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ABSTRACT

Ten rumen-cannulated Holstein-Friesian cows were
used to examine the effect of feeding supplemental
concentrate during the dry period on rumen papil-
lae morphology and fractional absorption rate (k,) of
volatile fatty acids (VFA) during the dry period and
subsequent lactation. Treatment consisted of supple-
mental concentrate [3.0 kg of dry matter (DM)/d] from
28 d antepartum (ap) until the day of calving, whereas
control did not receive supplemental concentrate. Cows
were fed for ad libitum intake and had free access to
the dry period ration (27% grass silage, 28% corn si-
lage, 35% wheat straw, and 11% soybean meal on a DM
basis) and, from calving onward, to a basal lactation
ration (42% grass silage, 42% corn silage, and 16% soy-
bean meal on a DM basis). From 1 to 3 d postpartum
(pp), all cows were fed 0.9 kg DM/d of concentrate,
which increased linearly thereafter to 8.9 kg of DM/d
on d 11 pp. At 28, 18, and 8 d ap, and 3, 17, 31, and
45 d pp, rumen papillae were collected and k,VFA was
measured in all cows. On average, 13.8 (standard devia-
tion: 3.8) papillae were collected each from the ventral,
caudodorsal, and caudoventral rumen sacs per cow per
day. The k,VFA was measured by incubating a stan-
dardized buffer fluid (45 L), containing 120 mM VFA
(60% acetic, 25% propionic, and 15% butyric acid) and
Co-EDTA as fluid passage marker, in the evacuated
and washed rumen. Treatment did not affect ap or pp
DM and energy intakes or milk yield and composition.
Treatment increased papillae surface area, which was
19 and 29% larger at 18 and 8 d ap compared with 28
d ap, respectively. Surface area increased, mainly due
to an increase in papillae width. However, treatment
did not increase k,VFA at 18 and 8 d ap compared
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with 28 d ap. In the control group, no changes in papil-
lae surface area or k,VFA were observed during the
dry period. In the treatment group, papillae surface
area decreased between 8 d ap and 3 d pp, whereas
no decrease was observed for control. From 3 to 45 d
pp, papillae surface area and k,VFA increased for all
cows by approximately 50%, but the ap concentrate
treatment did not affect k,VFA pp. In conclusion, the
efficacy of supplemental concentrate during the dry
period to increase papillae surface area and k,VFA in
preparation for subsequent lactation is not supported
by the present study. Current observations underline
the importance of functional measurements in lieu of
morphological measurements to assess changes in the
adapting rumen wall.
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rumen papillae, rumen epithelium, volatile fatty acid
absorption

INTRODUCTION

After calving, fermentable organic matter (FOM) in-
take of cows increases rapidly, resulting in a more than
2-fold increase in the production of VFA at maximal
feed intake postpartum (Bergman, 1990). To maintain
ruminal conditions favorable for fermentation, buffering
and clearance of the produced VFA is essential (Penner
et al., 2009; Aschenbach et al., 2011; Dijkstra et al.,
2012). Clearance of VFA from the rumen is the result
of either passage or absorption across the rumen epi-
thelium (Gébel et al., 2002; Aschenbach et al., 2011).
Earlier work has shown that the rate of absorption of
VFA depends on the pH of the rumen fluid, on the
concentration and type of VFA (Thorlacius and Lodge,
1973; Dijkstra et al., 1993), and on the surface area of
the rumen papillae (Dirksen et al., 1984; Melo et al.,
2013).

Increased FOM intake results in an increase in VFA
production and thereby in a proliferation of the ru-
men papillae and epithelium, through a direct effect on
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cell mitosis and apoptosis (Mentschel et al., 2001) and
through growth factors of, for example, the IGF axis
(Steele et al., 2015). Although growth can be rapid,
the process of proliferation may take several weeks to
complete (Dirksen et al., 1985; Bannink et al., 2012;
Dieho et al., 2016a). It can be hypothesized that a mis-
match between the rate of increase in VFA production
and development of the papillae is a factor underlying
problems with maintaining optimal rumen conditions
for fermentation during early lactation (Dirksen et
al., 1985; Krause and Oetzel, 2006; Aschenbach et al.,
2011). Stimulation of the surface area of rumen papillae
during the dry period may be an effective strategy to
prevent high VFA concentrations and concomitant low
pH rumen during early lactation (Liebich et al., 1987).
However, an increase in papilla surface area does not
necessarily result in a concomitant increase in fractional
rate of VFA absorption (Dieho et al., 2016b). This find-
ing casts doubt on the efficacy of increasing papillae
surface area on VFA absorption capacity in the late dry
period. In addition, to date, the efficacy of increasing
papilla surface area during the late dry period on VFA
absorption capacity during early lactation has not been
supported by in vivo measurements.

The aim of the present experiment was therefore to
examine the effect of feeding supplemental concentrate
during the last 4 wk of the dry period on rumen papil-
lae morphology and fractional absorption rate of VFA
(k,VFA) during the dry period and early lactation.
Feeding supplemental concentrate during the dry pe-
riod was expected to increase papillae surface area and
k,VFA in that period and to positively affect surface
area and k,VFA in the early weeks of subsequent lacta-
tion.

MATERIALS AND METHODS

The experimental procedures were approved by the
Animal Care and Ethics Committee of Wageningen
University & Research (Wageningen, the Netherlands)
and conducted under the Dutch Law on Animal Ex-
periments.

Animals, Experimental Design, and Management

Nine weeks before the expected calving date, 10 ru-
men-cannulated (10 cm i.d., Bar Diamond Inc., Parma,
ID; cannulated during the first lactation) Holstein-
Friesian dairy cows [second (n = 8) and fourth (n =
2) lactation] entered the randomized block design with
repeated measurements experiment. Cows were paired
based on parity, expected calving date, and milk yield
of the previous lactation. Within pairs, cows were ran-
domly assigned to either a control (CON, n = 5) or a
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supplemental concentrate treatment group (SUP, n =
5). Samples were collected 28, 18, and 8 d antepartum
(ap), and at 3, 17, 31, and 45 d postpartum (pp). Dry
and lactating animals were housed in separate groups
in a freestall barn with a slatted concrete floor. Stalls
were fitted with rubber mattresses covered with saw-
dust. On sampling days, before morning feeding, cows
were moved to a tiestall at ~0830 h for the experimen-
tal procedures. Cows were milked at 0530 and 1530
h. Milk production was recorded at each milking and,
each week, samples from 4 consecutive milkings (same
days every week) were analyzed for fat and protein con-
tents (ISO, 1999; Qlip NV, Zutphen, the Netherlands).
During the dry period, cows were weighed at weekly
intervals, and during lactation, BW was automatically
recorded in the milking parlor.

Rations and Chemical Analyses

Throughout the dry period, all cows had free access
to the dry period ration (Table 1). From 28 d ap on-
ward, the cows allocated to SUP were fed 3 kg DM/d
of supplemental concentrate. From the day of calving
onward, all cows had free access to the lactation ration
(Table 1), and daily concentrate allowances were identi-
cal for both treatment groups. All cows were fed for ad
libitum intake (minimum 10% refusals). From calving
to 3 d pp, cows received 0.9 kg DM/d of concentrate.
Thereafter, concentrate allowance increased at a rate
of 1.0 kg of DM/d to a maximum of 8.9 kg of DM/d
on 11 d pp. The maximum concentrate allowance was
maintained until the end of the experiment. Concen-
trate composition (Table 1) did not differ for the ap
and pp periods. Daily intake (kg/d) of the rations was
measured individually using computerized feed bins
with automatic weighing (Insentec, Marknesse, the
Netherlands). Maximum stocking density was 2 cows
per feed bin, with cows having access to all feed bins.
Feed was prepared daily and fed at 1000 h. All cows
had free access to water throughout the experiment.
The individual daily concentrate allowance was made
available in equal portions over six 4-h periods using
a concentrate dispenser (Manus VC5, DeLaval, Steen-
wijk, the Netherlands). During the visits, concentrate
was fed in a series of small portions and cows were
shielded from herdmates, effectively preventing other
cows stealing concentrate. Roughage and concentrate
samples were taken once a week, stored at —20°C pend-
ing analysis, and analyzed as described by Dieho et
al. (2016a). Additional weekly roughage samples were
used for determination of DM content by forced-air
oven drying. If necessary, the basal ration formulation
(on a product basis) was adjusted for changes in ration
ingredient DM content.
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Collection of Rumen Papillae and Measurements

During all sampling days, the rumen evacuation and
papillae collection and processing were performed as
described by Dieho et al. (2016a). Briefly, a rumen fluid
sample was taken from the ventral rumen sac between
0.5 and 3 h (average 1 h) after last access to feed to
determine pH and VFA concentration. Thereafter, ru-
men contents were completely evacuated and stored in
a covered, insulated tub. Then, the rumen was washed
twice with 10 L of tap water at 39°C. Subsequently,
papillae were collected from the ventral rumen sac
(VRS), the caudoventral blind rumen sac (VBS), and
caudodorsal blind rumen sac (DBS). An average of
13.8 (SD 3.8; minimum of 8) intact papillae per site per
cow per sampling day were collected. Collected papillae
were gently rinsed in 0.9% NaCl and stored in buffered
4% formaldehyde solution pending processing.

Macroscopic measurements on digital photographs of
the papillae (one-sided surface area, length, and width)
were made as described by Dieho et al. (2016a). Briefly,
all papillae (per site per cow per sampling day) were
photographed (Casio Exilim EX-Z70, Casio Computer
Co., Tokyo, Japan), including a ruler in each photo-
graph. The surface area of all papillae was measured us-
ing the “Analyze Particles” feature of ImageJ (version
1.44n, National Institutes of Health, Bethesda, MD).
Length (tip to base) and width (measured at the half-
way point of the tip-to-base length) of all papillae was
measured using ImageScope (version 11.2.0.780, Aperio
Technologies, Leica Biosystems, NuBloch, Germany).
Total papilla surface area was calculated as 2 x one-
sided surface area as measured.

Five papillae per site per cow per sampling day (in
line with Odongo et al., 2006; Steele et al., 2015; Dieho
et al., 2016a) were processed for histology (minimum
of 3 wk after collection and storage in buffered 4%
formaldehyde) and digitized, and measurements of pa-
pillae and epithelium thickness were made, as adapted
from Dieho et al. (2016a). Briefly, total thickness of the
papilla and thickness of the interstitium (both mea-
sured perpendicular to papilla length) were measured
at 250, 500, 750, 1,000, and 1,250 pm from the tip of
the papillae, and 5 times at approximately half of the
papilla length at 250-pm intervals over a total length of
1,000 pm, using ImageScope (version 11.2.0.780, Ape-
rio Technologies). Papillae and epithelium thicknesses
measured at the tip and halfway the papillae length
were averaged.

Measurement of Fractional Absorption Rate of VFA

The fractional absorption rate of VFA was measured
using a buffer incubation technique (BIT) in an empty
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Table 1. Basal ration composition, nutritional value and chemical
composition of rations and concentrate (g/kg of DM unless stated
otherwise)

Basal ration

Item Dry-period  Lactation — Concentrate'
Ingredients
Grass silage® 270 416
Corn silage® 278 424
Soybean meal 107 160
Wheat straw 345 0
Chemical composition
DM, g/kg of product 503 409 890
Crude ash 81 78 70
CP 109 151 162
Crude fat 21 32 23
Starch 111 165 201
Sugar 41 60 137
NDF 531 394 212
ADF 331 240 126
ADL 35 17 16
Calculated value®
NE,, MJ/kg of DM 5.3 6.6 75
IDP 56 87 103
RDPB 3 13 1
FOM 476 547 685

'Concentrate composition (ingredients, g/kg of DM): sugar beet pulp,
214; corn gluten, 211; barley, 175; citrus pulp, 160; wheat, 69; rape-
seed meal, 63; soybean meal, 56; molasses, 40; salt, 7; CaCO3, 3; and
mineral premix, 2.

*Chemical composition of grass silage (g/kg of DM): crude ash, 111;
CP, 102; crude fat, 36; sugar, 96; NDF, 525; ADF, 326; and ADL, 19.
Chemical composition of corn silage (g/kg of DM): crude ash, 50; CP,
68; crude fat, 31; starch, 382; NDF, 377; ADF, 217; and ADL, 20.
*Calculated values for grass and corn silage based on near-infrared
spectrometry (Blgg AgroXpertus, Wageningen, the Netherlands).
Calculated values for soybean meal and concentrate provided by
Agrifirm Feed (Apeldoorn, the Netherlands). Calculated values for
wheat straw obtained from CVB Feed Tables (CVB, 2011). NE;, val-
ues were calculated according to the Dutch NE-system (van Es, 1978).
IDP = intestinal digestible protein; RDPB = RDP balance; FOM =
fermentable OM; all calculated according to the Dutch DVE/OEB-
system (Tamminga et al., 1994).

washed rumen. The BIT procedure, buffer fluid com-
position, sample processing, and analysis was described
in detail in Dieho et al. (2016b). Briefly, 50.0 L of stan-
dardized buffer fluid at 39°C and pH 5.9, containing
120 mM VFA [60% acetic (Ac), 25% propionic (Pr),
and 15% butyric (Bu) acid] and 0.17 mM Co-EDTA as
fluid passage marker (Udén et al., 1980), was prepared
immediately before use. After the rumen evacuation
and collection of rumen papillae as described above, 5.0
L of buffer fluid was used to wash the rumen wall. All
fluid was subsequently removed from the rumen using a
vacuum system, followed by introduction of the remain-
ing 45.0 L of buffer fluid. After 60 min, the remain-
ing fluid was completely recovered using the vacuum
system and weighed. Thereafter, rumen contents were
returned to the respective cow. For determination of pH
and VFA concentrations, buffer fluid was sampled im-
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mediately before introduction into the rumen and after
60 min of incubation in the rumen. Concentration of
VFA in rumen and buffer fluid was determined by GC
using hydrogen as carrier gas, and the concentration
of Co in the buffer fluid was determined by atomic-
absorption spectrophotometry (Dieho et al., 2016b).
The fractional absorption rate (k,, /h) of Ac (k,Ac),
Pr (k,Pr), and Bu (k,Bu), and the fractional fluid
passage rate (k;, /h) were calculated as described by
Dijkstra et al. (1993).

Blood Sampling and Analysis

Before starting the evacuation of the rumen contents,
blood samples were collected from the tail vein using
a vacuum sample tube (Vacuette, Greiner BioOne,
Kremsmiinster, Austria) containing either NaF for glu-
cose, or heparin for nonesterified fatty acids (NEFA)
and BHB. Immediately after collection, samples were
stored on ice for a maximum of 3 h before centrifug-
ing (10 min at 3,000 x g). Blood plasma aliquots were
stored at —20°C pending analysis of glucose, NEFA,
and BHB concentration by the Veterinary Diagnostic
Laboratory (Utrecht University, the Netherlands) as
described by van Knegsel et al. (2007).

Statistical Analysis

All variables were assumed related to sampling day
and treatment. For each sampling day, the reported
DMI and nutrient intake are the averages of intakes
recorded during the 3 preceding days. All morphologi-
cal measurements were averaged per site per cow per
sampling day before statistical analysis. Data describ-
ing rumen papillae were analyzed using the MIXED
procedure (Littell et al., 2006) in SAS (version 9.3; SAS
Institute Inc., Cary, NC) with the model

Yim=p+ Ti+ Sy + D+ (T x D)y + DOy + eyu,

where variable Y;;; was dependent on p as the average
experimental value and fixed main effects of concen-
trate treatment T; (¢ = CON, SUP), sampling day D,
(I =-28, ..., 45), site S, (k = VRS, VBS, DBS), and
interaction (7" x D), Random effects of sampling day
within cows D(C); were included, avoiding pseudo-
replication due to multiple biopsy sites Sj. Errors e,
were assumed to be auto-correlated for repeated obser-
vations on the same cow and site, using a spatial power
covariance structure over sampling days (Littell et al.,
1998). All other data for which sampling site within the
rumen was not applicable were analyzed with a reduced
model by removing S), and D(C); and with repeated
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measurements on the same cow (Dieho et al., 2016b).
Where appropriate, D, was replaced by Week; Contrast
statements were constructed for testing the (1) effect
of dry period versus lactation; (2) treatment main ef-
fect, T; (averaged over sampling days); (3) sampling
day main effect, D, (averaged over treatments); and (4)
interaction between treatment and sampling day, (T
x D). Treatment effects on individual sampling days
were tested using the SLICE option when an interac-
tion (T x D); was observed. All morphological papillae
variables are reported as the least squares means of the
3 sampling sites for each treatment and sampling day
combination. All results are reported as least squares
means with standard errors unless indicated otherwise.
Significance of effect was declared at P < 0.05 and
trends at 0.05 < P < 0.10.

RESULTS

Nine out of 10 cows completed the experiment suc-
cessfully. One cow (SUP) calved earlier than expected
(stillbirth), and missed sampling at 8 d ap. This cow
was treated for retained fetal membranes, endometri-
tis, and subsequently for a displaced abomasum that
required surgery. At this point, the cow was removed
from the experiment to aid recovery. All data relat-
ing to this cow were excluded from the analysis. Four
other cows received veterinary treatment. One cow was
treated for coliform mastitis (CON), 2 for (chronic) en-
dometritis (both CON), and 1 for ketosis (SUP). These
animals reacted favorably to treatment and completed
the experiment as planned. Average (SD) actual sam-
pling days were 29.1 (1.8), 18.9 (2.0), and 8.6 (1.9) d
ap, and 3.2 (0.4), 17.7 (1.0), 31.3 (0.5), and 45.6 (1.3) d
pp- No difference in actual sampling days was detected
between CON and SUP (P = 0.85).

Feed Intake, Production, BW, and Blood Metabolites

The daily allowances of the supplemental concentrate
were completely consumed during the dry period. Total
DMI (Table 2; Figure 1A) increased from, on average,
12.2 kg/d during the dry period to 22.3 kg/d at 45 d pp
(P < 0.01). No interaction between treatment and sam-
pling day (P = 0.58) was observed for DMI, and it was
similar for CON and SUP throughout the experimental
period (P = 0.56). Basal ration DMI was numerically
lower from 18 d ap to 3 d pp in SUP (9.2 kg/d) than
in CON (11.8 kg/d), but neither an effect of treatment
(P = 0.14) nor an interaction between treatment and
sampling day (P = 0.78) was observed. Despite the
greater contents of FOM, starch, sugar, and NE;, and
lesser content of NDF in the concentrate versus the
basal dry period ration, only the intake of sugar was
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Table 2. Least squares means of feed intake' (kg/d unless otherwise noted) for the control (no concentrate during the dry period; CON, n = 5)
and supplemental concentrate treatment (3.0 kg of DM/d concentrate during the dry period; SUP, n = 47)

Sampling day relative to calving

Fixed effects’

Dry period Lactation
Item —28 -18 -8 3 17 31 45 SE? T D TxD
Total DMI
CON 13.1 11.0 12.4 12.9 17.7 20.8 23.0 0.87 0.56 <0.01 0.58
SUP 12.5 12.3 12.2 10.2 174 20.5 21.5
Basal ration DMI
CON 13.1 11.0 12.4 12.1 8.8 11.8 14.0 0.86 0.14 <0.01 0.78
SUP 12.5 9.3 9.2 9.2 8.5 11.5 12.5
Fermentable OM intake
CON 6.2 5.2 5.9 7.0 10.9 12.6 13.8 0.46 0.82 <0.01 0.30
SUP 5.9 6.5 6.4 5.8 10.8 12.5 13.0
NDF intake
CON 7.0 5.9 6.6 5.1 5.4 6.6 74 0.40 0.27 <0.01 0.80
SUP 6.6 5.6 5.5 3.8 5.3 6.5 6.9
Starch intake
CON 1.4 1.2 1.4 2.0 3.2 3.8 4.1 0.13 0.98 <0.01 0.30
SUP 1.4 1.6 1.7 1.7 3.2 3.7 3.9
Sugar intake oAk Hk
CON 0.5 0.4 0.5 0.8 1.7 1.9 2.1 0.05 0.30 <0.01 <0.01
SUP 0.5 0.8 0.8 0.7 1.7 1.9 2.0
NE;, intake, MJ/d
CON 68.9 57.4 64.8 82.9 124.0 144.2 158.8 5.4 0.78 <0.01 0.37
SUP 65.9 70.9 71.0 68.0 122.3 142.3 149.1

'Reported mean is calculated over the 3 d preceding the sampling day.
*Group SUP: n = 4 (1 cow was removed from the experiment).
3SE for LSM by sampling day; n = 9.

T = treatment; D = sampling day; T x D = interaction between treatment and sampling day.
P < 0.01, ¥*P < 0.001, significance of difference in LSM of CON and SUP for the same sampling day and variable.

affected. For sugar intake, we observed an interaction
between treatment and sampling day (P < 0.01), with
approximately double intake for SUP (0.8 kg/d) com-
pared with CON (0.5 kg/d) at 18 and 8 d ap. During
lactation, daily intake of NE, increased from 66.5 MJ/d
during the dry period to 154.0 MJ/d at 45 d pp (P <
0.01). Total DMI and intakes of FOM, starch, sugar,
and NE; were greater during lactation compared with
the dry period (P < 0.01), whereas intakes of basal
ration and NDF were similar during the dry period and
lactation (P > 0.37).

The intake of supplemental concentrate during the
dry period had no effect on subsequent milk yield or
milk composition. Daily milk production (Figure 1A)
increased from wk 1 to 7 from an average of 29.3 to 47.4
+ 1.86 kg/d (P < 0.01), but we observed neither a car-
ryover effect of treatment (P = 0.59) nor an interaction
between treatment and week (P = 0.98). The milk fat
and protein contents (Figure 1B) were not affected by
treatment (P > 0.27) and we did not detect an interac-
tion between treatment and week (P > 0.21). Daily
milk yield expressed as fat- and protein-corrected milk
did not show differences between CON and SUP (data
not shown).

Body weight (Figure 2) was not affected by treat-
ment (P = 0.67), and no interaction between treatment
and week was observed (P = 0.97). Body weight did
not change during the dry period (P = 0.15), averaging
816 + 25.6 kg. After calving, BW decreased from 737
£ 25.6 kg during wk 1 pp to 698 + 25.6 kg during wk
7 pp (P < 0.01).

Blood glucose (Table 3) was not affected by treat-
ment or sampling day, and we found no interaction
between treatment and sampling day (P > 0.32). Blood
glucose was higher during the dry period compared
with lactation (P < 0.01). In contrast, NEFA and BHB
concentrations were higher during the lactation com-
pared with the dry period (P < 0.01). Mean NEFA and
BHB concentrations increased (P < 0.01) from 0.30
and 0.53 mM during the dry period to peak values of
1.43 and 1.16 mM at 3 d pp, respectively. We detected
no interactions between treatment and sampling day
for either blood NEFA or BHB (P > 0.21).

Morphological Changes of the Rumen Papillae

Papillae surface area (Table 4) changed during the
experimental period (P < 0.01) and was greater during
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lactation than the dry period (P < 0.01). An interac-
tion between treatment and sampling day was observed
(P = 0.04). Papillae surface area increased by 10.1 mm?®
from 28 to 8 d ap (P < 0.01) for SUP but subsequently
decreased by 6.9 mm?* between 8 d ap and 3 d pp (P=
0.02). Papillae surface area for CON remained similar
during the dry period (P = 0.64) and did not change
from 8 d ap to 3 d pp (P = 0.37). During lactation,
from 3 to 45 pp, papillae surface area increased by 51
and 43% for CON and SUP (P < 0.01), respectively. An
interaction between treatment and sampling day was
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Figure 1. (A) Weekly average of DMI (CJM) and daily milk produc-
tion (O®@), and (B) weekly average of milk fat (AA) and milk protein
(¢ ®) content of 4 consecutive milking sessions for the control (no
concentrate during the dry period; open symbols, n = 5) and for the
dry period treatment with supplemental concentrate (3.0 kg of DM/d
concentrate during the dry period; solid symbols, n = 4), and the
subsequent lactation period. Values represent LSM + SE (values are
slightly offset for clarity).
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Figure 2. Weekly average of BW for the control (no concentrate
during the dry period; 00, n = 5) and for the dry period treatment
with supplemental concentrate (3.0 kg of DM/d concentrate during
the dry period; B, n = 4), and the subsequent lactation period. Values
represent LSM + SE (values are slightly offset for clarity).

observed (P = 0.03) for the change in papillae surface
area relative to 28 d ap. Papillae surface area increased
for SUP at 18 and 8 d ap, whereas a numerical decrease
was observed for CON on these sampling days. These
differences in papillae development between treatment
groups disappeared from 3 d pp onward. Changes in
papillae surface area during lactation were greater than
those during the dry period (P < 0.01). Changes in
papillae surface differed between sites (P = 0.01). The
greatest changes in surface area were observed for the
DBS, mainly during lactation. Surface area in the DBS
increased, on average, 10.6 mm?® from 3 to 45 d pp,
compared with 5.6 and 4.6 mm? for the VRS and VBS
(P < 0.02), respectively. Changes in papillae surface
area were similar in the VRS and VBS (P = 0.61).
Papillae length was affected by sampling day (P <
0.01) and was greater during lactation than during the
dry period (P < 0.01). It also tended to increase between
28 and 8 d ap in SUP (P = 0.05) but not in CON (P
= 0.35). After calving, papillae length increased (P <
0.01). The length of papillae differed (P = 0.02) for the
sites, with an average length of 9.6, 9.1, and 8.4 mm for
the VRS, VBS, and DBS, respectively. Papillae width
was affected by sampling day (P < 0.01), treatment (P
< 0.01), and the interaction between treatment and
sampling day (P < 0.01) and width was greater dur-
ing lactation than the dry period (P < 0.01). Papillae
width was greater in CON at 28 d ap than in SUP.
However, at 18 and 8 d ap and at 3 d pp, this difference
disappeared and returned from 17 d onward. Compared
with 28 d ap, papillae width had increased by 24%
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in SUP by 8 d ap, whereas no changes in width were
observed in CON.

Papillae were generally thicker for CON than for
SUP (P = 0.01), and thickness was affected by sam-
pling day (P < 0.01), showing a temporary peak at 17
d pp. An interaction between treatment and day was
observed (P = 0.04) and papillae were thinner at 18
and 8 d ap and 3 d pp in SUP compared with CON. In
contrast to thickness of the complete papillae, thickness
of the epithelial layer was not affected by sampling day
(P = 0.15) and we observed no interaction between
treatment and sampling day (P = 0.19). Thickness of
the epithelium was greater, on average, for CON than
for SUP (P = 0.02). Papillae thickness and epithelium
thickness were similar during the dry period and lacta-
tion (P > 0.49)

Rumen Fluid Composition and Fractional
VFA Absorption Rate

An interaction between treatment and sampling day
(P < 0.03) was observed for total VFA concentration
in, and pH of, the rumen fluid (Figure 3A). At 18 d
ap, total VFA concentration was 33 mM higher (P <
0.01) for SUP (120 £ 5.5 mM) compared with CON (87
+ 5.5 mM). For SUP, total VFA concentration subse-
quently decreased (P = 0.02) to a nadir (91 £+ 5.5 mM)
at 3 d pp, whereas for CON it tended to increase during
this period (P = 0.08). When cows were lactating, total
VFA concentration tended to be higher compared with
that during the dry period (P = 0.05). Changes in ru-
men fluid pH were the inverse of the VFA concentration
changes during the dry period and lactation, and pH
was lower during the lactation compared with the dry
period (P < 0.01). An interaction between treatment

and sampling day was observed (P < 0.01), and pH was
lower for SUP at 18 d ap (6.43 £+ 0.09), and higher at
3 (6.72 + 0.09) and 17 d pp (6.43 £+ 0.09) (P < 0.03)
compared with CON (6.83, 6.13, and 5.95 4+ 0.09 for 18
d ap, 3 and 17 d pp, respectively).

Molar proportions (mol/100 mol) of Ac, Pr, and Bu
(Figure 3B) were affected by sampling day (P < 0.01).
Generally, the proportion of Ac decreased (P < 0.01)
after calving, from 72 + 0.8 mol /100 mol during the dry
period to 65 + 0.8 mol/100 mol during lactation. Molar
proportions of Pr and Bu increased accordingly (P <
0.01) from 17 + 0.9 and 11 £ 0.5 mol/100 mol during
the dry period to 23 £+ 0.9 and 12 + 0.5 mol/100 mol
during lactation, respectively. An interaction between
treatment and sampling day was observed for the molar
proportion of Ac (P = 0.01), which tended to be lower
at 8 d ap and higher at 3 d pp (P = 0.06) for SUP com-
pared with CON. At 17 and 31 d pp, molar proportion
of Ac was higher in SUP compared with CON (P <
0.03). No interaction between treatment and sampling
day was observed for the molar proportions of Pr (P =
0.45) and Bu (P = 0.16).

The k,Ac, k,Pr, k,Bu, and k (Table 5) were affected
by sampling day (P < 0.03). The fractional rates of
absorption remained similar throughout the dry period
(P > 0.45) but increased between 3 and 45 d pp by
31% for k,Bu, 49% for k,Pr, and 50% for k,Ac (P <
0.01). Neither an effect of treatment (P > 0.30) nor an
interaction between treatment and sampling day was
observed (P > 0.73) for k,Ac, k,Pr, or k,Bu. The k,Ac
and k,Pr were greater (P < 0.01), and the k,Bu tended
to be greater (P = 0.09) during the lactation than the
dry period.

The k was lower (P < 0.01) during the dry period
(0.15/h) compared with lactation (0.20/h). A tendency

Table 3. Least squares means of blood glucose, nonesterified fatty acids (NEFA), and BHB concentrations for the control (no concentrate
during the dry period; CON, n = 5) and supplemental concentrate treatment (3.0 kg of DM/d concentrate during the dry period; SUP, n = 4')

Sampling day relative to calving

Fixed effects®

Dry period Lactation
Ttem —28 —18 -8 3 17 31 45 SE? T D TxD
Glucose, mM
CON 3.58 3.52 3.52 3.42 3.22 3.20 3.32 0.157 0.95 0.32 0.98
SUP 3.78 3.63 3.58 3.18 3.13 3.23 3.35
NEFA, mM
CON 0.21 0.39 0.41 1.20 0.85 0.64 0.50 0.108 0.57 <0.01 0.21
SUP 0.28 0.22 0.30 1.66 0.79 0.82 0.58
BHB, mM
CON 0.49 0.53 0.52 1.13 0.89 0.68 0.50 0.125 0.54 <0.01 0.98
SUP 0.58 0.51 0.54 1.16 0.95 0.74 0.80

'Group SUP: n = 4 (1 cow was removed from the experiment).
SE for LSM by sampling day; n = 9.

3T = treatment; D = sampling day; T x D = interaction between treatment and sampling day.
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for an interaction between treatment and sampling day
was observed (P = 0.06). The k was greater for CON
on 31 and 45 d pp compared with SUP. The pH of the
buffer fluid at the end of the incubation period was
affected by sampling day (P < 0.01), with the lowest
values occurring around calving. Buffer fluid end pH
was also higher when cows were in lactation compared
with the dry period (P < 0.01), and was generally
higher for SUP compared with CON (P = 0.02), most
notably at 8 d ap.

DISCUSSION

The present study provides an overview of the mor-
phological changes of the rumen papillae and changes
in ruminal k,VFA in periparturient dairy cows with
or without supplemental concentrate during the dry
period. In line with our hypothesis, dry period concen-
trate supplementation increased papillae surface area
and width. However, by 3 d pp, these differences had
disappeared. Contrary to our expectation, concentrate
supplementation during the dry period did not affect
k,VFA during the dry period or during early lactation.

Feed Intake, Production, BW, and Blood Metabolites

Unexpectedly, the feeding of supplemental concen-
trate did not increase DMI during the dry period. In-
clusion of supplemental concentrate increased the NFC
content and lowered the NDF content per kilogram
of total diet DM consumed. Generally, a higher NFC
(Holcomb et al., 2001; Rabelo et al., 2003; Overton and
Waldron, 2004) and lower NDF (Hayirli et al., 2002)
content increases dry period feed intake. In addition,
concentrate is not expected to replace a roughage-
based ration on a kilogram per kilogram DM basis
(NRC, 2001; CVB, 2011). However, a near-complete
substitution did occur in SUP during the dry period.
Possible explanations might be found in the daily en-
ergy intake and composition of the rations in relation
to energy requirements. Energy requirement during the
last month of gestation approximates 60 (CVB, 2011)
to 66 MJ of NE;/d (NRC, 2001) for a dairy cow (740
kg of BW). Energy intake (71 MJ of NE; /d, average of
18 and 8 d ap) by SUP thus exceeded requirements by
5 to 11 MJ of NE;/d during the last 4 wk of the dry
period, whereas energy intake was close to requirement
for CON (61 MJ of NE;/d, average of 18 and 8 d ap).
The excess energy intake of SUP and glycogenic char-
acter of the concentrate might have increased blood
leptin and insulin levels, which are known to depress
feed intake (Ingvartsen and Andersen, 2000; Ingvartsen
and Boisclair, 2001; Chilliard et al., 2005). Greater pal-
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atability of the concentrate (no refusals of concentrate
were observed) might suggest that intake of the dry
period ration was relatively decreased. Doepel et al.
(2002) likewise did not find an increased DMI with ra-
tions with increased nutrient density in the dry period.
Intake of DM during the dry period was comparable to
that reported by Holcomb et al. (2001), Doepel et al.
(2002), and Rabelo et al. (2003). The characteristic pe-
riparturient reduction in feed intake was not yet appar-
ent at 8 d ap. However, inspection of daily feed intake
records from 8 d ap to 3 d pp showed this decrease for
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Figure 3. (A) Total VFA concentration (OM) and pH (O®), and
(B) molar proportion of acetic (COM), propionic (O®), and butyric
acid (¢ ) of total VFA in rumen fluid for the control (no concentrate
during the dry period; open symbols, n = 5) and for the dry period
treatment with supplemental concentrate (3.0 kg of DM /d concentrate
during the dry period; solid symbols, n = 4), and the subsequent lacta-
tion period. Values represent LSM + SE. 1P < 0.10, *P < 0.05, **P
< 0.01, significance of differences in LSM of CON and SUP for the
same sampling day and variable (values are slightly offset for clarity).
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Table 5. Least squares means of the fractional rate of absorption (k,) of acetic (Ac), propionic (Pr), and butyric acid (Bu), fractional fluid
passage rate (kj), and buffer fluid end pH measured using the buffer incubation technique in the empty washed rumen, for the control (no
concentrate during the dry period; CON, n = 5) and supplemental concentrate treatment (3.0 kg of DM/d concentrate during the dry period;

SUP, n = 4")
Sampling day relative to calving Fixed effects’
Dry period Lactation
Ttem —28 —18 -8 3 17 31 45 SE? T D TxD
kAc, /h
CON 0.26 0.28 0.30 0.27 0.34 0.39 0.45 0.027 0.53 <0.01 0.91
SUP 0.31 0.31 0.34 0.31 0.31 0.41 0.42
kPr, /h
CON 0.34 0.35 0.37 0.34 0.39 0.48 0.55 0.030 0.33 <0.01 0.94
SUP 0.39 0.40 0.43 0.39 0.39 0.51 0.53
k,Bu, /h
CON 0.39 0.40 0.42 0.39 0.42 0.48 0.56 0.028 0.30 0.01 0.73
SUP 0.46 0.43 0.48 0.46 0.41 0.52 0.55
kl7 /h
CON 0.16 0.14 0.12 0.23 0.18 0.27 0.23 0.020 0.14 0.03 0.06
SUP 0.16 0.16 0.16 0.22 0.20 0.17 0.13
Buffer fluid end pH
CON 7.14 7.11 6.86 7.03 7.05 7.27 7.35 0.056 0.02 <0.01 0.10
SUP 7.17 7.18 7.18 7.10 7.15 7.23 7.28

'Group SUP: n = 4 (1 cow was removed from the experiment).
’SE for LSM by sampling day; n = 9.

3T = treatment; D = sampling day; T x D = interaction between treatment and sampling day.

both SUP and CON, with an average intake of 9.9 and
9.2 kg of DM/d during 3 to 1 d ap, respectively. In con-
trast to Doepel et al. (2002), but in line with Holcomb
et al. (2001), Ingvartsen et al. (2001), and Reynolds et
al. (2004), no effect of ap treatment on pp feed intake
was found and feed intake was, compared with CON,
only numerically lower in SUP at 3 d pp. Treatment
contrasts (when compared on a NE; or CP basis) as
applied by Doepel et al. (2002) were greater than in the
present study and might explain the different effects of
the ap treatment on pp DMI. Although DMI was not
affected by supplemental concentrate, sugar intake was
approximately doubled and FOM intake was 25 and
9% greater (numerically only) with SUP than CON at
18 and 8 d ap, respectively. Supplemental concentrate
reduced rumen pH, increased VFA concentrations, and
induced rumen papillae growth during the dry period.
In line with Holcomb et al. (2001), Ingvartsen et al.
(2001), Doepel et al. (2002), and Rabelo et al. (2003;
multiparous cows only), feeding concentrate during
the dry period had no effect on milk yield or milk fat
and protein contents in the subsequent lactation. The
numerical increase in BW of SUP compared with CON
during the dry period agrees with the numerically
higher energy intake of SUP. The decrease in BW after
calving corresponds with the negative energy balance
typically seen during early lactation. The treatment did
not affect ap and pp blood NEFA, BHB, or glucose
concentrations, which were within the range reported

Journal of Dairy Science Vol. 100 No. 1, 2017

by earlier studies (VandeHaar et al., 1999; Holcomb
et al., 2001; Kokkonen et al., 2004). Notably, no blood
BHB concentrations above the clinical ketosis threshold
(>3.0 mM) were found, whereas 8 out of 63 collected
samples were above the subclinical ketosis threshold
(>1.2 mM; McArt et al., 2012); namely, 4 samples from
CON (3 cows at 3 d pp, 1 cow at 17 d pp) and 4 from
SUP (1 cow at 3 d pp, and 1 cow at 3, 17, and 45 d
pp). Therefore, supplemental concentrate during the
dry period did not appear to affect the milk production
and metabolic status of cows in the subsequent lacta-
tion, although caution is warranted given the relatively
small number of cows used.

Morphological Changes of the Rumen Papillae

Despite the limited effect of supplemental concen-
trate on nutrient intake during the dry period, papillae
surface area was increased, supporting the earlier stud-
ies in dry cows by Dirksen et al. (1984) and Liebich et
al. (1987). In contrast, Andersen et al. (1999), Rabelo
et al. (2001), and Reynolds et al. (2004) did not report
proliferative effects of dry period treatments on rumen
papillae. However, clear differences in approach and
methodology can be identified. Andersen et al. (1999)
applied a “VFA load strategy,” feeding 3.9 kg of DM
rolled barley in the morning and grass silage in the
afternoon compared with a control ration of grass silage
and 0.8 kg of concentrate divided between the morning
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and afternoon. No differences in nutrient intake existed
and the treatment was applied for 4 wk before collect-
ing papillae. This strategy succeeded in affecting rumen
fluid composition, increasing the total VFA, Pr, and Bu
concentrations in the VFA load group, but did not af-
fect rumen papillae morphology. Reynolds et al. (2004)
fed 0.80 kg of DM/d of supplemental barley or 0.75 kg
of DM/d of supplemental soybean protein compared
with a nonsupplemented dry period ration starting 6
wk before calving. Unexpectedly, the barley treatment
coincided with a smaller papillae width and surface
area compared with nonsupplemented cows, which was
attributed to genetic or previous environmental influ-
ences. It can be argued that the treatment contrasts
imposed by Andersen et al. (1999) and Reynolds et al.
(2004) were too minor to induce papillae proliferation.
Rabelo et al. (2001) fed low-energy (6.3 MJ of NE; /kg
of DM) or high-energy (6.9 MJ of NE; /kg of DM) ra-
tions with a marked difference in concentrate to rough-
age ratio for 3 wk before collection of papillae, resulting
in a treatment contrast (0.6 MJ of NE;/kg of DM)
comparable to that in the current experiment. In con-
trast to the present study, they found only a tendency
for longer papillae in the ventral rumen when feeding
the high-energy ration. In addition, Reynolds et al.
(2004) did not observe a change in papillae dimensions
(length, width, surface area) when comparing the dry
period (21 and 7 d ap) with early lactation (10 and 22
d pp). Crucially, Andersen et al. (1999), Rabelo et al.
(2001), and Reynolds et al. (2004) all made end-point
measurements compared with repeated measurements
on the same animal, as was done in the present study
and by Dirksen et al. (1984), Liebich et al. (1987), and
Dicho et al. (2016a). Substantial variation in papil-
lae morphology between animals is commonly found
(Reynolds et al., 2004; Dieho et al., 2016a), and this
underlines the importance of a repeated-measurements
approach for studying changes in rumen morphology
over time. A minimum of 8 papillae per site per cow per
sampling day were used for macroscopic measurements,
and 5 papillae per site per cow per sampling day were
used for microscopic measurements; these numbers are
in general agreement with previous work (Odongo et
al., 2006; Steele et al., 2011, 2015). The large variation
in papillae morphology between individual animals is
also illustrated by the present study, where papillae
surface area appeared to be (numerically) 20% greater
for CON compared with SUP at 28 d ap, the first day
of the treatment. This was likely the result of inherent
differences between individual cows. A treatment x
sampling day interaction indicated differences in sur-
face area development between CON and SUP. After
correction for differences in papillae characteristics of
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individual cows, concentrate supplementation during
the dry period increased papillae surface area compared
with the control. In addition, the increase in papillae
surface area during lactation (independent of treat-
ment during dry period) was also clearly shown. This
experiment thus confirms the repeated-measurements
approach as viable for studying morphological changes
to the rumen wall.

The observed postpartum increase in papillae size
generally corresponded to earlier work (Liebich et al.,
1987; Dieho et al., 2016a). However, the decrease in
papillae surface area between 8 d ap and 3 d pp in SUP
was not expected and contrasts with data reported by
Liebich et al. (1987), where the gains in papillae size
made during the dry period carried over into the lacta-
tion. No decrease was found for CON between 8 d ap
and 3 d pp, and Dieho et al. (2016a) found only a
numerical (2.2 mm?) reduction between 10 d ap and
3 d pp. Papillae atrophy when cows switch to a lower
feeding level (Dirksen et al., 1984). The decrease in
papillae surface area in SUP between 8 d ap and 3 d pp
may therefore be explained by the peripartum depres-
sion in FOM intake, as observed at 3 d pp compared
with 8 d ap. The reduction in papillae surface area
was most pronounced in the ventral blind rumen sac.
Capillary blood flow in the ventral parts of the rumen
is also reported to be approximately twice that of the
dorsal regions (Von Engelhardt and Hales, 1977), and
is therefore suggested to be responsible for a major part
of total VFA absorption capacity. We can therefore
speculate that this active part of the rumen mucosa is
more sensitive to changes in rumen fluid composition
(decreased total VFA, increase in pH) as observed for
SUP around calving. Alternatively, it can be speculated
that the larger papillae induced by the supplemental
concentrate are more sensitive to the peripartum de-
crease in feed intake. Increasing the concentrate allow-
ance between 8 d ap and 3 d pp might have prevented
the decrease, as this likely maintained the higher VFA
concentrations and lower pH.

Rumen Fluid Composition and Fractional
VFA Absorption Rate

Feeding supplemental concentrate increased rumen
fluid VFA concentration, lowered pH, and tended to
affect molar proportions of Ac, Pr, and Bu during the
dry period, as expected (Rabelo et al., 2001; Bannink
et al., 2006). However, treatment effects on VFA con-
centration and pH were only apparent at 18 d ap and
not at 8 d ap. At 18 d ap, this might be explained by
a numerically higher FOM intake for SUP. At 8 d ap,
FOM intake was similar to that at 18 d ap for SUP,

Journal of Dairy Science Vol. 100 No. 1, 2017
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but rumen fluid pH was higher and VFA concentration
lower than at 18 d ap. This seems to suggest an adap-
tive response in SUP. However, only minor numerical
increases in the capacity for VFA absorption between
18 and 8 d ap were observed, offering little support for
an adaptive response. The difference in pH between
SUP and CON at 3 d pp might be explained by the
numerical difference in FOM intake. However, the dif-
ference in pH between SUP and CON at 17 d cannot
be explained by a difference in FOM intake—mno such
difference was observed at 17 d pp. Whereas this argu-
ably better buffering capacity of SUP at 3 and 17 d pp
might be attributed to the dry period treatment, the
pH and VFA concentration data should be interpreted
with caution. Sampling of rumen fluid was not frequent
(once a day) and not strictly standardized relative to
last access to feed, meal size, and meal composition.
Thus, observed differences in pH and VFA concentra-
tions are not fully representative for the daily averages
of treatment effects.

The k,Ac, k,Pr, and k,Bu from the dry period and 3 d
pp in the present study largely agree with those report-
ed earlier by Dieho et al. (2016b) for similar sampling
days using an identical incubation technique and buffer
composition. The k,Ac, k,Pr, and k,Bu observed in the
present study from 17 d pp onward are lower than those
reported by Dieho et al. (2016b), but both our current
and previous studies show a clear increase in k,VFA
early postpartum. Greater intake of DM and FOM as
reported by Dieho et al. (2016b) compared with the
present study might have affected k,VFA. In contrast to
our expectations, the k,VFA for SUP did not increase
with the increase in papillae surface area during the dry
period. This apparently contradicts the classic study by
Dirksen et al. (1984), who observed an increase in VFA
absorption in dry cows concomitant with increase in
papillae surface area. The contradiction with Dirksen et
al. (1984) is likely the result of differences in treatment
contrasts. Dirksen et al. (1984) nearly doubled the NE,
intake from 47 to 86 MJ/d. In order of magnitude, this
is similar to the difference between the dry period and
lactation intake in the present experiment, for which a
clear increase in k,VFA was found. It should be noted
that the BIT technique reflects the capacity of the
rumen to absorb VFA under standardized conditions.
Fractional absorption rates of VFA obtained using the
BIT technique do not necessarily reflect those during
the actual physiological conditions at time of measure-
ment (Dieho et al., 2016b).

In our previous experiment (Dieho et al., 2016b) in
early lactation, we observed a similar lack of increase
in k,VFA with a temporary increase in rumen papil-
lae surface area in response to a more rapid increase
of the rate of increase of concentrate allowance. It is
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unlikely that the lack of effect of greater papillae sur-
face area on k,VFA can be explained by a decreased
capacity for k,VFA per unit of surface area (Sehested
et al., 2000; Etschmann et al., 2009; Schurmann et al.,
2014). However, epithelial blood flow has been shown
to affect VFA absorption, and this might be a limiting
factor for VFA absorption (Storm et al., 2011). Two
independent mechanisms might be involved. First, a
limited epithelial blood flow likely coincides with an
increase in blood VFA concentration in the papilla
capillaries. This decreases the concentration gradient
between blood and VFA in the epithelium, and the
intracellular accumulation of VFA in turn limits the
concentration gradient with the rumen fluid (Storm
et al., 2011). Second, exchange of VFA™ (dissociated
VFA) for HCO;3;™ has been shown to play an important
role in VFA absorption and is arguably responsible for
>50% of VFA uptake (Aschenbach et al., 2011). The
major part of the HCO;  required for this exchange
derives from extracellular (extra-epithelial) sources
(Aschenbach et al., 2009) and is therefore not associ-
ated with formation of HCO,; by carbon-anhydrase
from CQO,. A limited supply of HCO;™ via the epithelial
blood flow might therefore limit the capacity for VFA
uptake. The large increase in epithelial blood flow after
calving (Reynolds et al., 2003) might both aid mainte-
nance of concentration gradients and increase the sup-
ply of HCO;™, thereby increasing the capacity for VFA
absorption as observed. However, ruminal blood flow
is also subjected to diurnal variation and postprandial
effects such as rumen fluid composition (Von Engel-
hardt and Hales, 1977; Storm and Kristensen 2010).
Future studies are required to fully elucidate the role of
epithelial blood flow and HCO3;~ on the ruminal VFA
absorption capacity.

CONCLUSIONS

The dry period and lactation feed and energy in-
takes, blood glucose, NEFA, and BHB concentrations,
and milk yield and milk composition were not affected
by feeding supplemental concentrate during the dry pe-
riod. Feeding supplemental concentrate during the dry
period increased papillae surface area during the dry
period without a concomitant increase in k,VFA. The
increased papillae surface area in the dry period was
not maintained into the subsequent lactation period,
and k,VFA in the lactation period was not affected
by the dry period concentrate supplement. Thus, our
results indicate that feeding supplemental concentrate
during the dry period, although increasing papillae
surface area during this period, did not positively af-
fect papillae surface area and k,VFA during subsequent
early lactation.
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