d—1), immediately post-transport (PT), 24 h post-transport (d1), 4 d
post-transport (d4), and 7 d post-transport (d7). Error bars indicate *1
SE. **Letters indicate overall day differences (P < 0.01), and an asterisk

(*) on the legend indicates overall early life thermal stress treatment
differences (P < 0.05).

compared to ELTN (48.82 £ 4.64 ng/mL) and
ELCS (41.48 = 4.94 ng/mL) pigs, but no differ-
ences were detected between ELTN and ELCS
pigs (Fig. 5). An overall day effect was observed
where cortisol was greater (P < 0.01) for all
pigs during PT, d1, d4, and d7 compared to
d—1, and was greater during PT compared to
all other time points regardless of ELTS treat-
ment (Fig. 5). An ELTS treatment by day effect
was observed where circulating cortisol was
greater (P < 0.01) immediately post-simulated
transport for ELHS (152.42 + 9.23 ng/mL) com-
pared to ELTN (95.39 £ 8.81 ng/mL) and ELCS
(73.64 £ 9.72 ng/mL) pigs (Fig. 5). No other
differences in circulating cortisol were observed
(Fig. 5).

Behavior. Overall, sitting behavior tended to be
increased (P = 0.06; 47.4%) in ELHS vs. ELCS or
ELTN pigs (Table 2; Fig. 6). During the dark period
(2000-0800 h), sitting behavior was increased
(P = 0.01; 188.9%) in ELHS compared to ELCS
and ELTN pigs, but no differences were detected
between ELCS and ELTN pigs (Table 2). Lying
behaviors were increased (P = 0.01) and standing
behaviors were reduced (P = 0.01) overall as days
progressed, regardless of ELTS treatment (data not
presented). Sitting behavior tended to be reduced
overall (P = 0.07) during the dark period (2000—
0800 h) regardless of ELTS treatment (data not
presented). No other posture behavior differences
were detected with any analysis (Table 2).
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Figure 5. The effects of early life thermoneutral (ELTN), early life
heat stress (ELHS), and early life cold stress (ELCS) conditions on cir-
culating cortisol by day. Pre-transport (d—1), immediately post trans-
port (PT), 24 h post-transport (d1), 4 d post-transport (d4), and 7 d
post-transport (d7). Error bars indicate =1 SE. **Letters indicate early
life thermal stress (ELTS) treatment by day differences (P < 0.01), an

asterisk (*) on the legend indicates overall ELTS treatment differences
(P =0.01), and #~"symbols indicate overall day differences (P < 0.01).

No ELTS treatment differences were detected
for consumption behaviors (Table 2). As days pro-
gressed, feeding behavior increased (P = 0.01),
drinking tended to be increased, and other behavior
was reduced (P = 0.01) regardless of ELTS treat-
ment (data not presented). No other consumption
behavior differences were detected (Table 2).

Histology. In the jejunum, no ELTS treatment dif-
ferences (P > 0.47) were detected for villus height
(330.8 £ 30.5 pm), crypt depth (316.1 + 42.3 ym),
or the villus height to crypt depth ratio (1.20 + 0.17;
Table 3). However, an ELTS treatment difference was
detected in the jejunum where the number of gob-
let cells per villi were decreased (P = 0.02; 20%) for
ELHS compared to ELCS and ELTN pigs (Table 3).
No morphological differences in villus height
(351.7 £ 19.2 ym), crypt depth (291.5 * 31.9 pm),
the villus height to crypt depth ratio (1.34 = 0.19),
or goblet cells per villi (17.5 + 1.2) were detected in
the ileum (Table 3).

DISCUSSION

Newly weaned piglets transported under HS
conditions incur more stress compared to those
transported in TN conditions (Berry and Lewis,
2001; Johnson and Lay, 2017). While completely
preventing simultaneous weaning, transport, and
HS may improve swine welfare, it is not a feas-
ible solution in modern swine production systems.
As such, developing or improving management
practices to reduce stress and promote recovery
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Table 2. Effects of early life thermal stress on pig posture and consumption behaviors for 7 d post-simulated

transport and heat stress exposure

Environmental treatment

P

Parameter ELTN* ELHS® ELCS? SEM E DY ExD Contrast 11 Contrast 2@
Posture
0900-0800 h
Lying, % 82.9 81.3 83.6 0.5 0.23 0.01 0.51 0.10 0.69
Standing, % 16.2 17.2 15.3 0.5 0.41 0.01 0.57 0.24 0.98
Sitting, % 0.9 1.4 1.0 0.1 0.15 0.60 0.56 0.06 0.20
0900-2000 h
Lying, % 77.4 76.8 79.4 0.5 0.41 0.01 0.13 0.35 0.72
Standing, % 21.1 21.6 19.2 0.5 0.47 0.01 0.14 0.38 0.74
Sitting, % 1.5 1.6 1.4 0.1 0.92 0.11 0.74 0.69 0.92
2000-0800 h
Lying, % 87.9 85.6 87.5 0.4 0.35 0.01 0.05 0.16 0.31
Standing, % 11.7 13.1 11.8 0.4 0.68 0.01 0.14 0.38 0.57
Sitting, % 0.3 1.3 0.6° 0.1 0.01 0.07 0.11 0.01 0.03
Consumption
0900-0800 h
Feeding, %" 8.8 8.7 8.0 0.3 0.56 0.01 0.58 0.66 0.52
Drinking, %°* 1.6 1.6 1.4 0.1 0.67 0.08 0.49 0.66 0.65
Other, %" 89.6 89.7 90.6 0.4 0.44 0.01 0.34 0.54 0.48
0900-2000 h
Feeding, % 10.9 10.2 9.1 0.3 0.24 0.01 0.26 0.80 0.18
Drinking, % 22 2.1 2.0 0.1 0.89 0.21 0.83 0.90 0.74
Other, % 86.9 87.7 88.9 0.3 0.20 0.01 0.22 0.75 0.16
2000-0800 h
Feeding, % 6.9 7.4 6.9 0.3 0.91 0.01 0.73 0.67 0.78
Drinking, % 1.0 1.0 0.9 0.1 0.69 0.21 0.14 0.57 0.77
Other, % 92.1 91.6 92.2 0.3 0.92 0.01 0.25 0.68 0.80
Latency to feed, min:s* 3:10 4:06 5:14 1:16 0.41 - - 0.94 0.30
Latency to drink, min:s* 1:05 1:06 1:30 0:20 0.60 - - 0.65 0.58

*Pigs exposed to early life thermoneutral conditions on d 7, 8, and 9 post-farrowing.

Pigs exposed to early life heat stress conditions on d 7, 8, and 9 post-farrowing.
Pigs exposed to early life cold stress conditions on d 7, 8, and 9 post-farrowing.
SEnvironmental treatment.

Day.

IEarly life heat stress vs. early life thermoneutral or early life cold stress conditions.
@Early life thermoneutral vs. early life heat stress or early life cold stress conditions.
#Head in feeder.

Snout in contact with waterer.

"Anything other than head in feeder or snout in contact with waterer.

“Time to first head in feeder behavior following simulated transport.

*Time to first snout in contact with waterer behavior following simulated transport.
a*Letters indicate significant differences (P < 0.05) within a row.

following common production stressors are essen-
tial to enhance swine well-being. Although previous
studies have attempted to improve thermotolerance
in pigs through intrauterine imprinting (Johnson
et al. 2013, 2015a), it had the undesired effect of
permanently increasing postnatal body tempera-
ture regardless of ambient temperature. Despite
this, however, studies in rodent and poultry spe-
cies indicate that ELHS exposure imprints future
thermotolerance and may protect against unrelated

stressors (Yahav and Hurwitz, 1996; Horowitz,
2007). Therefore, in the present study, lactating sows
and their litters were exposed to either TN, HS, or
CS conditions on d 7, 8, and 9 post-farrowing. As a
result, ELHS litters had an overall increase in RR,
T, and T, compared to ELCS and ELTN litters
and an overall reduction in ADG during the ELTS
phase compared to ELTN litters indicating that
piglets were suffering from hyperthermia (Johnson
etal. 2015a, 2015b) while the ELTS treatments were
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Figure 6. The effects of early life thermoneutral (ELTN), early life heat stress (ELHS), and early life cold stress (ELCS) conditions on sitting
behavior as a percent of a 23 h period (0900-0800 h) on d 1 to 7 post-simulated transport in heat stress (HS) conditions. Error bars indicate +1
SEM. *¥Letters on the legend indicate overall early life thermal stress treatment tendencies (P = 0.06).

Table 3. Effects of early life thermal stress on pig intestinal morphology at 8 d post-weaning and simulated

transport in heat stress conditions

Environmental treatment P
Parameter ELTN* ELHS' ELCS! SEM E! Contrast 11 Contrast 2!
Jejunum
Villus height, pm 340.2 322.7 329.4 30.5 0.88 0.61 0.77
Crypt depth, pm 352.2 279.9 316.2 42.3 0.48 0.30 0.30
Villus height: crypt depth 1.11 1.28 1.20 0.17 0.78 0.55 0.53
Goblet cells® 13.9 11.0° 13.6 0.8 0.02 0.01 0.08
Ileum
Villus height, pm 347.5 364.5 343.2 19.2 0.71 0.42 0.80
Crypt depth, pm 313.2 261.3 299.9 319 0.49 0.25 0.41
Villus height: crypt depth 1.23 1.52 1.28 0.19 0.51 0.25 0.45
Goblet cells 17.7 16.6 18.3 1.2 0.59 0.34 0.88

*Pigs exposed to early life thermoneutral conditions on d 7, 8, and 9 post-farrowing.

"Pigs exposed to early life heat stress conditions on d 7, 8, and 9 post-farrowing.

Pigs exposed to early life cold stress conditions on d 7, 8, and 9 post-farrowing.

SEnvironmental treatment.

TEarly life heat stress vs. early life thermoneutral or early life cold stress conditions.

IEarly life thermoneutral vs. early life heat stress or early life cold stress conditions.

@Mean number of goblet cells per villi.
b etters indicate significant differences (P < 0.05) within a row.

applied. Although ELCS litters were maintained
at their lower critical T, (Federation of Animal
Science Societies, 2010) without a supplemen-
tary heat source, no thermoregulatory differences
were detected between ELCS and ELTN piglets.
Regardless of the lack of body temperature dif-
ferences, ADG was reduced in ELCS pigs during
the ELTS phase and tended to be decreased over-
all compared to ELTN piglets. This may imply that
ELCS piglets had a greater energy requirement due
to increased thermogenesis needed to maintain
euthermia resulting in reduced BW gain (Lopez

et al., 1991; Johnson et al., 2015b). Furthermore,
while the HS treatment resulted in hyperthermia in
the sows, no adverse effects on future reproductive
efficiency were observed likely due to the short-
term cyclical nature of the HS challenge.

Early life HS exposure can improve future
thermotolerance and may provide cross-tolerance
against unrelated novel stressors (as reviewed by
Horowitz, 2007). Specifically, early life heat-accli-
mated rodents display reduced T. and increased
cytoprotective molecule (i.e., heat shock proteins)
production in response to a subsequent HS exposure
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(Horowitz, 2007; Tetievsky and Horowitz, 2010).
Furthermore, ELHS poultry species (Arjona et al.,
1988; Yahav and Hurwitz, 1996) have improved
thermotolerance and performance and reduced
mortality in response to a HS challenge later in life.
However, in contrast to these reports, ELHS pigs in
the present study had increased T and T during
simulated transport in HS conditions when com-
pared to ELCS and ELTN pigs indicating a greater
hyperthermic response. This was surprising con-
sidering the aforementioned reports in rodent and
poultry species. However, these data were similar
to reports in prenatally heat-stressed pigs in which
T, was increased during postnatal HS exposure
when compared to controls (Johnson et al., 2013).
Although, it is tempting to speculate that similar
mechanisms are responsible for the effects of pre-
natal HS and ELHS on future body temperature,
the influence of the placental barrier on prenatal
HS imprinting in pigs is currently unknown mak-
ing it difficult to directly compare prenatal HS and
ELHS. Furthermore, while reasons for the discrep-
ancy between pigs and other species are currently
unclear, differences in future thermotolerance may
be due to either the length or timing of ELHS expos-
ure in the present study. It is possible that if piglets
had been exposed to ELHS for a longer period of
time similar to the aforementioned study in rodents
(Tetievsky and Horowitz, 2010) or earlier in their
life similar to the aforementioned studies in poul-
try (Arjona et al., 1988; Yahav and Hurwitz, 1996)
that they may have become more thermotolerant
later in life. Regardless, it is likely that the greater
hyperthermic response of ELHS pigs contributed
to reduced performance, increased stress response,
and reduced intestinal health of ELHS pigs in the
present study. Consequently, no thermoregulatory
differences were detected between ELCS and ELTN
pigs during the simulated transport; however, this
may be due to the fact that the ELCS treatment was
not severe enough during the ELTS phase given the
lack of thermoregulatory differences when com-
pared to ELTN pigs.

A well-described consequence of HS is an over-
all reduction in growth performance of all livestock
species (as reviewed by Johnson et al., 2015b). In
the present study, all pigs had a reduction in BW
following the 8 h simulated transport in HS condi-
tions, which was likely due to dehydration (Berry
and Lewis, 2001; Johnson and Lay, 2017). However,
ELHS pigs had a 40% greater loss in BW following
simulated transport compared to ELCS and ELTN
pigs and this was likely due to increased hyperther-
mia because greater T .is associated with an increase

Johnson et al.

in BW loss following transport stress (Berry and
Lewis, 2001; Johnson and Lay, 2017). The greater
BW loss of ELHS pigs may have negative implica-
tions toward future pig welfare and performance as
previous reports (Lewis, 2008) suggest that high T
and greater BW loss during transport can reduce
the rate at which piglets regain weaning weight.
Despite this, no ELTS treatment ADG differences
were detected during the post-simulated transport
phase. This was surprising considering that ADFI
was reduced in ELHS compared to ELTN pigs in
the post-simulated transport phase; however, it is
possible that ADG and BW differences would have
become more apparent had the study been contin-
ued for longer as there was a numerical trend for
reduced ADG, gain:feed, and decreased d 7 BW for
ELHS pigs. Furthermore, because no ADFI dif-
ferences were detected between ELCS and ELTN
pigs, the ELHS or ELCS vs. ELTN difference that
was detected by the CONTRAST statement was
likely driven by the overall reduction in ADFI for
ELHS pigs.

During times of HS, HSP70 production is
increased proportionally to hyperthermia severity
(Mizzen and Welch, 1988). Heat shock proteins act
as cytoprotective molecules that reduce HS-induced
cellular damage, play an important role in cellular
homeostasis, and are essential for survival during
times of elevated ambient temperatures (Kregel,
2002). Although previous studies in heat-stressed
pigs have determined that HSP70 gene expression is
increased in tissue during times of HS (Pearce et al.,
2013b), others have described a reduction in circu-
lating levels during acute HS that was hypothesized
to be associated with an increase in cellular uptake
to perform cytoprotective functions (Johnson et al.,
2015a). In the present study, ELHS pigs had an
overall reduction in circulating HSP70 concentra-
tions compared to ELTN and ELCS pigs, which
may be indicative of the increased hyperthermic
response as previously described (Johnson et al.,
2015a). Despite the presence of ELTS differences,
no significant difference in circulating HSP70 was
detected immediately post-transport compared to
d—1. While the lack of HSP70 differences are sur-
prising considering that all pigs were suffering from
hyperthermia, it is possible that the blood sample
timing was either too late or too early relative to
the HS treatment to detect differences since single
blood samples are only a snapshot in time.

In addition to the reduction in circulating
HSP70, circulating cortisol was greater overall
(39%) in ELHS compared to ELTN and ELCS pigs,
and this response was magnified (i.e., 80% increase)
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when compared to ELTN and ELCS pigs immedi-
ately post-simulated transport. Cortisol production
is increased in response to stress and is often used
to quantify stress levels in pigs (i.e., increased cor-
tisol = greater stress response; Averos et al., 2009;
Marchant-Forde et al., 2012). Additionally, previ-
ous reports in heat-stressed livestock species have
described an increase in glucocorticoid produc-
tion (Collier et al., 1982; Baumgard and Rhoads,
2013). Therefore, it is likely that the greater hyper-
thermic response of the ELHS piglets resulted in
greater circulating levels of cortisol and an increase
in their overall stress response. Furthermore, this
increase may have negative implications toward
the long-term well-being of piglets since increased
cortisol production can have deleterious effects on
metabolism, gastrointestinal function, growth, and
immune function (Chrousos, 2009).

Increased stress can induce behavioral changes
in pigs that are indicative of reduced well-being.
A reduction in activity and greater lying frequency
may suggest an increase in illness (Johnson and von
Borell, 1994; Johnson and Lay, 2017), while a greater
prevalence of motionless sitting has been associ-
ated with a greater incidence of stress. Specifically,
pigs that are handled roughly (Pearce et al., 1989)
or kept in barren environments (Wood-Gush and
Beilharz, 1983) have been shown to have an increase
in sitting behavior and it has been suggested that
increased sitting behavior is a strategy that enables
pigs to cope with greater stress levels (Pearce and
Paterson, 1993). In the present study, although no
differences in lying, standing, feeding, or drinking
behaviors were observed, ELHS pigs tended to have
an overall increase in sitting behavior and this was
likely driven by a 189% increase in nighttime sitting
behavior compared to ELCS and ELTN pigs. In
addition, sitting behavior differences were greatest
for ELHS compared to ELTN and ELCS pigs in the
first 3 d post-weaning and simulated transport in
HS conditions and this difference was likely related
to the greater stress incurred by ELHS pigs as a
result of increased hyperthermia. Furthermore, this
behavioral response may be beneficial for producers
to identify and treat stressed pigs following weaning
and transport.

Hyperthermia causes an increase in intestinal
damage due to ischemic injury (Arieli et al., 2003)
and hypoxia (Horowitz, 2007) resulting in greater
permeability and endotoxin translocation (Lambert,
2009; Johnson et al., 2016) and morphological alter-
ations such as reduced villus height and crypt depth,
and a reduction in the villus height to crypt depth
ratio (Pearce et al., 2013a; Johnson et al., 2016).
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Although ELHS pigs had a greater hyperthermic
response during simulated transport, no changes
in villus height, crypt depth, or the villus height to
crypt depth ratio were detected compared to ELCS
and ELTN pigs. This result was surprising, however,
it may be due to the fact that morphological meas-
ures were not quantified until 8 d after the HS chal-
lenge and it is likely that greater damage would have
been detected in the ELHS pigs had tissue samples
been taken closer to the HS challenge. Nevertheless,
a reduction in goblet cells per villi was detected
in the jejunum of ELHS compared to ELCS and
ELTN pigs on d 8 post-weaning and simulated
transport. Goblet cells are responsible for produc-
ing mucus forming mucins, which is the primary
defense mechanism of the intestinal tract (Kim and
Ho, 2010). Mucus production lubricates the intes-
tine and prevents bacterial adhesion that can acti-
vate the immune system and trigger inflammation
(Johansson et al., 2013). Unfortunately, stressors
such as weaning (Dunsford et al., 1991), underfeed-
ing (Nuiez et al., 1996), and infection (Jung and
Saif, 2017) can reduce goblet cell counts in the villi
leading to an impaired mucus layer and increased
susceptibility to infection. Furthermore, reductions
in goblet cell counts due to stress and infection may
be more pronounced in the jejunum compared to the
ileum (Boshuizen et al., 2005). Therefore, it is likely
that the greater hyperthermic and stress response in
ELHS pigs led to a reduction in goblet cell counts
compared to ELCS and ELTN pigs, and this may
have caused a greater rate of infection and illness
had the trial been conducted for a greater length of
time.

CONCLUSIONS

We hypothesized that ELHS would improve a
pig’s ability to remain euthermic, reduce the stress
response, and decrease intestinal damage associated
with a HS challenge during simulated transport.
However, contrary to our hypothesis, we deter-
mined that pigs subjected to ELHS had increased
body temperature during HS that likely contrib-
uted to a greater stress response when compared
to ELCS and ELTN pigs. Although these data
have improved our understanding of the impact of
ELHS on the future response of piglets, the mech-
anisms by which ELHS reduces thermotolerance in
pigs have yet to be elucidated.
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