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Abstract

The role of cholecystokinin (CCK) in the expression of seasonal variation in feed intake and feeding activity in ruminants was
investigated by active immunisation of castrated male red deer (Cervus elaphus). In April, animals of two groups (five animals per group)
were immunised against either CCK or vehicle solution only and booster injections were administered at 2-month intervals for the following
year. Measurements were conducted for a period of more than a year from July. There were no significant effects of immunisation on mean
daily food intake. However, there was a significant interaction (P <.01) between immunisation and month (season), with respect to rate of
feed ingestion during meals, with animals immunised against CCK exhibiting higher mean rates of ingestion during October to May but
lower mean rates during June to September. It is concluded that systemic CCK has a role in the expression of seasonal variation in the rate of
feed ingestion during meals in ruminants and that this, in turn, may affect the pattern of seasonal change in daily feed intake. Since there was
no evidence of differences with treatment in profiles of insulin, growth hormone (GH), thyroxine (T,), triiodothyronine (T5), insulin-like
growth factor-1 (IGF-1) or prolactin, it is unlikely that this effect is expressed through changes in the profiles of these hormones. © 2001

Elsevier Science Inc. All rights reserved.
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1. Introduction

Red deer exhibit large seasonal variations in daily feed
intake [11,14], and a period of reduced intake during short-
day photoperiod (winter) is associated with a reduction in
growth rate [12], which, in farmed deer, is economically
undesirable. Potentially, the reduction in mean daily feed
intake under short-day photoperiod could be overcome by
manipulation of the balance of the metabolic hormones that
regulate eating patterns (meal size, meal duration, intermeal
interval, and ingestion rate). One form of manipulation,
immunisation against cholecystokinin (CCK), has been
shown to induce a long-term increase in mean daily feed
intakes in pigs [17,18], suggesting that this hormone is
involved in the long-term regulation of eating pattern and
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level of daily feed intake. Studies of lambs [24], on the other
hand, have failed to show such an increase in daily feed
intake, suggesting that the physiological role of CCK differs
with species.

The role of CCK in the expression of photoperiod-
induced changes in meal patterns and rate of feed ingestion
during meals, throughout the day, is unknown and the effect
on these aspects of behaviour of immunisation against this
hormone has not been investigated.

The first objective of this study was to determine the
effect of immunisation against CCK on the mean daily feed
intake and eating patterns of red deer at different seasons.

The effect of season on appetite and level of daily feed
intake is mediated through changes in both meal pattern and
rate of feed ingestion [20], and many humoral and neural
factors, some of which operate in conjunction with CCK,
have been implicated in the mediation of these processes of
appetite regulation [9]. While some of the endocrine profiles
associated with changes in eating pattern have been inves-
tigated, they are complex and their mechanisms of action
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remain poorly understood [20]. The effects of immunisation
against CCK on these profiles and on the associated patterns
of feeding behaviour and daily feed intake are unknown.

The second objective of the study was to determine the
effect of immunisation against CCK on the profiles of
metabolic hormones, which are considered likely to be
involved in the regulation of feeding behaviour and feed
intake and to assess their roles in these processes.

2. Materials and methods
2.1. Experimental procedures

Two similar groups of five adult, castrated, male red deer,
aged approximately 2 years, were used. This type of animal
was chosen because it exhibits a marked variation in feed
intake, but the underlying endocrine control mechanisms are
not confounded with changes in hormone profiles associated
with reproductive cycles. The animals were housed in
individual pens under natural daylength conditions at
57°N throughout a 15-month study and fed ad libitum, to
a refusal rate of 0.2, on a complete diet based on barley,
sugar beet pulp, dried grass pellets, and fish meal. It
contained 880 g/kg dry matter (DM) and an estimated
12.0 MJ of metabolisable energy (ME) and 160 g crude
protein per kilogram of DM. Refusals were recorded daily
and mean daily feed intakes were calculated.

Liveweights were recorded every 2 weeks during
the study.

2.2. Immunisation protocols

Animals of one group were immunised against CCK
(Immunised; I) before the study began. They were injected
(subcutaneously over the brisket) with 1 mg ovalbumin
conjugated (using 0.2 ml glutaraldehyde) to 0.5 mg sulph-
ated CCK-8 (Backem, Saffron Walden, Essex, UK) and 0.3
mg Coparvax (Corynebacterium parvum; Wellcome, Lon-
don, UK) dissolved in 0.7 ml distilled water. The conjugate
was emulsified with 1.8 ml Freund’s incomplete adjuvant.
Animals of the second group (Control; C) were treated with
the same immunogen, except that the CCK was not included.

The priming injection was given in April and booster
injections were given in May, June, July, August, and
thereafter at intervals of approximately 2 months until the
following June. Measurements of meal patterns and hor-
mone profiles were commenced in July, 3 months after the
priming injection, when it was anticipated that antibody
titres would be elevated.

2.3. Measurement of meal patterns
Detailed information on patterns of feeding behaviour

was collected at intervals of approximately 1 month. This
was achieved by automated recording, to the nearest 10 g, of

the weight of food in the feed bins at 10-min intervals
throughout a 4-day period. An intermeal interval was
defined as a time during which there was no reduction in
the weight of feed in the bin. From these records, the
average meal durations and frequencies and rates of inges-
tion at each season were determined. (The relatively long
interval of 10 min between records was selected because it
was considered more likely to reflect a response to a
physiological signal than, say, a 1- to 2-min interruption
in feeding behaviour, which could be attributable to a
transient distraction.)

2.4. Blood sample collection

Blood samples were collected from both immunised and
control animals at intervals of approximately 2 months
during the study, by jugular venipuncture, for the purpose
of antibody titre determination. In addition, blood samples
were collected every 2 weeks for the purpose of hormone
determinations. Samples were collected before refilling of
feed bins between 0800 and 1100 h. Samples were collected
at this time because it was considered likely that the
circulating levels of metabolic hormones would be basal
and relatively stable at this time, whereas rapid changes
might be expected to follow the introduction of feed, despite
the fact that the animals were fed ad libitum and were
therefore not subject to periods of feed restriction.

2.5. Antibody titre determination

Samples were serially diluted seven times by 6.5-fold to
a maximum dilution of 1:490,223 and incubated with radio-
labelled CCK. The titre was defined as the dilution at which
300 pl of sample would specifically bind 50% of 1 fmol of
radiolabelled CCK.

2.6. Hormone assays

Sources of the assays used to measure circulating con-
centrations of insulin, growth hormone (GH), thyroxine
(T4), triiodothyronine (T3), prolactin, and insulin-like
growth factor-1 (IGF-1) are given in Table 1, together with
assay sensitivities and intra- and interassay coefficients of
variation (CV). All methods were validated for deer plasma

Table 1
Sources of insulin, GH, T4, Ts, prolactin, and IGF-1 assay methods,
reference preparations, assay sensitivities, and CV (%)

Intra-assay Interassay

Assay  Method Sensitivity CV (%)  CV (%)
Prolactin McNeilly and Andrews [15] 0.1 ng/ml 5.7 -

T4 Amerlex-M RIA kit 4.0 nmol/l 3.3 43

T Amerlex-M RIA kit 0.15 nmol/l 4.6 4.9
Insulin  MacRae et al. [16] 2.6 mU/l 9.1 -
IGF-1 Bruce et al. [3] 0.24 pg/l 8.8 -

GH Rhind et al. [20] 0.63pgl 118 -
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by demonstrating that measures of hormone concentrations
in serially diluted samples, selected randomly, ran parallel
with the standard curve.

2.7. Statistical analyses

2.7.1. Meal patterns

Data were analysed using Genstat 5 software [13]. To
reduce the effects of random variation attributable, e.g., to
vibration or ‘electronic noise’ in the feed weighing system, a
decreasing monotonic regression (stepfunction) was fitted to
the weights, according to the protocols described in detail
previously [20]. The fitted values from the monotonic
regression were used to derive summary statistics, describ-
ing the meal patterns, for each 4-day period.

Effects of treatment and month (season) on frequency of
meals (eating bouts), meal lengths, meal sizes (weight of
food consumed), intermeal intervals, percentage of time
spent eating, and rates of food ingestion during meals (g/
min) and on hormone concentrations were determined using
analysis of variance (ANOVA). The structure of the analysis
was a nested design (animal, month within animal). Effects
of immunisation were assessed at the animal level with
month (season) and the interaction between month and
immunisation being assessed in the lower stratum of the
analysis [13]. When necessary, hormone concentration data
were log-transformed prior to ANOVA to satisfy the
requirement for constant variance in ANOVA.

3. Results
3.1. Antibody titres

All immunised animals exhibited CCK antibody titres
greater than 1:100 by the time of the second reinforcing
injection in August when measurements of feeding behav-
iour were initiated. Titres were maintained at similar or
higher levels throughout the remainder of the study (Fig. 1).
There was no detectable binding of CCK in any of the 11
samples assayed from two control animals.

3.2. Patterns of feeding behaviour

Mean daily food intakes were higher (P <.001) during
periods of long daylength than during short daylength (Fig.
2a), and this was generally reflected in increases (P <.001)
in mean liveweight during the periods of long daylength
(Fig. 2b).

The higher mean daily intakes during periods of long
daylength were a function of longer mean meal duration
(maximum — August: 20.5 min; minimum — December:
16.3 min; S.E.D.=0.758; P<.001), shorter intermeal inter-
vals (minimum — August: 38.8 min; maximum — Decem-
ber: 60.4 min; S.E.D.=3.43; P<.001). Together, these
seasonal differences resulted in a greater number of meals
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Fig. 1. Mean (£S.E.M.) antibody titres in deer immunised (T) against CCK
(0O) or against the carrier vehicle (e).

per hour during long daylength periods (maximum —
August: 1.01; minimum: December: 0.77; S.E.D.=0.047;
P<.001) and a greater percentage of the time spent eating
(maximum — August: 34.7; minimum — December: 20.8;
S.E.D.=1.76; P<.001). The mean rate of food ingestion (g/
min) also exhibited marked seasonal variation (maximum —
September: 8.25; minimum — April: 5.13; S.E.D.=0.401;
P<.001) and this, in conjunction with the pattern of meal
duration, resulted in larger mean meal sizes (g/meal) during
long day photoperiods (maximum — September: 154;
minimum — April: 86.3; S.E.D.=8.55; P<.001).

Immunisation against CCK did not significantly affect
the overall mean daily feed intake. Neither did it affect the
overall mean rate of feed ingestion (g/min). However, there
was a significant interaction (P<.01) between immunisa-
tion and month (season), with immunised animals exhibiting
higher mean rates of ingestion during October to May but
lower mean rates during June to September (Fig. 3), and this
was associated with similar trends in mean daily feed
intakes. Immunisation did not affect, significantly, meal
duration or intermeal interval and consequently, there was
no significant difference in the proportion of time spent
eating or the number of meals per hour.

3.3. Hormone profiles

Differences with season (month) were recorded for
several hormones, with maximum mean concentrations
generally occurring in summer and concentrations declining
to a minimum during autumn/winter. Respective maximum
and minimum mean plasma concentrations were: log (pro-
lactin) (ng/ml) — July: 2.16 (backtransformed=145),
December: 0.93 (backtransformed=28.6), S.E.D.=0.233,
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Fig. 2. (a) Mean (£ S.E.M.) daily food intakes (fresh weight) and (b) mean liveweights (+S.E.M.) of deer fed ad libitum and immunised against CCK (O) or

against the carrier vehicle (e).
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Fig. 3. Mean rates of feed ingestion (g/min) of deer fed ad libitum and
immunised against CCK (O) or with vehicle solution only (e). S.E.M. for
comparison within the same treatment=0.567; S.E.M. for Treat-
ment X Month interaction=0.812.

P<.001; T; (nmol/l) — September: 2.52, January: 1.54,
S.E.D.=0.408, P<.001; T4 (nmol/l) — June: 108, August:
75.8; S.E.D.=18.5, P<.001; log (IGF-1) — July: 2.76
(backtransformed =575), February: 2.37 (backtrans-
formed=235), S.E.D.=0.099, P<.001. There were no
consistent seasonal trends in mean plasma concentrations
of insulin [mean on log scale: 1.06 mU/l (backtrans-
formed=11.5); S.E.D.=0.105] or GH [mean on log scale:
0.128 ng/ml (backtransformed =1.34); S.E.D.=0.065].
None of the hormone profiles recorded was significantly
affected by the immunisation treatment, and there were no
significant interactions between treatment and season.

4. Discussion

Throughout the study, the mean antibody titres recorded
in I animals were highly variable but were of a similar order
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to those reported previously in sheep [24] and in pigs, in
which significant increases in food intake were induced
[17—19]. While the validity of cross-species comparisons is
limited, it appears likely that the antibody titres achieved in
the present study were sufficient to alter the biological
availability of CCK and, potentially, to induce a biological
response. The absence of an increase in overall mean daily
feed intake in response to the high antibody titres is
consistent with the observations of Trout et al. [24] who
reported no change in the feed intake of ram lambs immu-
nised against CCK.

Higher mean daily feed intakes were recorded in summer
than winter; the apparent reduction in mean intake in the
second summer, compared with the first, was largely attrib-
utable to the fact that the animals had increased in live-
weight by the second summer and the intakes were
expressed as a function of liveweight.

Owing to the fact that a complete diet was used in the
present study, the dietary energy content was greater than in
a high roughage diet. Consequently, the observed seasonal
variation in intake may have been less than if the animals
had been fed a high roughage diet because higher dietary
energy contents are not only associated with lower DM
intakes but the reduction is less marked in winter [25] and
so the magnitude of the seasonal cycle may be reduced
relative to that of animals fed a high roughage diet. Thus,
the effects of immunisation against CCK may also be less
marked than in roughage-fed animals. However, the under-
lying physiological control mechanisms are unlikely to be
fundamentally altered.

Seasonal variation in daily feed intake in red deer is a
function of many different factors including variation in the
amount of feed ingested per unit of eating time, meal size,
meal duration, intermeal interval, and meal frequency [20].
There was a significant interaction between season and
treatment with respect to one of these factors, the rate of
feed ingestion during meals. This interaction reflected a
marked reduction in the amplitude of the seasonal variation
in this parameter in I animals and this was associated with a
similar trend in mean daily intake. These results suggest that
immunisation against CCK altered feed ingestion rate and,
to a lesser extent, daily feed intake, but in a manner that
differed with season.

These effects of immunisation were probably a function
of altered biological availability of systemic CCK. While
both central and peripheral CCK signals could be involved
in the regulation of feeding behaviour and daily feed intake,
since the CCK receptors in the brain are not involved in
mediating responses to exogenous CCK [2] and it is
thought unlikely that this hormone can cross the blood—
brain barrier [5,10], the effects on eating pattern of manip-
ulation of CCK profiles in the peripheral circulation are
probably mediated via the liver, the vagus nerve, and CCK
binding sites within the nerve [6]. The possibility that
paracrine actions of CCK in the gut were also affected
cannot be ruled out although this would depend on the

extent to which antibodies could enter the target tissues;
this may be very limited in view of the large size of the
molecules involved.

Since the effect of immunisation was found to differ with
season, it is likely that CCK does not act alone, i.e.,
expression of the effects of season probably involves
interaction between CCK and other hormones and/or their
receptors, which exhibit seasonal variation. The profiles of
the thyroid hormones, IGF-1, and prolactin exhibited
changes with season and so these hormones could have a
role in the expression of seasonal changes in feeding
behaviour and feed intake. While measurements were of
insufficient frequency to fully characterise GH profiles,
owing to the pulsatile nature of its secretion, the sampling
regime was probably adequate to detect gross changes with
season, if they were present. The absence of a significant
treatment difference in the profiles of any of the hormones
exhibiting seasonal variation suggests that rate of feed
ingestion was not mediated directly through changes in
profiles of these hormones and that manipulation of CCK
availability, by immunisation, did not alter the profiles.
However, the possibility remains that the seasonal changes
in one or more of these hormone profiles have a permissive
role and that they induce a change in sensitivity of the
appetite centre to CCK.

It is known that the sensitivity of the appetite centre to
the inhibitory effects of CCK depends, at least in some
species, on the concentration of insulin in the brain [7,8,
22]. There was no evidence of a large seasonal change in
mean circulating insulin concentrations, the main source of
intracerebral insulin [4]. While the possibility remains of
seasonal differences in the rate of transfer of insulin into
the brain [23], previous studies on seasonal ruminants
suggest that this is unlikely [21]. However, seasonal differ-
ences in Tz profiles could alter the pattern of insulin
delivery to the liver through the portal vein without change
in peripheral concentrations [1], and these in turn could
alter neural feedback to the appetite centre from the liver.
Further work is required to determine the potential signifi-
cance of such regulatory mechanisms with respect to
seasonality of feed intake.

In summary, the results of the present study suggest that
CCK has a role in the expression of seasonal variation in the
rate of feed ingestion during meals in ruminants, but is not
directly involved in the expression of seasonal changes in
meal size or duration. The effect of CCK on the appetite
centre appears to be complex and not directly related to
circulating hormone profiles, but may nevertheless depend
on an interaction between CCK and seasonal changes in
some of these hormones.
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