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ABSTRACT

Heat stress (HT) during the dry period affects hepatic
gene expression and adipose tissue mobilization during
the transition period. In addition, it is postulated that
HT may alter insulin action on peripheral tissues. Our
objective was to evaluate the effect of cooling heat-
stressed cows during the dry period on insulin effects
on peripheral tissues during the transition period. Cows
were dried off 46 d before expected calving and assigned
to 1 of 2 treatments: HT (n = 16) or cooling (CL, n =
16). During the dry period, the average temperature-
humidity index was 78, but CL cows were cooled with
sprinklers and fans, whereas HT cows were not. After
calving, all cows were housed and managed under the
same conditions. Rectal temperatures were measured
twice daily (0730 and 1430 h) and respiration rate
recorded 3 times weekly during the dry period. Dry
matter intake was recorded daily from dry-off to 42 d
relative to calving (DRC). Body weight and body con-
dition score were measured weekly from dry-off to 42
DRC. Milk yield and composition were recorded daily
to 42 wk postpartum. Glucose tolerance tests (GTT)
and insulin challenges (IC) were performed at dry-off,
—14, 7, and 28 DRC in a subset of cows (HT, n = §;
CL, n = 8). Relative to HT, CL cows had lower rectal
temperatures (39.3 vs. 39.0°C) in the afternoon and
respiration rate (69 vs. 48 breath/min). Cows from the
cooling treatment tended to consume more feed than
HT cows prepartum and postpartum. Compared with
HT, CL cows gained more weight before calving but
lost more weight and body condition in early lactation.
Cows from the cooling treatment produced more milk
than HT cows (34.0 vs. 27.7 kg/d), but treatments did
not affect milk composition. Treatments did not affect
circulating insulin and metabolites prepartum, but CL
cows had decreased glucose, increased nonesterified
fatty acid, and tended to have lower insulin concentra-
tions in plasma postpartum compared with HT cows.
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Cooling prepartum HT cows did not affect the insulin
responses to GTT and IC during the transition period
and glucose responses to GTT and IC at —14 and 28
DRC were not affected by treatments. At 7 DRC, CL
cows tended to have slower glucose clearance to GT'T
and weaker glucose response to IC relative to HT cows.
Cows from the cooling treatment had stronger non-
esterified fatty acid responses to IC postpartum but
not prepartum compared with HT. In conclusion, cool-
ing heat-stressed dairy cows in the dry period reduced
insulin effects on peripheral tissues in early lactation
but not in the dry period.
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INTRODUCTION

One of the consequences of exposure to environmen-
tal heat stress is a reduction in milk yield. Heat stress
compromises lactational performance not only when
occurring during lactation (Collier et al., 2006) but
also during the nonlactating period before parturition.
In particular, exposure to heat stress during the dry
period impairs mammary gland development (Tao et
al., 2011), which in turn, decreases milk yield in the
subsequent lactation (Wolfenson et al., 1988).

In addition to a decrease in DMI, heat stress alters
the metabolism of lactating dairy cows. Heat-stressed
cows in midlactation have faster glucose clearance
and increased insulin response to a glucose tolerance
test (GTT) compared with pair-fed contemporaries
under thermoneutral conditions, which indicates that
heat-stressed midlactation cows have more sensitive
insulin responses at peripheral tissues (Wheelock et al.,
2010). Further, the ability to mobilize adipose tissue is
also compromised by heat stress during midlactation
(Wheelock et al., 2010). Even though the physiologi-
cal mechanisms are unclear, it is believed that these
metabolic modifications under heat stress during mid-
lactation account for approximately 50% of the milk
production loss observed (Rhoads et al., 2009; Whee-
lock et al., 2010), whereas decreased DMI explains the
remainder of the depressed milk yield. However, it is
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unknown if the responses of peripheral tissues to heat
stress are similar during early and late lactation to
those observed in midlactation.

During the dry period, cooled cows have increased
DMI compared with heat-stressed cows (Tao et al.,
2011). Relative to heat-stressed cows, those under cool-
ing during the dry period have higher circulating NEFA
in early lactation (do Amaral et al., 2009). Correspond-
ing to the higher adipose tissue mobilization, cooled
cows have higher hepatic FA uptake and incorporate
more preformed FA into milk fat in early lactation
compared with noncooled herdmates (do Amaral et al.,
2009). However, the effect of cooling heat-stressed dry
cows on the effect of insulin at peripheral tissues dur-
ing the transition period has never been evaluated. It
was hypothesized that cooling heat-stressed dairy cows
during the prepartum period decreased the insulin re-
sponsiveness of peripheral tissues during the transition
period. Thus, the objective of the current study was to
study the effect of cooling heat-stressed dairy cows dur-
ing the dry period on the insulin response at peripheral
tissues during late gestation and early lactation.

MATERIALS AND METHODS
Animals, Experimental Design, and Sampling

The experiment was conducted at the University of
Florida Dairy Unit between June and November 2010.
The Institutional Animal Care and Use Committee of
the University of Florida approved all of the experimen-
tal procedures. Approximately 46 d before expected
calving, 32 multiparous Holstein cows were dried off
and randomly assigned to 1 of 2 treatments: heat stress
(HT, n = 16) or cooling (CL, n = 16), based on mature
equivalent milk production (HT: 12,045 kg; CL: 12,100
kg) of the just completed lactation. The average parity
(means + SEM) of HT and CL cows was 1.4 4+ 0.2 and
1.7 £ 0.2, respectively and did not differ between treat-
ments (P = 0.68). All of the calving events occurred
from July to September and were evenly distributed
among treatments.

Cows were housed in a freestall barn during the dry
period with a cooling system in the stall area for CL
cows consisting of shade, sprinklers (Terregena Inc.,
Raleigh, NC), and fans (J&D Manufacturing, Eau
Claire, WI), whereas only shade was provided for HT
cows. Sprinklers turned on automatically for 1.5 min
at 6-min intervals when ambient temperature exceeded
23.9°C and fans ran continuously. Photoperiod (14 h
light and 10 h dark) in the dry cow barn was provided
by metal halide lights to approximately 600-1x intensity
at eye level of the cows. The lights were kept on from
0600 to 2000 h. After calving, lactating cows from both
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treatments were housed in the same freestall barn with
sprinklers and fans and managed as a single group.

Air temperature and relative humidity were mea-
sured using Hobo Pro Series Temp probes (Onset
Computer Corp., Pocasset, MA) every 30 min. The
temperature-humidity index was calculated based on
following equation: temperature-humidity index = (1.8
x T + 32) - [(0.55-0.0055 x RH) x (1.8 x T — 26)],
where T = air temperature (°C) and RH = relative hu-
midity (%) (Dikmen et al., 2008). Rectal temperature
was measured using a GLA M700 digital thermometer
(GLA Agricultural Electronics, San Luis Obispo, CA)
twice daily (0730 and 1430 h) and respiratory rate was
counted 3 times weekly (1500 h, Monday, Wednesday,
and Friday) during the prepartum period. During the
dry period and the first 6 wk postpartum, BW was
recorded and BCS was scored for each cow once weekly.
Additionally, starting at 7 wk postpartum, daily BW
was recorded by the AfiFarm system (S.A.E. Afikim,
Kibbutz Afikim, Israel) at each milking until 42 wk
postpartum. Lactating cows were milked twice daily
(0800 and 2000 h) and daily milk production was re-
corded up to 42 wk postpartum. Milk composition was
measured by the AfiLab milk analyzer (S.A.E. Afikim)
at each milking until 42 wk postpartum. Dry cows were
fed once per day (0800 h) and lactating cows were fed
twice daily (0730 and 1300 h). Daily DMI was measured
from dry-off until 42 d relative to calving. The composi-
tion of diets for dry and milking cows are presented in
Table 1.

Blood samples were collected from coccygeal vessels
into sodium-heparinized Vacutainers (Becton Dick-
inson, Franklin Lakes, NJ) for all of the cows before

Table 1. Ingredient composition of the TMR fed to cows on both
treatments in the prepartum and postpartum periods

Ingredient, % of DM Prepartum Postpartum
Corn silage 42.55 31.65
Alfalfa hay — 10.55
Wet brewers grain 12.77 10.55
Rye silage 21.28 —
Corn meal 4.26 16.87
Solvent-extracted soybean meal 6.38 5.91
Whole cotton seed — 6.33
Citrus pulp 8.5 12.66
Expeller soybean meal’ — 2.11
Mineral and vitamin mix” 4.26 3.38

'SoyPLUS (West Central Coop., Ralston, TA).

*Mineral and vitamin mix prepartum included 21% CP, 2% crude fat,
13% crude fiber, 8.5% Ca, 1% P, 3% NaCl, 3.5% Mg, 4.4% S, 34 mg
of Co/kg, 129 mg of Cu/kg, 15 mg of I/kg, 300 mg of Mn/kg, 7 mg of
Se/kg, 435 mg of Zn/kg, 200 mg of F/kg, 220,459 IU of vitamin A /kg,
70,000 IU of vitamin Ds/kg, and 5,512 IU of vitamin E/kg. Mineral
and vitamin mix postpartum included 25% CP, 0.25% crude fat, 1%
crude fiber, 3% ADF, 5.75% Ca, 1.2% P, 4.75% NaCl, 9.25 mg of Se/
kg, 110,230 IU of vitamin A /kg, 39,683 IU of vitamin D;/kg, 1,102 TU
of vitamin E/kg, and 381 mg of monensin/kg.
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morning feeding (0700 h) at dry-off, —32, —18, —7, and
—3 d, at calving, and at 2, 14, 28, and 42 d relative
to calving. Samples were immediately put in ice and
centrifuged at 2,619 x g at 4°C for 30 min within 1 h af-
ter collection. After centrifugation, the plasma samples
were aliquoted and frozen until insulin and metabolite
analyses.

Metabolic Tests

At dry-off, —14, 7, and 28 d relative to calving, a
subset of cows were subjected to metabolic tests (n
= 16; 8 cows per treatment). A catheter (14 gauge x
14 ¢cm Abbocath-T; Hospira, Finisklin Business Park,
Sligo, Treland) was inserted into the jugular vein of each
cow the day before the metabolic tests. An intravenous
GTT was conducted on the first day of the metabolic
tests and insulin challenge (IC) was performed on the
following day. The actual dates for GTT were —43 +
1.3, =12 + 1.1, 8 + 0.4 and 29 + 0.5 d relative to
calving; and the actual dates for IC were —42 + 1.3,
—11 £ 1.1, 9 £ 0.4, and 30 £ 0.5 d relative to calving.
All metabolic tests were performed at noon following
the morning milking and feeding. Additionally, all of
the cows were fasted for 1 h before each test. The pro-
cedures of metabolic tests were based on those of Pires
et al. (2008).

For the GTT, 0.25 g/kg of BW of glucose (dextrose
50%, wt/vol; Phoenix Scientific Inc., St. Joseph, MO)
was infused into the jugular vein through the catheter
followed by 50 mL of sterile saline solution to flush the
catheter. The duration of glucose infusion was 5.6 + 0.2
min. Blood samples were drawn through the catheter
at —15, —5, and 0 min relative to the starting point of
glucose infusion and 5, 10, 15, 20, 30, 40, 50, 60, 75,
90, 120, 150, and 180 min relative to the ending point
of glucose infusion into Vacutainer tubes containing
sodium fluoride and potassium oxalate (Becton Dick-
inson). Samples were immediately placed in the ice and
centrifuged at 2,619 x g at 4°C for 15 min within 1 h
after collection. The catheter was flushed with sterile
saline containing sodium heparin between samplings to
avoid clotting and the first 3 mL of blood collection was
discarded before each subsequent sample.

The IC was performed by administering 0.1 IU of
insulin/kg of BW (100 IU/mL, human insulin, rDNA
origin; Eli Lilly and Co., Indianapolis, IN) through the
jugular catheter, followed by 50 mL of sterile saline
solution. The duration of insulin infusion was 2.7 4+ 0.1
min. Blood samples were collected at —15, —5, and 0
min relative to the starting point of insulin administra-
tion and 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, and 120
min relative to the ending point of insulin administra-
tion through the catheter.
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Insulin and Metabolite Analyses

The concentration of insulin in the plasma samples
was determined by RIA (Malven et al., 1987), and
the inter- and intraassay CV were 12.8 and 7.3%,
respectively. Plasma glucose (Autokit Glucose; Wako
Chemicals USA Inc., Richmond, VA) and NEFA [HR
Series NEFA-HR(2), Wako Chemicals USA Inc., Rich-
mond, VA] concentrations were measured by enzymatic
methods. The inter- and intraassay CV were 10 and
7.1%, respectively, for glucose assays, and 5.1 and 3.2%,
respectively, for NEFA assays.

Calculations and Statistical Analysis

The observed concentrations of insulin and metabo-
lites from GT'T and IC to 180 and 120 min, respectively,
were used to create response curves. The area under
each of these curves (AUC) was calculated by the
trapezoidal method in which the insulin or metabolite
concentration value was calculated by subtracting the
baseline value from the actual value. The mean value of
the insulin or metabolite concentration of the samples
collected at —15, —5, and 0 min relative to glucose or
insulin infusion was considered as the baseline value.
The accumulated AUC of insulin and metabolites at
30, 60, and 180 min in the GTT and at 30, 60 and 120
min in the IC were calculated and analyzed.

To calculate the dates of metabolic tests, PROC
UNIVARIATE of SAS 9.2 (SAS Institute Inc., Cary,
NC) was used and the means + standard error of the
mean are reported. The temperature-humidity index
was calculated by the PROC UNIVARIATE and the
means + standard deviation are reported. Parity, dry
period length, and gestation length were analyzed by
the PROC GLM of SAS 9.2 and data are reported as
least squares means + standard error of the mean.
Repeated measures data (rectal temperature, respira-
tion rate, milk production, milk composition, DMI,
cumulative BW change, cumulative BCS change, BW
after 6 wk postpartum, feed efficiency, blood concentra-
tions of insulin, and metabolites) were analyzed using
the PROC MIXED procedure of SAS 9.2. The SAS
model included fixed effects of treatment, time, and
treatment by time interaction, with cow (treatment)
as the random effect and the least squares means +
standard error of the mean are reported. To separate
the treatment and posttreatment effects, data from
cumulative BW change, cumulative BCS change, DMI,
blood concentrations of insulin, and metabolites were
split into prepartum and postpartum periods and ana-
lyzed separately. The BW at dry-off and calving were
used as covariates and included in the SAS models of
prepartum and postpartum DMI analyses, respectively,
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Table 2. Dry period length, gestation length, rectal temperatures, and respiration rate of cows exposed to
either heat stress (n = 16) or cooling (n = 16) during the dry period

Variable Heat stress Cooling SEM P-value
Dry period length, d 40.4 44.3 1.5 0.08
Gestation length, d 272 276 1.2 0.02
Rectal temperature a.m., °C 38.64 38.55 0.04 0.12
Rectal temperature p.m., °C 39.34 38.98 0.05 <0.01
Respiration rate, breath/min 69.2 48.3 2.8 <0.01

to minimize the effect of BW on DMI. In addition,
the samples collected at dry-off were included in the
SAS model as covariates for statistical analyses of
blood concentrations of insulin and metabolites dur-
ing the prepartum period. The accumulated AUC at
30, 60, and 180 min in the GTT and at 30, 60, and
120 min in the IC were analyzed individually using the
PROC MIXED procedure. The SAS models included
fixed effects of treatment, day relative to calving, and
treatment by day relative to calving interaction, with
cow (treatment) as the random effect. Least squares
means £ standard error of the mean are reported. In
addition, the data of accumulated AUC at dry-off were
considered as covariates and included in the analyses.
The insulin and metabolite concentration in plasma of
each metabolic test within each test day were analyzed
using the PROC MIXED procedure. The SAS models
included fixed effects of treatment, time relative to in-
fusion, and treatment by time relative to infusion inter-
action, with cow (treatment) as the random effect and
the baseline value of insulin and metabolite concentra-
tions of plasma was also included in the SAS model as
covariates. Least squares means + standard error of the
mean are reported. For all of the covariate analyses, if
the effect of the covariate was not significant (P > 0.3),
the covariate was removed from the model.

RESULTS

Thermal Environment, Rectal Temperature,
Respiration Rate, and Dry Period
and Gestation Length

The stall areas for both HT and CL cows had a
similar temperature-humidity index (78.3, SD = 4.2)
during the dry period, which indicates that both groups
of cows were exposed to a similar thermal environment.
Compared with HT cows, CL cows tended (P = 0.12)
to have decreased rectal temperature in the morning
and had lower (P < 0.01) rectal temperature and respi-
ration rate in the afternoon (Table 2). Additionally, the
dry period length of HT cows tended (P = 0.08) to be
4 d shorter, which was caused by a 4 d reduction (P =
0.02) in gestation length relative to CL cows (Table 2).
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Milk Production and Composition

Compared with HT cows, CL cows produced 6.3 kg/d
more milk (P < 0.01; Figure 1) until 42 wk postpartum.
No treatment effect was observed for concentrations
of milk fat, protein, or lactose or for SCS (Table 3).
However, with the higher milk production, cows cooled
during the dry period had greater (P < 0.01) yields of
milk fat, protein, and lactose compared with HT cows
(Table 3).

DMI, BW, BCS, and Feed Efficiency

Cooling heat-stressed cows during the dry period
tended (P < 0.10) to increase DMI during the prepar-
tum and postpartum periods (Figure 2). Additionally,
no difference was observed between treatments in the
DMI during the first 14 d after calving (15.2 vs. 14.3
kg/d for CL and HT cows, respectively); however, CL
cows consumed more (P = 0.04) DM compared with
HT cows after 2 wk postpartum (19.7 vs. 17.6 kg/d for
CL and HT cows, respectively). Relative to HT, CL
cows gained more (P = 0.01) weight before calving and

Figure 1. Effect of cooling heat-stressed cows (n = 16/treatment)
during the dry period on milk production up to 42 wk postpartum in
the subsequent lactation. Solid squares (B) and open circles (O) rep-
resent cooled cows and heat-stressed cows, respectively. After calving,
all cows were managed and housed under the same conditions. Effect
of treatment: P < 0.01, time: P < 0.01, and treatment by time interac-
tion: P = 0.11.
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Table 3. Milk composition, BW and BCS change, and feed efficiency of cows exposed to heat stress (n = 16)

or cooling (n = 16) during the dry period
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Variable Heat stress Cooling SEM P-value
Milk fat, % 3.69 3.61 0.07 0.43
Milk protein, % 3.05 3.08 0.05 0.68
Milk lactose, % 4.67 4.69 0.02 0.54
Milk fat yield, kg/d 0.98 1.21 0.06 0.01
Milk protein yield, kg/d 0.82 1.04 0.05 <0.01
Milk lactose yield, kg/d 1.27 1.61 0.09 0.01
Milk SCS 3.16 2.89 0.18 0.67
BW change prepartum,' kg 9.6 26.0 4.5 0.01
BW change postpartum,’ kg —46.9 —72.4 7.5 0.02
BCS change prepartum?® —0.05 0.02 0.05 0.42
BCS change postpartum® —0.21 —0.34 0.07 0.14
Feed efficiency” 1.90 2.23 0.08 <0.01

"Prepartum accumulative BW change was calculated by subtracting data at —5, —4, —3, —2, and —1 wk rela-

tive to calving and calving by data at dry-off.

*Postpartum accumulative BW change was calculated by subtracting data at 1, 2, 3, 4, 5, and 6 wk relative to

calving by data at calving.

SPrepartum accumulative BCS change was calculated by subtracting data at —5, —4, —3, —2, and —1 wk rela-

tive to calving and calving by data at dry-off.

'Postpartum accumulative BCS change was calculated by subtracting data at 1, 2, 3, 4, 5, and 6 wk relative

to calving by data at calving.

PFeed efficiency = kilograms of 3.5% FCM per kilogram of DMI. Feed efficiency was calculated from calving

until 6 wk postpartum.

lost more (P = 0.02) weight in early lactation (Table
3). Nevertheless, no treatment effect on BW after 6 wk
postpartum was observed and the mean BW were 654.7
+ 12.2 and 662.9 + 11.6 kg for HT and CL, respec-
tively. During the dry period, treatment did not affect
BCS change; however, CL cows tended (P = 0.14) to
lose more body condition compared with HT cows in
early lactation (Table 3). After calving, CL cows had
higher (P < 0.01) feed efficiency relative to HT cows
within 6 wk postpartum (Table 3).

Insulin and Blood Metabolites

Plasma insulin and glucose concentrations were simi-
lar between treatments during the prepartum period
(Figure 3), but cooling heat-stressed cows during the
dry period tended (P = 0.12) to decrease circulating
insulin and lowered (P = 0.01) plasma glucose con-
centration during the postpartum period (Figure 3).
Cows from the CL treatment had increased (P = 0.03)
circulating NEFA in early lactation compared with HT
cows (Figure 3). Additionally, a tendency (P = 0.06) of
treatment by time effect occurred for circulating NEFA
during the prepartum period, such that CL cows had
higher circulating NEFA at parturition compared with
HT (Figure 3).

Metabolic Tests

No differences of effects of treatment or treatment
by day interaction were observed for insulin AUC dur-

ing the GTT during the transition period (Table 4).
Regardless of treatments, cows during the dry period
had greater AUC for insulin in response to the GTT
compared with measurements taken in early lactation.
No overall treatment effects were observed for the
glucose AUC to the GTT during the transition period
(Table 4). However, the glucose AUC tended (P <
0.15) to be larger for CL cows at 7 d relative to calving
compared with HT cows (Table 4; Figure 4). In addi-

Figure 2. Effect of cooling heat-stressed cows (n = 16/treatment)
during the dry period on the DMI from —40 to 42 d relative to calving.
Solid squares (M) and open circles (O) represent cooled cows and heat-
stressed cows, respectively. Data were split into prepartum and post-
partum and analyzed separately. During the prepartum period, the
effect of treatment was P = 0.06, time was P < 0.01, and treatment
by time interaction was P = 0.60; during the postpartum period, the
effect of treatment was P = 0.10, time was P < 0.01, and treatment by
time interaction was P = 0.38. Shade represents the prepartum period.
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Figure 3. Effect of cooling heat-stressed cows (n = 16/treatment)
during the dry period on the insulin, glucose, and NEFA concentra-
tions of plasma. Solid squares (M) and open circles (O) represent
cooled cows and heat-stressed cows, respectively. Data were split into
prepartum and postpartum and analyzed separately. In the insulin
analysis, during the prepartum period, the effect of treatment was P
= 0.94, time was P < 0.01, and treatment by time interaction was P
= 0.99; during the postpartum period, the effect of treatment was P =
0.12, time was P < 0.01, and treatment by time interaction was P =
0.50. In the glucose analysis, during the prepartum period, the effect
of treatment was P = 0.99, time was P < 0.01, and treatment by time
interaction was P = 0.58; during the postpartum period, the effect of
treatment was P = 0.01, time was P < 0.01, and treatment by time
interaction was P = 0.28. In the NEFA analysis, during the prepartum
period, the effect of treatment was P = 0.70, time was P < 0.01, and
treatment by time interaction was P = 0.06; during the postpartum
period, the effect of treatment was P = 0.03, time was P < 0.01, and
treatment by time interaction was P = 0.15. Shade represents the
prepartum period. *P < 0.05.
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tion, the glucose AUC was greater (P < 0.01) for cows
during the dry period compared with early lactation
(Table 4).

Cooling heat-stressed prepartum cows did not affect
the insulin clearance after IC pre- and postpartum
(Table 5). Day effects for insulin AUC to IC at 30 and
60 min were observed, as cows in late gestation had
greater (P < 0.01 and P = 0.02, respectively) insulin
AUC relative to early lactation (Table 5). A tendency
(P =0.09) of treatment by day effect of glucose AUC to
IC at 60 min was observed, such that CL cows tended
to have weaker glucose response to IC compared with
HT cows at 7 d relative to calving (Table 5; Figure
5). The NEFA response to IC was affected by the day
(P < 0.01), as the cows in early lactation had an in-
crease in NEFA AUC compared with those values in
the dry period and cows at 7 d relative to calving had
the strongest response (Table 5). In addition, a treat-
ment by day interaction (P = 0.02) was observed for
the NEFA AUC to IC at 30 min, as the CL cows had
stronger NEFA response to IC during the postpartum
period compared with HT cows (Table 5; Figure 6).

DISCUSSION

All of the cows in the present study were exposed
to similar thermal stress during the dry period, but
the cooling system effectively minimized the heat load
on CL cows compared with HT cows as indicated by
the decreased rectal temperature and respiration rate.
Similar to other reports (do Amaral et al., 2009, 2011),
the longer gestation length and dry period length of CL
cows also provide further evidence that the CL cows
were less heat stressed than HT cows during the dry
period. Therefore, the heat stress model in the present
experiment was appropriate to evaluate the hypothesis
that cooling heat-stressed cows during the dry period
decreases the insulin responsiveness of peripheral tis-
sues during the transition period.

The increase in milk production of cooled cows rela-
tive to heat-stressed cows was expected and consistent
with previous reports (Wolfenson et al., 1988). The
higher milk synthesis in the subsequent lactation re-
sults from the increased mammary gland development
during the dry period due to heat stress abatement
(Tao et al., 2011). Specifically, CL cows have higher
mammary cell proliferation during the dry period rela-
tive to HT cows.

The lack of effect of cooling heat-stressed cows dur-
ing the dry period on the concentration of milk fat
is not consistent with earlier reports and may result
from differences in the duration of sample collection.
When milk samples were collected until only 6 to 8
wk postpartum, do Amaral et al. (2009, 2011) and
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Table 4. Insulin and glucose responses to glucose tolerance tests of cows exposed to heat stress (HT, n = 8) or cooling (CL, n = 8) during the

dry period
—14 d' 74d 28d P-value
Item HT CL HT CL HT CL SEM  TRT? Day TRT x day
Insulin AUC,? ng x min/mL
30 min 158 148 87 90 79 95 20 0.90 <0.01 0.62
60 min 225 218 110 115 102 117 22 0.86 <0.01 0.82
180 min 218 196 112 99 89 113 22 0.88 <0.01 0.37
Glucose AUC, mg x min/dL
30 min 2,025 1,910 1,480 1,790 1,521 1,545 128 0.64 <0.01 0.09
60 min 3,177 2,550 1,942 2,570 1,901 1,895 296 0.97 <0.01 0.03
180 min 3,611 2,508 1,758 3,256 1,567 1,864 609 0.75 0.01 0.05

"Days relative to calving.
*TRT = treatment.
3AUC = area under the curve.

Avendano-Reyes et al. (2006) reported that CL cows
had increased milk fat concentration compared with
HT cows. However, when sample collection extended
beyond early lactation (Adin et al., 2009) and into late
lactation (Tao et al., 2011), no difference in fat con-
centration was observed. In other words, the increased
milk fat concentration that results from cooling heat-
stressed dry cows is limited to early lactation and the
effect is lost if the entire lactation is considered. Con-
sistent with that interpretation, in the present study,
CL cows had higher (P = 0.07) milk fat concentration
in the first 4 wk postpartum (3.92 vs. 3.75%, respec-
tively) compared with HT cows, but no difference was
observed between treatments when analyzed for the full
42 wk postpartum.

As previously reported (do Amaral et al., 2009; Tao
et al., 2011), cooling heat-stressed cows increases DMI
during the dry period. Additionally, CL cows tended
to consume more DM relative to HT cows during the
postpartum period. This increased nutrient intake may
reflect the higher milk production of CL cows com-
pared with HT cows. do Amaral et al. (2009, 2011)
reported that cooling heat-stressed dry cows did not
affect the DMI during the first 6 wk of the postpartum
period; however, in those experiments, the pronounced
milk production difference only appeared after 7 wk of
lactation. In the present study, CL cows produced more
milk compared with HT cows from the beginning of
the lactation. The higher BW gain during the dry pe-
riod for CL cows relative to HT cows is consistent with
other reports (do Amaral et al., 2009; Tao et al., 2011)
and may reflect the higher DMI. The fact that CL cows
lost more BW and body condition in the postpartum
period compared with HT cows suggests that CL cows
have more body fat to mobilize in early lactation rela-
tive to HT cows.

Similar to results from earlier studies (Collier et al.,
1982b; Urdaz et al., 2006; do Amaral et al., 2009), the

glucose, NEFA, and insulin concentrations during late
gestation were not affected by treatments. Under the
same level of nutrition, heat-stressed midlactation cows
have compromised adipose tissue mobilization (Baum-
gard et al., 2011) and lower circulating NEFA (Whee-
lock et al., 2010) compared with those under thermo-
neutral conditions, even though both groups of cows
have a similar negative energy balance. In the current
study, the similar body condition change and NEFA
concentration between HT and CL cows during the
dry period indicate that the decreased fat mobilization
of heat-stressed cows in midlactation did not occur in
late gestation. The discrepancy between heat-stressed
midlactation and dry cows is still not clear and likely
reflects differences of energy status at different points
in the production cycle. In midlactation, the heat-
stressed cows are in negative energy balance because of
a decrease in DMI (Wheelock et al., 2010). In contrast,
heat-stressed dry cows may remain in positive energy
balance because the energy cost of pregnancy is much
less than that of lactation (NRC, 2001). Indeed, in late
lactation, the heat-stressed cow stays in positive energy
balance (Kim et al., 2010) and has similar circulating
NEFA compared with cooled cows (Tarazén-Herrera et
al., 1999). Thus, the difference of the energy status of
midlactation versus dry cows may be responsible to the
variable NEFA responses to heat stress.

After parturition, CL cows had lower circulating
glucose compared with HT cows. Although CL cows
consumed more DM in early lactation, the higher milk
lactose output due to the higher milk production may
explain the decreased circulating glucose of CL cows
relative to HT cows. The increased circulating NEFA
in the CL cows relative to HT cows at parturition
and in early lactation indicates upregulated body fat
mobilization and is consistent with previous work (do
Amaral et al., 2009). At the onset of lactation, adipose
tissue mobilization is an important adaptation of nu-
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Figure 4. Effect of cooling heat-stressed cows (n = 8/treatment)
during the dry period on plasma glucose response to the glucose toler-
ance test at —14, 7, and 28 d relative to calving. Solid squares (H)
and open circles (O) represent cooled cows and heat-stressed cows, re-
spectively. After calving, all cows were managed and housed under the
same conditions. At —14 d relative to calving, the effect of treatment
was P = 0.81, minute was P < 0.01, and treatment by minute interac-
tion was P = 0.50. At 7 d relative to calving, the effect of treatment
was P = 0.15, minute was P < 0.01, and treatment by minute interac-
tion was P = 0.05. At 28 d relative to calving, the effect of treatment
was P = 0.56, minute was P < 0.01, and treatment by minute interac-
tion was P = 0.44. **P < 0.01; *P < 0.05; 1P < 0.15.

trient partitioning to support milk synthesis (Bauman
and Currie, 1980; Vernon and Pond, 1997). Thus, the
increased body fat mobilization may reflect the higher
nutrient demand for milk production in CL cows. More-
over, the higher DMI during the dry period may be
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another reason for the extensive fat mobilization of CL
cows because the magnitude of the adipose tissue mobi-
lization in early lactation is related to the level of nutri-
ent intake in the dry period (Holtenius et al., 2003).
Physiologically, the lower circulating insulin of CL cows
relative to HT cows in early lactation is consistent with
higher NEFA because insulin is an antilipolytic factor
and enhances lipogenesis (Bell, 1995; Hayirli, 2006).

In midlactation, heat-stressed cows appear to have
a preference to use glucose as an oxidative substrate
and the increased insulin response shunts glucose into
other peripheral tissues at the expense of the mam-
mary gland (Wheelock et al., 2010; Baumgard et al.,
2011). Whether this altered glucose sparing mechanism
observed in midlactation cows under heat stress oc-
curs at all lactation stages is unknown. In the current
study, the glucose clearance rate of GTT was not af-
fected by treatments during the dry period. Glucose
disposal rate in the GTT is dependent on decreased
glucose production and increased utilization (Hayirli et
al., 2001). With similar insulin response to GTT, both
groups of cows may have similar decreases in hepatic
glucose output because insulin is a potent inhibitor of
hepatic gluconeogenesis and glycogenolysis (Hayirli,
2006). Therefore, both groups of cows likely have simi-
lar glucose utilization following the GTT during the
dry period. Additionally, similar glucose responses to
IC between treatments during the dry period indicate
similar glucose utilization at peripheral tissues for HT
and CL cows, which is in contrast to the increased
glucose utilization in the heat-stressed midlactation
cows. The differences in insulin action on the peripheral
tissues and glucose metabolism between heat-stressed
cows in midlactation and the dry period may result
from variable glucose balance in different lactation
stages. The glucose demand for milk lactose synthesis
in lactation is much higher compared with the gravid
uterus glucose requirement for the fetal growth in late
gestation (Bell, 1995; Drackley et al., 2001). Thus, the
heat-stressed midlactation cows may be under negative
glucose balance due to the decrease in DMI relative to
thermoneutral cows. On the other hand, even though
DMI decreases during heat stress in dry cows, they
likely remain in positive glucose balance because of the
lesser glucose demand by the gravid uterus compared
with lactose synthesis. The increased insulin action on
peripheral tissues observed in the heat-stressed mid-
lactation cows may not, therefore, be activated in dry
COWS.

Insulin resistance at peripheral tissues is one of the
homeorhetic mechanisms active in early lactation to
spare glucose from adipose and muscle tissues to the
mammary gland to satisfy the enormous glucose de-
mand for milk synthesis (Bell, 1995; Bell and Bauman,



EFFECT OF COOLING HEAT-STRESSED DAIRY COWS ON INSULIN RESPONSE

5043

Table 5. Insulin, glucose, and NEFA responses to insulin challenges of cows exposed to heat stress (HT, n = 8) or cooling (CL, n = 8) during

the dry period

~14 ¢ 7d 28 d P-value
Item HT CL HT CL HT CL SEM TRT® Day TRT x day
Insulin AUC,? ng x min/mL
30 min 141 151 119 124 121 125 7 0.47 <0.01 0.86
60 min 160 175 149 149 144 149 10 0.54 0.02 0.65
120 min 130 152 149 154 136 145 14 0.29 0.72 0.68
Glucose AUC, mg x min/dL
30 min —455 —496 —474 -390 —444 —460 38 0.82 0.51 0.26
60 min —1,348  —1,440 —1,313 —1,075 -1,178  —1,180 79 0.52 0.02 0.09
120 min —2,357  —2415 —2,297 —2,097 —-1,775  —1,991 146 0.84 0.01 0.30
NEFA AUC, pEq x min/dL
30 min —576 —528 —2,670 —4,655 —-1,285 —2,973 435 0.01  <0.01 0.02
60 min —835 284 —6,194  —12,247 390 —4,289 1,494 0.01  <0.01 0.06
120 min 8,476 9,850 —2,834  —19,417 8,534 1,203 4,312 0.05 0.01 0.22

"Days relative to calving.
*TRT = treatment.
3AUC = area under the curve.

1997). In the present experiment, the similar insulin
response to the GT'T, coupled with the slower glucose
clearance during the GTT of CL cows compared with
HT cows probably indicates that the CL cows had de-
creased glucose utilization compared with HT cows at 7
d relative to calving. Major routes for glucose flow after
GTT in early lactation cows include peripheral tissues
and the mammary gland. Whether or not mammary
blood flow or glucose transporter distribution in the
mammary gland in early lactation are altered by late
gestation heat stress is unknown; however, the higher
lactose production suggests that the mammary glands
of CL cows have higher ability to sequester glucose
compared with HT cows. Alternatively, CL cows may
have decreased glucose utilization in peripheral tissues
compared with HT cows in early lactation. The reduced
glucose response to IC at 7 d relative to calving is also
consistent with lower insulin sensitivity of peripheral
tissues of CL cows relative to HT cows. The weaker
insulin effects on the peripheral tissues in CL cows
compared with HT cows may reflect the higher glucose
demand for the milk lactose synthesis in CL cows. Even
though CL cows consumed more feed compared with
HT cows in the postpartum period, the differences of
DMI did not appear until 14 d after calving. In the
first week of lactation, with similar nutrient intake,
the reduced insulin effect on peripheral tissues of CL
cows may be an important homeorhetic adaptation to
further spare glucose for mammary lactose synthesis
compared with HT cows. However, after 14 d relative
to calving, the greater DMI of CL cows provides more
dietary glucose substrate for hepatic gluconeogenesis
relative to that of HT cows. The similar insulin re-
sponses at peripheral tissues between treatments at 28
d relative to calving suggest that the insulin resistance

of CL cows was overcome by increased DMI relative to
HT cows as lactation advanced.

The observation that CL cows had a stronger NEFA
response to IC compared with HT cows in early lacta-
tion indicates that CL cows have higher adipose tissue
responsiveness to insulin relative to HT cows, at least
with regard to lipolytic processes. This result is sur-
prising, considering the fact that CL cows had higher
basal circulating NEFA and reduced effects of insulin
on peripheral tissues in terms of glucose metabolism
compared with HT cows in early lactation. The insulin
response during a GT'T results from insulin release and
turnover and the insulin clearance during an IC reflects
the insulin degradation rate. In the present study, cool-
ing heat-stressed cows during the dry period did not
affect the insulin response to the GTT or clearance
to IC during either the dry period or early lactation.
These findings suggest that both groups of cows had
similar pancreatic sensitivity to glucose and insulin
degradation during the transition period. This may
also indicate that the variable tissue responsiveness to
insulin of HT and CL cows in early lactation is due to
an alteration at the postreceptor level (Kahn, 1978).

The altered insulin response at peripheral tissues in
HT compared with CL cows in early lactation likely
results from differences in homeorhetic adaptation to
the different milk synthetic capacity between HT and
CL cows. As a result of higher mammary gland devel-
opment during the dry period (Tao et al., 2011), the
CL cows produce more milk and require higher total
nutrients for milk synthesis relative to HT cows in the
subsequent lactation. Based on DMI, the cows had
similar nutrient intake in early lactation, but it is clear
that more nutrients partition to the mammary gland
in CL cows relative to HT cows. In the present study,
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Figure 5. Effect of cooling heat-stressed cows (n = 8/treatment)
during the dry period on plasma glucose responses to insulin challenge
at —14, 7, and 28 d relative to calving. Solid squares (H) and open
circles (O) represent cooled cows and heat-stressed cows, respectively.
After calving, all cows were managed and housed under the same con-
ditions. At —14 d relative to calving, the effect of treatment was P =
0.41, minute was P < 0.01, and treatment by minute interaction was
P = 0.46. At 7 d relative to calving, the effect of treatment was P =
0.01, minute was P < 0.01, and treatment by minute interaction was
P = 0.01. At 28 d relative to calving, the effect of treatment was P =
0.36, minute was P < 0.01, and treatment by minute interaction was
P =0.54. **P < 0.01; *P < 0.05; 1P < 0.15.
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Figure 6. Effect of cooling heat-stressed cows (n = 8/treatment)
during the dry period on plasma NEFA response to insulin challenge
at —14, 7, and 28 d relative to calving. Solid squares (W) and open
circles (O) represent cooled cows and heat-stressed cows, respectively.
After calving, all cows were managed and housed under the same con-
ditions. Delta NEFA was calculated by subtracting data from samples
collected at 0 to 120 min relative to insulin infusion by the average of
data from samples taken at —15, —5 and 0 relative to insulin infusion.
At —14 d relative to calving, the effect of treatment was P = 0.96,
minute was P < 0.01, and treatment by minute interaction was P =
0.95. At 7 d relative to calving, the effect of treatment was P = 0.11,
minute was P < 0.01, and treatment by minute interaction was P <
0.01. At 28 d relative to calving, the effect of treatment was P = 0.09,
minute was P < 0.01, and treatment by minute interaction was P =
0.36. **P < 0.01; *P < 0.05.
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at least part of the enhanced homeorhetic regulation
in CL cows was mediated by lower basal circulating
insulin and decreased insulin responses at peripheral
tissues. This allows the greater mammary capacity for
milk synthesis (Tao et al., 2011) to be realized and CL
cows to produce more milk.

The physiological reason for the altered metabolic
adaptations and insulin effects on peripheral tissues
between treatments in early lactation is unknown, but
may partly be due to the effects of growth hormone
(GH). In the current study, the higher circulating
NEFA in early lactation likely indicates that the CL
cows have higher homeorhetic control by GH compared
with HT cows because GH is correlated with FA mobi-
lization and circulating NEFA (Etherton and Bauman,
1998). The observation of do Amaral et al. (2009) of
increased hepatic suppressors of cytokine signaling 3
gene expression 2 d after calving in prepartum cooled
cows compared with noncooled cows provides addi-
tional evidence that the CL cows have increased GH
in early lactation compared with HT cows because
somatotropin administration during lactation dra-
matically increases the hepatic suppressors of cytokine
signaling 3 mRNA abundance (Rhoads et al., 2010).
Growth hormone increases FA mobilization by increas-
ing catecholamine-stimulated lipolysis and decreasing
insulin-mediated lipogenesis in adipose tissue (Sechen
et al., 1990; Etherton and Bauman, 1998). Thus, an
increase in GH coupled with a decrease in circulating
insulin in early lactation provides a physiological expla-
nation for the greater FA mobilization of CL cows com-
pared with HT cows. In addition to an inhibitory effect
on insulin-stimulated lipogenesis in adipose tissue, GH
enhances the anti-lipolytic effect of insulin (Sechen et
al., 1990; Etherton and Bauman, 1998), which may
explain the stronger NEFA response to IC of CL cows
compared with HT cows in early lactation. Growth
hormone alters nutrient partitioning by increasing
insulin resistance and decreasing whole-body glucose
oxidation (Etherton and Bauman, 1998), which leads
to a slower glucose clearance rate during the GTT and
weaker glucose response to IC of CL cows compared
with HT cows. Thus, an increase of GH in CL cows
relative to HT cows in early lactation may explain the
observed effects in the present experiment. Other endo-
crine regulators, such as prolactin and glucocorticoids
(Bauman, 2000) are affected by heat stress in cattle
(Collier et al., 1982a; Wise et al., 1988) and may also be
involved in the enhanced homeorhetic regulation in CL
cows compared with HT cows and, therefore, cannot be
excluded. Indeed, cooling heat-stressed cows during the
dry period decreases the circulating prolactin during
the prepartum period (do Amaral et al., 2009, 2011;
Tao et al., 2011) and increases hepatic prolactin recep-
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tor gene expression during the dry period and early
lactation (do Amaral et al., 2011). Therefore, increased
hepatic prolactin signaling in CL cows relative to HT
cows during the transition period is suggested to be
involved in the enhanced hepatic lipid metabolism to
cope with extensive adipose mobilization in early lacta-
tion (do Amaral et al., 2009, 2011).

CONCLUSIONS

Cooling heat-stressed cows during the dry period
increased milk production in the subsequent lacta-
tion. No differences were observed in blood insulin
and metabolite concentrations or effects of insulin on
peripheral tissues during late gestation when cows ex-
perienced heat stress. But, compared with HT cows,
CL cows had higher adipose tissue mobilization, lower
basal glucose and insulin concentrations, and reduced
insulin responses at peripheral tissues in the first week
of lactation. These metabolic adaptations are consis-
tent with the greater milk yield observed in CL cows,
and follow the observation of HT cows having reduced
mammary capacity for milk synthesis. Therefore, heat
stress abatement during the dry period did not affect
the metabolism in late gestation but the increased milk
yield of CL cows is consistent with known homeorhetic
responses in early lactation.
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