
Differences in temporal aspects of food acquisition between rats and two
strains of mice in a closed operant economy

Neil E. Rowland, Dulce M. Minaya, Melissa R. Cervantez, Vanessa Minervini, and Kimberly L. Robertson
University of Florida, Department of Psychology, Gainesville, Florida

Submitted 6 March 2015; accepted in final form 12 May 2015

Rowland NE, Minaya DM, Cervantez MR, Minervini V, Rob-
ertson KL. Differences in temporal aspects of food acquisition
between rats and two strains of mice in a closed operant economy. Am
J Physiol Regul Integr Comp Physiol 309: R93–R108, 2015. First
published May 20, 2015; doi:10.1152/ajpregu.00085.2015.—Rats and
mice were studied for changes in meal-taking structure in a closed
operant food economy, in which the consummatory or unit prices for
food were increased. In experiment 1, as food price increased, male
rats modestly decreased the number of meals per day and increased
mean meal size. Female rats were similar to males but had smaller
meal size and, at low costs, took more meals per day. In experiment
2, male and female B6 mice reduced food intake as price increased,
accompanied by decreased meal number without change in meal size.
They showed grazing-like behavior in the first part of the night. In
contrast, we report in experiment 3, a large increase in intake and meal
size during the final trimester of pregnancy. In experiment 4, we report
that CD1 male mice subjected to a unit price series performed
comparably to rats, and not like B6 mice. Other CD1 mice were tested
using an interval schedule, and we found that mice were able to adapt
eating patterns to greatly increased time demands without compro-
mising total intake. Data are discussed in terms of the intercalation of
food acquisition with global patterns of activity. Such interactions of
organism and food environment are in particular need of mechanistic
investigation.

unit price of food; demand curves; meal patterns; grazing; activity

CURT RICHTER WAS THE FIRST to measure qualitative spontaneous
eating patterns of rats, using a device that measured contact
with a food receptacle (31). He found that rats ate in discrete
episodes or meals and that intermeal intervals conformed to a
near-normal distribution with a mean of about 4 h. The next
main advance was by John Bare (7), who used discrete food
units (45-mg pellets) and operant procedure (one lever press
per pellet) to describe eating patterns. In so doing, Bare had to
develop an arbitrary criterion of minimum size and temporal
separation to define a meal, and he reported an average of 14
meals/24 h (mostly nocturnal) of mean duration 6.5 min and a
within-meal rate of eating 6.3 pellets (283 mg) per minute. The
first report in which the size of the mouthful or food unit was
under the control of the rat, using a balance to continuously
weigh a jar of powdered food, was published 50 years ago by
Jacques Le Magnen and Suzanne Tallon (26). Like Bare, they
found that rats with free access to food clustered their intake
into well-defined and relatively brief episodes, determined
using a meal-defining criterion. Many subsequent studies using
similar or other criteria have confirmed that rats eating standard
chow diet take 5–10 meals at night and 2–4 during the day, and

�95% of total daily food intake is accounted for in those
meals.

These and other observations led to the premise that the meal
is the fundamental neurobiological unit of eating and that the
temporal sequence of eating is determined by the size of
individual meals and the magnitude of the satiation and satiety
factors arising from those meals (34). A prediction from this
perspective is that the size of a meal should be positively
correlated with the interval until the next meal, yet whether
such so-called postprandial correlations are real or merely
statistical artifacts has been the subject of long and vigorous
debate (11, 18, 39). Furthermore, meal duration may not be an
adequate substitute for gravimetric meal size (11).

In a radical departure from this physiological account of
meal patterns, George Collier argued that environmental fac-
tors are the major determinant of meal size and frequency. In
a review of more than 30 years of work on this topic, Collier
emphasized that “�intermeal interval and meal size are coor-
dinated parts of a global economic strategy that minimizes the
total cost of access to food resources�” (Ref. 14, p. 75). He
searched unsuccessfully to find postprandial correlations
within a condition (17, 23). This relationship was evident only
between conditions that differed in procurement or access cost
to food: low-access costs were associated with many small
meals and reciprocally short intermeal intervals, while high
procurement costs were associated with few large meals and
reciprocally long intermeal intervals (14–16). From this per-
spective, the study of meal patterns is only meaningful when
compared across test conditions, and inform us primarily about
behavioral strategy and only indirectly about physiological
mechanism.

Some years ago, with a view to taking advantage of genetic
models in this type of analysis, our laboratory adapted Collier’s
procedures to mice. At that time, the few published studies of
meal patterns in free-feeding mice reported widely different
meal frequencies (reviewed in Ref. 3). Our data revealed that
the number of meals taken per day by mice is quite heavily
influenced by the meal-defining criterion (3). This may be
caused, in part, by the propensity of mice to graze—some
meals consist of slow eating over many hours, especially at
night (32, 33). This finding is consistent with the report that
mice with free access to food engage in continuous locomotor
activity for several hours at night during which bites of food
are taken quite frequently (21). Furthermore, in a study in
which duration of contact or movement of a food hopper was
assumed to correlate with meal size, there were large differ-
ences in postprandial correlations when the intermeal interval
started at either the onset or termination of a meal (22).
Retrospectively, we interpret this to mean that the duration of
meals was quite long and/or the assumption is invalid.
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These statements about meal patterns in rats and mice are,
however, comparisons between laboratories and, thus, have the
weakness that the differences might be in procedural detail
rather than species. The purpose of this paper is to present new
studies from our laboratory using Sprague-Dawley rats and
mice using near-equivalent procedures. We have suggested
previously that there may be strain differences in mice (4, 12,
36). The present series of studies features and contrasts two
strains of mice that we have used extensively in our previous
work, namely C57BL/6 (B6) and ICR-CD-1 (CD1). Further-
more, nearly all previous operant behavior studies in this field
have used males; we explicitly compare males and females,
reporting both sex and species differences in meal structure.

The purpose of experiment 1 is to determine whether Col-
lier’s general results in which unit food costs are imposed in
male rats are found in male and female rats in our laboratory,
and how our specific analyses of feeding parameters relate to
those in the literature using no cost for food. The purpose of
experiment 2 is to apply the analyses from experiment 1 to
male and female B6 mice, and specifically to highlight and
quantify conditions under which grazing may predominate
over discrete feeding episodes. The purpose of experiment 3 is
to determine meal parameters in female mice during increased
energy demands of pregnancy. Free feeding B6 mice increase
their food (chow) intake progressively during pregnancy, from
a prepregnancy baseline of �3 g/day to �6 g/day during the
third week (28). Because of these time-dependent changes, we
used a between-group design with the cost for food maintained
constant within a group. The performance of operant responses
takes time, so at high response requirement, the feeding rate
(inter-pellet interval) is obligatorily slowed and, because of
their proclivity to graze, we hypothesized that time may be a
particularly important factor in food intake and patterns in
mice. The purpose of experiment 4 is to compare food demand
functions and meal parameters of mice in a FUP series with
mice in which a fixed minimum interval was imposed between
pellets. Collectively, we discuss the data in relation to the roles
of physiology and environment in the temporal segmentation
of mammalian eating.

METHODS

Animals and test apparatus. All experiments were conducted using
individually caged rats (Rattus norvegicus) and house mice (Mus
musculus), housed in separate vivaria maintained at �24°C and 50%
relative humidity with 12:12-h artificial light cycles (on 0700). During
acclimation to the vivarium and between studies, animals were housed
conventionally in polycarbonate cages with free access to Purina 5001
or Harlan 7912 standard chow pellets and autoclaved water. The
procedures were approved by the University of Florida’s Animal Care
and Use Committee.

During experiments, animals were housed in individual behavior
test chambers, as will be described in the separate experiments. The
chambers, made from Plexiglas and aluminum panel walls and a
stainless-steel rod floor, were purchased from Med Associates (St.
Albans, VT). Response devices and pellet deliveries were controlled
by computers running Med PC-IV. On the wall opposite the food
trough, autoclaved water was freely available from a standard sipper
tube. Each daily session was 23 h in duration. Animals were weighed
and removed (at about noon) to holding cages without food for up to
1 h daily, while the chambers were cleaned and serviced. During each
23-h session, the number of responses emitted and pellets delivered
were acquired in time bins, usually every 15 min (i.e., 92 bins per

session). Each test chamber was housed inside a noise-attenuating
cubicle fitted with an exhaust fan and a low power (7 W) incandescent
bulb connected to a timer with the same light cycle as the vivarium.

In general, after initial stabilization of intake at a fixed ratio of two
responses per pellet (FR2) for 2–3 days, an incrementing FR series
was initiated. To be consistent with previous economic terminology
(16), FR will also be referred to as fixed unit price (FUP). Except as
noted, this was a progression of 5, 10, 25, 50, and 100 with 4 days at
each FUP for a total of 20 days of data acquisition. To ensure that
meal and response analyses reflected stable performance, we used data
from the fourth day of each FUP. The number of food pellets retrieved
each day in the tray beneath the cage was counted, and intake was
corrected for this spillage. Food spillage did not occur at high FUP,
but some animals spilled at low FUP. When spillage was substantial
(�10% total), meal parameters were not calculated because we could
not be sure the waste was evenly distributed across the session.

We assume, in part, because uneaten food pellets were never found
in the trough, the temporal pattern of pellet acquisition is identical to
that of eating. Accordingly, the pattern of pellet acquisition across
intervals for chosen sessions was analyzed for clustering into meals
and as a function of the concurrent FUP. The specific meal criteria
will be described in each experiment. This analysis yields mean
number of meals per day, average meal size, and other parameters to
be described below. We did not separately analyze day and night
meals, but in most cases, a nocturnal predominance of responding and
eating was evident. Because data were accumulated in discrete bins,
rather than in real time, uncertainly is introduced into the reporting of
time intervals as follows. If pellets were earned in two consecutive
15-min bins, the actual duration (nearest min) of eating could range
from 1 min on each side of the boundary, to 14 min on each side of
the boundary (i.e., 2–28, with an average of 15 min, one less than the
nominal two bins). Conversely, if no pellets were earned in a 15-min
bin, the actual duration of no feeding could range from 17 to 43 min,
averaging two bins or one more than the nominal value.

The number of pellets received for each individual in each time bin
was sorted from largest to smallest, a linear regression was applied,
and the y-intercept was used as an estimate of the maximum number
of pellets acquired per bin. Previously (33), we used a negative
logarithmic function to describe similar sorted data, but in most cases,
we found linear analysis to be a simpler and adequate summary
(almost all r2 � 0.9), but the intercept underestimates the actual
maximum by �10%. This is because 1 or 2 bins often contain much
more responding than others, and these were considered to be outliers
from a trend. The total duration of feeding activity was estimated from
the number of bins in which �0 pellets were earned. In addition to
mean meal size and number of meals per day, the maximum meal size
was also derived from the raw data stream.

Finally, these parameters were subjected to parametric statistical
analysis using repeated-measures (RM) ANOVA (Sigma Plot) with
FUP as a main factor. In most experiments, an additional independent
variable was incorporated in the design, and this constituted a second
main factor. Subsequent post hoc (Newman-Keuls or Holm-Sidak) or
pairwise (unpaired t) tests were applied using P � 0.05 as the criterion
for significant differences.

Experiment 1: food demand and meal characteristics of rats in a
closed economy. Male and female Sprague-Dawley rats were pur-
chased at �10 wk of age from Harlan Laboratories (Indianapolis, IN).
At the start of the experimental phase, after �2 wk acclimation and
initial training, females (n � 6) weighed an average of 230 g, and
males (n � 6) weighed 320 g. No attempt was made to monitor or
account for estrous cycles in females.

The 12 test chambers measured 30 � 24 � 20 (L, W, H) cm with
a standard rat stainless-steel floor (�1 cm between rods). The front
panel of each chamber was equipped with a single lever and an
illuminated cue light, located adjacent to a food receptacle. Comple-
tion of each response requirement delivered a single 45-mg pellet of
grain-based chow (Purina Test Diet 5TUM) into the receptacle from
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an adjacent pellet dispenser. In this experiment, data were collected
for six contiguous 4-day phases (FUP2, FUP5, FUP10, FUP25,
FUP50, and FUP100). One female inexplicably stopped responding at
FUP100, and those data were excluded from analysis. Because intakes
at FUP2 and FUP5 were similar, meal analyses for FUP2 were not
performed.

In this experiment only, data were collected in 5-min bins (i.e.,
276/session); however, to allow direct comparison with the subse-
quent experiments in mice, the raw data were condensed to a 15-min
base by summing pellets or responses for every three consecutive sets
of bins. Both sets of data were analyzed, although the principal
presentation will use the 15-min base. Meal analysis was performed as
described above, using a meal criterion of more than four pellets (190
mg, or slightly �1% average daily intake) received in one or more
contiguous bins preceded and followed by at least one 15-min bin
without pellet delivery. These criteria for minimum meal size and
intermeal interval are similar to those used in rats feeding nonpelleted,
cost-free food (13).

Experiment 2: food demand and meal characteristics of B6 mice.
We purchased 6 male and 17 female B6 mice at �10 wk of age from
Harlan Laboratories (Indianapolis, IN). So that the ns in the analyses
were similar, data from only eight females were included in the
present analysis. These were the eight mice that subsequently com-
pleted experiment 3, but the data from the other nine were analyzed
partially and did not differ from those included. At the start of the
experimental phase, after �2-wk acclimation and preliminary train-
ing, females weighed a mean of 19 g, and males weighed a mean of
27 g. No attempt was made to monitor estrous cycles in females.

The test chambers measured 16 � 14 � 30 (L, W, H) cm with a
standard mouse stainless-steel floor (�0.5 cm between rods). The
front panel of each chamber was equipped with a single illuminated
nose poke device located 2 cm above the floor and adjacent to the food
receptacle.

Completion of each response requirement delivered a single 20-mg
pellet of grain-based chow (Purina Test Diet 5TUM) into the recep-
tacle from an adjacent pellet dispenser. Data were collected in 15-min
bins for five contiguous 4-day phases (FUP2, FUP5, FUP10, FUP25,
and FUP50). Meal analysis was performed similarly to experiment 1,
using the same temporal criterion of food received in one or more
contiguous bins preceded and followed by at least 15 min (one bin)
without food delivery, with the same minimum size criterion relative
to daily intake (namely, �1% daily total; this was actualized as two
20-mg pellets).

Experiment 3: food acquisition characteristics of C57BL/6 mice
during pregnancy. Female B6 mice were those previously used in
experiment 2 and, thus, had experience with the operant protocol. All
17 females in experiment 2 were used to form three groups each with
5 or 6 mice that were approximately matched for basal intake and
demand elasticity. Groups were designated to work for food at one
unit price (FUP5, FUP10, or FUP25) during the operant phase of this
experiment.

Mice first were allowed to feed freely and regain lost weight for at
least 1 wk after the end of experiment 2. Then, they were placed in
harems of three: one female from each group with each male. After 1
wk, the females were again housed singly with free food, and their
body weights were monitored daily. Those with sustained weight gain
were deemed pregnant and were placed in the operant food chambers
on about day 10 of gestation using the FUP assigned before mating.
Those that did not gain weight initially were remated and entered the
study phase once sustained weight gain was established. The exper-
iment ended at parturition.

The daily food intake and body weight for each mouse was
anchored backward from the day of parturition. All five mice in the
FUP5 group delivered litters; however, one of these mice spilled so
much food that accurate measurements were difficult, so she was
removed from the analyses. Four out of six FUP10 mice delivered
litters; all four were included in the analyses.

Only one of six FUP25 mice delivered a litter; we did not include
this mouse in formal analyses.

In addition to daily intake and body weight, the data for the four
mice in each of the FUP5 and 10 groups were analyzed for response
distribution and meal parameters for 1) the last day of the relevant
FUP during the prepregnancy demand series, 2) the 3rd day after
return to the operant chambers, in mid-pregnancy before food intake
had increased above baseline, and 3) the 2nd day before parturition,
which was the day of maximum intake. Specific parameters and
analyses were generally as in experiment 2, except that FUP was a
between-group factor.

Experiment 4: food demand in CD1 mice on ratio and interval
schedules. Sixteen male CD1 male mice (Harlan Labs), initially �10
wk of age and weighing 40 g, were randomly assigned to two groups
of eight. They were housed individually, and during the experimental
phase, they were subjected to a closed economy for food acquisition
(20-mg pellets) in contiguous 23-h sessions in operant chambers, as
described in experiment 2.

One group of mice was exposed to an incrementing FUP series (5,
10, 25, 50, and 100) with 4 days at each step, the same as experiment
2, but with the addition of FUP100. The second group of mice was
exposed to an incrementing fixed interval (FI) schedule, in which a
food pellet was delivered two responses after a minimum fixed
interval (5, 10, 25, 50, or 100 s) had elapsed since the previous pellet
delivery. In principle, only one response was required per pellet;
additional responses that occurred during the delay intervals were
recorded but had no effect on pellet delivery. These intervals were
chosen to produce interpellet intervals at least as long as those
expected in the FUP group. Data were analyzed similarly to experi-
ment 2.

RESULTS

Experiment 1: food demand and meal characteristics of rats
in a closed economy. The day-by-day mean food intakes
throughout the experiment are shown in Fig. 1, and mean
body weights at the end of each FUP phase are shown as
insets. The male-to-female ratio of metabolic mass (mean
body weight in kg0.67) was 1.3:1; food intake was higher in
males by a similar factor in all phases of the experiment. In
both sexes, intake decreased modestly as the FUP for food
increased and was most marked on the first day after a cost
increase. Intake tended to plateau after 1 or 2 days at each
new FUP, and this plateau decreased by 26% (females) and
19% (males) at FUP100 compared with FUP2. Two-way
ANOVA of the mean intakes from the last 2 days at each
FUP revealed significant sex (P � 0.001) and cost (P �
0.001) effects, but no interaction. Subsequent one-way
ANOVAs by sex were significant for females (P � 0.05,
with intake at FUP2 � FUP100 the only significant pairwise
contrast) and for males (P � 0.001, with intakes at FUP2
and FUP5 � FUP10 and FUP100). As a result of decreased
intake, body weight gain slowed and showed a small reverse
at the highest cost in both males and females. At low costs,
daily and individual variations (as reflected in the error bars)
of food intake were larger in females than males, possibly
due to estrous cycles. However, no 4-day cycles of intake
were evident in individual females other than cycles of
intake linked to changes in FUP.

Qualitative data in the form of individual time course
histograms of food acquisition are shown in Fig. 2. Shown
are the final day at FUP5, FUP25, and FUP100 for one male
and one female rat representative of their groups. At FUP2,
meals were well defined and easy to identify by casual
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inspection. At FUP100, the distribution of intake across the
day-night cycle was moderately well preserved, but the rate
of intake was slowed by increasing FUP and reflected in
the ordinal scales that differ by FUP. The ordinal scales are
the same in the left and right corresponding panels, reveal-
ing that the maximum pellets acquired per bin were gener-
ally lower in the female than the male. Because of the
slowed eating rate imposed at high FUP, some meals
merged to form larger and longer meals.

These individual observations are quantified in the group
parameters shown in Fig. 3. Relative to females, males took
fewer meals (Fig. 3A) of larger mean size (Fig. 3B). Two-way
ANOVA of these variables revealed a highly significant main
effect of sex (P � 0.001) and of FUP (P � 0.05), but no
interaction. Within a sex, one-way ANOVAs for these vari-
ables were not significant. The size of the largest meal (C),
expressed as % total daily intake, increased with FUP (two-
way ANOVA-FUP effect, P � 0.001), with significant one-
way ANOVA in females (P � 0.01), but not in males (P �
0.08). Pairwise Holm-Sidak comparisons for combined male

and female data showed size at FUP100 � FUP5 and FUP10,
and FUP5 � FUP50 (P � 0.05).

The time spent engaged in eating-related activity, approxi-
mated by number of bins in which pellets were received,
increased with FUP (Fig. 3D; two-way ANOVA FUP main
effect, P � 0.001; no sex difference) with pairwise compari-
sons revealing FUP5 � 10 � 25 � 50 � 100. The numbers of
bins containing responses (not shown) were essentially the
same as the pellet data. The maximum number of pellets
received per 15-min bin (E) decreased with FUP [two-way
ANOVA, P � 0.001 (FUP5 � 50, 100, and 10 � 100)] and,
while sex was not a significant source of variance, there was a
sex � FUP interaction (P � 0.001). The latter was due to a sex
difference at FUP5 (Student’s t-test, P � 0.01). The maximum
number of responses per interval, from ranked linear regres-
sions, increased with FUP (F). ANOVA showed a main effect
of FUP (P � 0.001, with all pairwise tests significant), and a
sex � FUP interaction (P � 0.01). This latter was due to a
significantly higher response rate in males than females at
FUP100 (Student’s t-test: P � 0.05).

Fig. 1. Experiment 1. Values are expressed as means � SE of
daily food intake expressed as number of 45-mg pellets con-
sumed in female (top) and male (bottom) rats (n � 6) on
consecutive days of study, as they progressed through an
increasing series of unit prices (FUP, fixed unit price). Insets:
mean body weights at the end of each experimental phase.
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Experiment 2: food demand and meal characteristics of B6
mice. The day-by-day mean food intakes throughout the ex-
periment are shown in Fig. 4, and the mean body weights at the
end of each FUP phase are shown in the inset. Females
weighed less than males: the male-to-female ratio of metabolic
mass (mean body weight in kg0.67) was 1:1.25, and the average
food intake of males during FUP2 was higher by a similar
factor. Intake decreased as FUP increased, more in males than
females, such that by the end of the study, the absolute intakes
were the same despite sustained differences in body weight.

Two-way ANOVA of the mean pellet intakes from the last
two days at each FUP revealed significant sex (P � 0.001) and
cost (P � 0.001) effects, but no interaction. Subsequent one-

way ANOVAs by sex were significant for females (P � 0.05,
with intake at FUP2 � FUP100 the only significant Newman-
Keuls pairwise contrast) and for males (P � 0.001, with
intakes at FUP2 and FUP5 � FUP10 and FUP100). As a result
of decreasing intake, body weight of both sexes tended to
decrease slowly as the cost increased and, notably, in males at
the high costs when their intake adjusted for metabolic weight
was less than that of females. No 4-day estrus-related cycles of
intake in females were discernible above the cycles imposed by
changes in FUP.

Individual time course histograms of food acquisition are
shown in Fig. 5. These data are from the final day at FUP5,
FUP10, FUP25, and FUP50 for one male and one female B6

Fig. 2. Experiment 1. Histograms of numbers of 45-mg food pellets acquired in consecutive 15-min bins during the last 23-h sessions at FUP5, FUP25, and
FUP100 for Sprague-Dawley rats. Shown are data from one representative typical female (left) and male (right). The approximate 12-h dark period is indicated
by the black horizontal bars on the top axes.
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mouse. Discrete eating episodes can be identified but, at all
FUP, there was at least one episode that spanned eight or more
bins (2 h). The rates at which pellets were acquired during that
extended episode were not remarkably different from the rates
at other times of the cycle.

These qualitative observations are quantified in the param-
eters shown in Fig. 6. At low costs, relative to females, males
took more meals per day (Fig. 6A) than females, and the
number declined across the FUP series. Thus, two-way
ANOVA revealed highly significant main effects of sex and
FUP (P � 0.001) and a modest interaction (P � 0.05). In
males, meal numbers at FUP5 and FUP10 were greater than in
males at FUP25 and FUP50 (one-way ANOVA and Holm-

Sidak contrasts) or females at the same FUPs (FUP5: P �
0.001, FUP10: P � 0.01, Student’s t-tests).

In females, meal number at FUP5 was greater than at 25 or
50 (one-way ANOVA and Holm-Sidak). In contrast to these
changes in meal number, meal size did not differ between
sexes or as a function of FUP (Fig. 6B; two-way ANOVA
yielded no significance).

The size of the largest meal, expressed as % daily intake
(Fig. 6C), did not show either sex or FUP effects, averaging
about 35%. However, because intake decreased with FUP (Fig.
4), then absolute size of the largest meal decreased with FUP
(P � 0.001), with the size at FUP5 greater than at FUP25 or
FUP50 (P � 0.05). The corresponding duration of the largest

Fig. 3. Experiment 1. Meal and response parameters of female and male rats (n � 6) as a function of the unit price (FUP) for 45-mg food pellets on the final
day at each FUP. All panels show group means � SE. A: number of meals according to the definition in text. B: meal size (total pellets consumed/meal number).
C: size of the largest meal in that day. D: fraction of 15-min time bins in which one or more pellets was received. E: maximum number of pellets obtained per
15-min bin derived from individual linear regressions of rank-ordered pellets delivered per bin. F: maximum response rate per 15-min time bin (maximum pellets
per bin � the FUP). Sex differences at a given FUP are indicated by *P � 0.05 or **P � 0.01. Significant differences as a function of FUP are present for all
parameters except B, as described in the text.
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meal ranged from 18.4 � 3.1 to 12.9 � 1.1 (means � SE) time
bins (at FUP5 and FUP50, respectively, for females), or �3–
4.5 h. These prolonged eating periods spanning several hours
are clearly present in the individual records in Fig. 5.

The fraction of the 92 time bins in which pellets were earned
(Fig. 6D) showed no sex difference but decreased as a function
of FUP (two-way ANOVA, P � 0.001), with the fraction at
FUP5 � 10 � 25 � 50 (P � 0.05). The maximum number of
pellets obtained per bin (Fig. 6E) was overall higher in males
than females (P � 0.01), with Student’s t-tests significant at
FUP5 (P � 0.01) and FUP25 (P � 0.05). Two-way ANOVA
also revealed a significant effect of FUP with post hoc contrasts
revealing that FUP5 � 10 � 25 � 50 (P � 0.05). The
maximum number of responses per 15-min bin (Fig. 6F),
derived from individual regressions, showed a large increase as
a function of FUP (P � 0.001, with 5 � 10 � 25 � 50
significant contrasts).

Experiment 3: food acquisition characteristics of C57BL/6
mice during pregnancy. The mean daily body weights and food
intake during pregnancy of the mice in FUP5 and FUP10
groups are shown in Fig. 7. Intakes in mid-pregnancy were
�10% above those recorded some weeks previously during
the corresponding baseline phases, commensurate with
�10% weight gain that had occurred in the intervening
time. Mice in both FUP groups gained �50% body weight
in the last half of pregnancy and increased their intake to a
maximum of 30 – 40% above mid-pregnancy levels, with the
FUP5 group consistently eating �10% more than the FUP10
group. FUP5 mothers delivered a mean 8.0 pups of average
weight 1.1 g, and FUP10 mothers delivered a mean 8.25
pups averaging 1.2 g.

Group mean meal parameters are shown in Table 1. As
noted above, total food intake was slightly higher in mid-
pregnancy than at the prior baseline, and increased �30% by
the end of pregnancy. Meal number was comparable in the two
groups and tended to decrease toward term compared with
either baseline or mid-pregnancy but, because of the small
numbers of mice, this was not significant for either group. All
of the increased food intake late in pregnancy was accom-
plished by an approximate twofold increase in mean meal size,

and this also was similar in both FUP groups. The maximum
meal size showed considerable individual variability but aver-
aged 30–40% of the total intake in the respective phase.

The summary nose poke response distributions associated
with this pellet acquisition are shown in Table 1. The maxi-
mum response rate (linear regression) per 15 min bin was
similar in baseline and mid-pregnancy periods but was almost
doubled approaching parturition. The maximum response rates
in the FUP10 group were 50–80% higher than for the FUP5
group in the corresponding phase. The mean number of bins in
which any responding occurred was generally comparable in
the two groups but decreased slightly near parturition relative
to the preceding phases.

Experiment 4: food demand in CD1 mice on ratio and
interval schedules. The day-by-day mean food intakes are
shown in Fig. 8, with body weights at the end of each phase
shown in the inset. Inadvertently, the FUP group weighed
slightly more than the FI group prior to operant training
(40.9 � 0.9 vs. 38.4 � 0.9 g), a difference that diminished as
the study progressed, presumably because the FUP group ate
10–15% less at all phases or steps. The average food intake on
the last 2 days of food intake at each step showed significant
effects of step in the FUP group (P � 0.001; with 5 � 50, 100
and 10, 25 � 100 from RM ANOVA with Holm-Sidak con-
trasts) and in the FI group (P � 0.001, with 5, 10 �100).
Elasticity of demand was low in both groups: intakes at
FUP100 and FI100 were reduced by �18% and 9% from those
at FUP5 and FI5, respectively.

Representative histograms of pellet acquisition are shown in
Fig. 9. It may be seen that the FUP mouse shows some
consolidation of meals, as well as more of the meals at night,
as FUP increases. The FI mouse shows a feeding pattern spread
out throughout the 23-h session and has a tendency to take at
least one long meal at night, especially at the highest FI. These
qualitative observations are reflected in the quantitative mea-
sures shown in Fig. 10.

Because the steps are not strictly comparable, only within-
group RM ANOVAs were performed. In the FUP group, meal
number decreased as a function of FUP (P � 0.001; Fig. 10A)
with 5 � 25, 50, 100 by the Holm-Sidak test. Mean meal size

Fig. 4. Experiment 2. Values are expressed as means � SE
daily food intake expressed as the number of 20-mg pellets
consumed by female (n � 8) and male (n � 6) B6 mice on
consecutive days of study as they progressed through an in-
creasing series of unit prices (FUP). The inset shows the mean
body weights at the end of each experimental phase (day 0
represents the start of the formal FUP2 phase).
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Fig. 5. Experiment 2. Histograms of numbers of 20-mg food pellets acquired in consecutive 15-min bins during the last 23-h sessions at FUP 5, 10, 25, and 50
by B6 mice. Shown are data from one representative typical female (left) and male (right). The approximate 12-h dark period is indicated by the black horizontal
bars on the top axes.
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increased modestly with FUP (P � 0.05; Fig. 10B) with 25 �
5 the only significant difference, but largest meal as % total
intake (Fig. 10C) did not change significantly across the FUP
series. The fraction of time bins in which pellets were received
(Fig. 10D) increased slightly with FUP (P � 0.05) with 25 �
5 the only significant difference. The maximum pellets per bin
(Fig. 10E), and maximum responses per bin (not shown),
showed a parabolic relationship to FUP (P � 0.01) with 100 �
25, 50. As necessitated by the FUP schedule and given only a
small elasticity of demand, the response output increased
greatly with each step (Fig. 10F).

In the FI group, the meal number decreased at higher FUP
(P � 0.001; Fig. 10A), with pairwise significance as follows: 5,
10 � 25, 50, 100 and 25 � 100. Mean meal size almost
doubled at high FI compared with low (P � 0.001, Fig. 10B),
with pairwise significance 5, 10 � 50, 100 and 25 � 100. The
largest meal, expressed as a percentage of total intake in-
creased by threefold across the series (P � 0.001, Fig. 10C),
with the same pairwise significance as for mean meal size. The
fraction of time bins in which pellets were received also
showed a parallel change to mean meal size (P � 0.001, Fig.
10D); however, because between-subject variance was low, all

Fig. 6. Experiment 2. Meal and response parameters of male (n � 6) and female (n � 8) B6 mice as a function of the unit price (FUP) for 20-mg food pellets
on the final day at each FUP. Values are expressed as means � SE except for clarity in D. A: number of meals according to the definition in text. B: meal size
(total pellets consumed/meal number). C: size of the largest meal in that day relative to total intake. D: mean fraction of 15-min time bins in which one or more
pellets was received. E: maximum number of pellets obtained per time bin derived from individual linear regressions of rank-ordered pellets delivered per bin.
F: maximum response rate per time bin derived from individual linear regressions of rank-ordered responses per bin. Sex differences at a given FUP are indicated
by *P � 0.05 or **P � 0.01. Significant differences as a function of FUP are described in the text.
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pairwise comparisons were significant except 5 � 10 and 50 �
100. The maximum number of pellets per bin decreased across
the series (P � 0.001, Fig. 10E) with all pairwise comparisons
significant except 5 � 10 and 25 � 50. The data in Fig. 10, D
and E reflect, in part, the ceiling constraints of the FI schedule.
The number of responses (Fig. 10F) in the FI group was low
compared with the FUP group, but was typically twofold to
fivefold above the theoretical minimum of one per pellet
imposed by the FI program.

DISCUSSION

Experiment 1. The results of this experiment in rats substan-
tially confirm previous results on meal parameters in a closed-
economy operant situation (14–17, 23), but with the additional
finding of sex differences. Across the entire study, the number
of meals per day (8–14) and their mean size (1–5 g of
grain-based chow) are within normative ranges for Sprague-
Dawley rats. Males consumed more than females, in near-exact
proportion to their greater metabolic mass. Free-feeding fe-
males generally take smaller meals than males, particularly in
relation to estrogenic action (1, 20, 25). The present results are
consistent insofar as the lower food intake of females was
realized entirely by smaller meal size that was only partly
compensated by taking more meals. Animals responded faster
as unit price increased, as reported by Collier (16), but not in
proportion to FUP. As a result, the number of pellets earned per
time bin decreased, meals became longer, and feeding occu-
pied a greater fraction of the day. Although not significant at all
FUP, males tended to respond faster than females and to earn
more pellets per time bin, such that their higher intake did not
occupy more time bins.

As the FUP was increased, total intake decreased modestly,
showing some elasticity of demand. This was associated with
a slowed or even reversed weight gain. This is consistent with
results from a similar protocol using male rats (9), in which
intake did not decline greatly until the unit price for 45-mg
pellets exceeded �100 lever presses. We found that, except for
a decline in intake on the first day of the higher ratios, intake
did not increase as body weight declined. We performed
comparisons of day 1 vs. day 4 intake at the higher FUPs (data
not shown) and found that the main effect of ratio change was
during the first 11.5 h of the first day, when intakes on day 1
were �50% that on day 4, whereas intakes in the second 11.5
h of day 1 did not differ from those on day 4. There was no
evidence of any compensation for low intake in the first 11.5 h
by a subsequent increase in intake. The intakes at higher FUPs
appear to be driven more by ambient cost than physiological
status. These observations are consistent with those of Bau-
mann (9) and Raslear et al. (30), who found that weight loss

Fig. 7. Experiment 3. Mean body weight (left) and
daily food intake (right) during the last half of
pregnancy for B6 female mice acquiring food at 5 or
10 responses (FUP) per 20-mg pellet (n � 4 per
group).

Table 1. Meal and nose poke response parameters of mice
during baseline, mid-pregnancy, and near parturition at two
unit prices

Variable Measured and Phase FUP5 FUP10

Food intake (20 mg pellets/day)
Baseline 199 � 10 176 � 13
Mid-pregnancy 230 � 8 200 � 13
End of pregnancy 301 � 10* 267 � 4*

Number of meals per day
Baseline 11.5 � 0.7 10.5 � 1.1
Mid-pregnancy 13.7 � 0.5 14.2 � 1.2
End of pregnancy 9.2 � 1.0 8.2 � 0.7

Mean meal size (20-mg pellets)
Baseline 16.9 � 0.9 17.3 � 2.2
Mid-pregnancy 16.8 � 1.3 14.7 � 2.6
End of pregnancy 34.6 � 3.5* 32.7 � 2.7*

Size of largest meal (20-mg pellets)
Baseline 65 � 10 79 � 14
Mid-pregnancy 68 � 17 60 � 24
End of pregnancy 120 � 23 97 � 9

Maximum responses/15 min
Baseline 36 � 2 60 � 5
Mid-pregnancy 38 � 2 68 � 6
End of pregnancy 75 � 3* 110 � 7*

Number of 15-min intervals with
�0 responses

Baseline 58 � 2 65 � 2
Mid-pregnancy 64 � 3 69 � 2
End of pregnancy 44 � 2* 56 � 3*

Values are expressed as means � SE for n � 4 mice per fixed unit price
(FUP) studied in all three conditions. *Significant difference (P � 0.05, Mann
Whitney U-tests) between end of pregnancy and both baseline and mid-
pregnancy.
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accounted for very little of the variance in food procurement
and that stable performance was reached within one day at each
price step.

If we make an assumption that the maximum response rates
and pellets acquired reflect a bin (900 s) of uninterrupted
responding and eating, we can compare across FUPs and solve
simultaneous equations to derive the time per response and
time handling (i.e., retrieving and eating) each pellet. In fe-
males, these equations yield a time per response �0.5 s and
handling �25 s per pellet, whereas in males, the respective
times are �0.3 s and �15 s. These interresponse times are
within the range found by Raslear et al. (30), but the handling
time is about twice as long as the postreinforcement hiatus in
responding—equivalent to handling—that they reported. This
means the assumption of uninterrupted responding and eating
in the bin with maximal pellets is not strictly accurate and that
unknown factors cause slowing or interruption of responding
and eating. This consideration is important in the interpretation
of experiment 2.

Experiment 2. The results for males in terms of total intake
and meal number and size are comparable to those in previous
reports from our laboratory using B6 mice (4, 5, 37). For
reasons that appear to be unrelated to age or weight, the
elasticity of demand varies somewhat between studies: the
present batch of animals showed relatively high elasticity, such
that a planned extension to FUP100 was not possible due to
weight loss incurred during FUP50.

This is the first study in which we have compared males and
females. The sex difference in intake at low FUP was propor-
tional to the sex difference in metabolic mass. The higher-gram
food intake in males was managed entirely by an increased
number of meals and maximum rate of pellet acquisition,
related in part to slightly higher rates of responding (Fig. 6, A,
E, F). At the higher unit food costs, these sex differences were
no longer present.

One interpretation of this result is that intake in females is
more consistent across conditions (FUP) than in males. This
would be compatible with an ecological advantage to the
females of short-lived species (the life span of feral mice is

only a few months) to maintain body fat levels that enable
reproductive capacity. In the next experiment, we assess the
ability of female mice to cope with food acquisition costs
during pregnancy, a time of escalating energy demand.

In experiment 1, we used the data for maximum response
and maximum pellets per bin to calculate approximate re-
sponse and handling times, assuming complete on-task behav-
ior in that bin. Applying the same analysis to B6 mice (data in
Fig. 6, E and F), males had an interresponse time of �0.5 s and
a handling time of �100 s. In females, the corresponding
numbers were 1.3 s and 120 s.

It is useful at this point to make an interim summary of the
differences between rats and mice. The relative elasticity of
demand was greater in mice than rats: at FUP50, the intake of
rats was �90% of that at low FUP, whereas in mice, it was
�50%. Note the size of the food pellet relative to daily intake
was smaller in rats than mice, so rats had to earn �2 times as
many pellets (via 2 times the total responses) as mice. Male
rats ate fewer and larger meals than females, but the converse
was found in mice. Rats showed an increase in the relative size
of their largest meal and in the number of bins with food as
FUP increased, whereas mice showed no change in relative
size of their largest meal and a decrease in the bins with food.
Both rats and mice showed increases in response rate and
decreased rate of earning food as FUP increased. Finally, B6
mice have a computed food handling time approximately
fivefold higher than rats. Alternatively, the assumption that the
maximum response bins reflect uninterrupted food-directed
behavior is not valid in these mice.

Experiment 3. The magnitude and time course of hyerphagia
during pregnancy were comparable in mice earning food at
FUP5 and FUP10 compared with those previously reported for
free-feeding mice (28). The hyperphagia as animals ap-
proached parturition was accomplished by larger meals and
faster response rate, with eating occurring over a smaller
fraction of the session. This finding is consistent with reduced
time in the feeding arm reported for pregnant mice living in a
residential maze (8).

Fig. 8. Experiment 4. Values are expressed as means � SE
daily food intake expressed as the number of 20-mg pellets
consumed by groups of eight male CD-1 mice on consecutive
days of study. The fixed unit price (FUP) and interval (FI)
groups progressed through 4-day segments of incremental steps
(5, 10, 25, 50 and 100 responses/s, respectively). The inset
shows the mean body weights at the end of each experimental
step where 0 is the end of the training period at FUP2.
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The single mouse in the FUP25 group that delivered a litter
showed generally similar effects, notably with intake peaking
at over 300 pellets per day. During the baseline phase (exper-
iment 2), the intakes of this mouse at FUPs 2, 5, and 10 were
close to the means of the entire cohort of 17 mice, but her
intake at FUP25 and FUP50 ranked 1st and 3rd, respectively.
That is, she showed one of the least elastic individual demand
functions. It should be noted that either doubling intake at the
same cost or doubling unit cost with the same intake requires
the same increase in response number. At least 4 of the 5 other
mice in the FUP25 group showed weight gain typical of early
pregnancy, but thereafter failed to show hyperphagia and lost
that weight. It appears that these mice with higher demand
elasticity during the baseline period aborted pregnancies in the

face of increased response demand to sustain adequate hy-
perphagia.

The reason for this failure to sustain hyperphagia may not be
the response requirement per se, but may instead, or in addi-
tion, reflect a ceiling on the amount of time mice allocate to
feeding and closely related activities. The issue of time was
addressed in experiment 4.

Experiment 4. Food demand was much less elastic in CD1
(Fig. 8) compared with male B6 mice (Fig. 4). For example,
CD1 mice showed only a 12% decrease in intake at FUP50
compared with FUP5, warranting continuation to FUP100,
whereas in B6 mice, intake at FUP50 was reduced by 50%,
causing the study to be truncated at FUP50 due to weight loss.
This cannot be ascribed to a difference in food demand at the

Fig. 9. Experiment 4. Histograms of numbers of 20-mg food pellets acquired in consecutive 15-min bins during the last 23-h sessions at FUP/FI 5, 25, and 100
(responses/s, respectively) by CD1 male mice. Shown are data at the first, middle, and final step from one representative mouse from each of the FUP (left) and
FI (right) groups. The approximate 12-h dark period is indicated by the black horizontal bars on the top axes.
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lowest cost, which in both groups was �220 pellets or 4.4 g of
the same food. Despite similar ages, the CD1 mice initially
weighed about 40% more than B6, consistent with supplier’s
growth curves (at www.harlan.com), and it follows that the
intake per unit of metabolic mass was considerably higher in
the B6 mice.

The number of meals was similar, and decreased across the
FUP series, in both strains (Figs. 6A and 10A). In CD1 mice,
the decrease in meal number as FUP increased was compen-
sated by an increase in mean meal size, whereas in B6 mice,
the decrease in meal number was uncompensated by a change
in meal size (Figs. 6B and 10B), so their intake declined

substantially as FUP increased. The size of the largest meal did
not change markedly across the FUP series in either strain
(Figs. 6C and 10C), but the fraction of total intake accounted
for by the largest meal differed by almost twofold, being
�20% in CD1 and almost 40% in B6. The fraction of time
spent in food-directed behavior also did not differ greatly
across FUP in either strain (Figs. 6D and 10D), but the fraction
of the day spent in feeding (as estimated from intervals con-
taining pellet deliveries) was twofold to threefold higher in B6
compared with CD1 and accounted for more than half of the
23-h session at all FUP in the B6 mice. Directly related to this,
the maximum number of pellets obtained per 15-min time bin

Fig. 10. Experiment 4. Meal and response parameters of male CD1 mice tested using an incrementing unit price (FUP) or fixed interval (FI) schedule (n � 8).
Values are expressed as means � SE. A: number of meals according to the definition in text. B: meal size (total pellets consumed/meal number). C: size of the
largest meal in that day relative to total intake. D: mean fraction of 15-min time bins in which one or more pellets was received. E: maximum number of pellets
obtained per time bin derived from individual linear regressions of rank-ordered pellets delivered per bin. F: maximum response rate per time bin derived from
individual linear regressions of rank-ordered responses per bin. Significant differences as a function of FUP or FI are described in the text.
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(Figs. 6E and 10E) changed only modestly across the FUP
series in both strains, but was approximately threefold higher
in CD1 than B6 mice (about 18 vs. 6, averaged across FUPs).
The rate of responding within bins was correspondingly higher
in CD1 than B6 mice (Figs. 6F and 10F).

Using the maximum response and pellet bins for the highest
FUPs, we found that the inter-response time was �0.25 s, and
the handling time was �30 s. Data from the lowest two FUPs
suggested these intervals were not fully occupied with food-
directed behavior. Nonetheless, these response and handling
times are similar to those for rats (experiment 1) and differ
greatly from B6 mice (experiment 2).

The differences in meal parameters are visually evident by
comparing the relevant individual histograms for the CD1 male
(Fig. 9, left) and B6 male (Fig. 5, right) and can be summarized
as follows: compared with CD1 mice, B6 mice engage in much
slower and longer eating episodes. In both strains, the mean
meal size is about 10% of daily intake, reflecting 10 meals per
day, but B6 mice tend to take at least one very large meal per
day accounting for 30–40% of that intake, and by default,
several quite small meals (data not shown). In contrast, the
largest meal in CD1 mice is �20% daily intake (Fig. 3C), and
they take correspondingly fewer small meals. These data are
consistent with a strain difference in the propensity of mice
(higher in B6 than CD1) to interrupt food-directed behaviors
for competing activities, including possibly vigilance or scan-
ning of the environment and/or locomotion around the cage.
While we did not observe or measure such activities in the
present experiments, in other studies, we have reported that B6
mice engage in high levels of voluntary running if provided
with wheels (5) and that this activity most likely occurs in brief
bursts between short feeding bouts for much of the nocturnal
period. Similarly, Goulding et al. (21) reported that B6 mice
show high levels of running in their home cage, especially
during the first hours of the night and that short bouts of
feeding are integrated into this running profile. Inasmuch as
feeding rate did not differ greatly with FUP, a corollary of the
above is that costs for access to food (FUP) are incorporated
within that activity rather than are added to it. Consistent with
this, we have found that when wheel running is used as an
operant to obtain food, mice will run almost an order of
magnitude more than their voluntary rates (5), with similar
conclusions in other studies of foraging effort in house mice
(29, 35).

Unlike the FUP schedules, in which increased demand costs
can be incorporated into interpellet activities, so that feeding
rate is relatively unaffected (over the range of FUP that we are
able to study before weight loss exceeds a ceiling for labora-
tory animal welfare), animals are unable to change the maxi-
mum rate of pellet delivery, which at the highest FIs, become
limiting on the rate of feeding. For example, at FI100, the
maximum number of pellets that could be obtained in 15 min
is 9; the group mean that we observed was 7 with minimal
individual variability, indicating that all mice approached the
maximum. In contrast, at FI5, the maximum that could be
obtained is 180, although since handling time exceeds 5 s, the
real maximum may be nearer 50, but in any event is much
greater than the observed mean of 14. Since FI schedules do
not require any responses until the FI has elapsed, most or all
of the interpellet activities are not directly related to feeding
and presumably include the “competing activities” referred to

above. Inasmuch as the maximum numbers of pellets per bin
acquired at low FI were comparable to those of the FUP group
(Fig. 10E), this is again consistent in that both groups are
engaged in extensive competing activities and that feeding is
incorporated into those activities on occasion and more or less
independent of the specific schedule of reinforcement. It is
only at the high FI, when the FI exceeds the average time
course of such activity, that the maximum pellet rate decreases.
Although we have replicated this FI result in both the same
mice (we subsequently reversed the FUP and FI groupings, but
did not report these results) and in a different cohort of CD1
mice, we have not examined how B6 mice would respond in a
23-h session. On the basis of this discussion, we would predict
a difference from CD1, and, in particular, fewer maximum
pellets per bin at low FIs. However, it now will be important to
incorporate measures of alternate activities to assess the valid-
ity of this speculation. Other aspects of the FI data indicate a
large capacity of CD1 mice to adjust their meal patterns to
prevailing schedules, and, in particular, to change from taking
reasonably well-defined and consistently sized meals at low FI
to taking at least one very large and long meal at high FI. In
this regard, the CD1 mice at high FI resemble the B6 mice in
experiment 2.

Previously, because demand characteristics on FUP sched-
ules sometimes show differences across studies, we have
suggested that strain differences might be present (4, 12, 36).
The present comparison corroborates that suggestion, but in
reviewing all of our published studies, we find that even within
a strain, the demand elasticity can vary. For example, as noted
in the discussion to experiment 2, the elasticity of the present
B6 mice was quite high compared with that of the sedentary B6
control males in the wheel running article referred to above (5).
We have been unable to find a satisfactory explanation for that
variability, which again suggests that measures of behaviors in
addition to feeding might be important considerations.

Perspectives and Significance

Pioneers in the measurement of food intake (7, 26, 31) found
that rats segregate their food intake into relatively discrete
episodes that are presumed to be homologs of human meals.
The observation that meal size may (26) be correlated with
postmeal interval further suggested that the temporal organi-
zation of eating is dependent on the decay of satiety from the
previous meal (34). However, that result has been disputed (11,
18). Further, the cross-condition result (14, 15) that when cost
of access to food is increased, rats go from eating many small
meals to a few large meals means that the amplitude of
oscillations in physiological state (for example, energy re-
serves or derivative signals) about a hypothetical mean or set
point must increase with access cost. That is, the probability
with which the magnitude of an inferred physiological deficit
leads to initiation of a feeding bout is very heavily influenced
by the food economy. Collier (14) regarded meal patterns as
manifestations of a global economic strategy; so viewed, dif-
ferences between rats and mice would be expected inasmuch as
these species use different strategies.

Collier reported that the meal structure of rats that had an
imposed consummatory or unit price (FUP) on food, the focus
of the present studies, was relatively unchanged even as unit
price became very high (15). The present findings, at least in
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male rats, largely corroborate that conclusion (Fig. 3). The
behavior of CD1 mice is not that different, with low elasticity
of demand (Figs. 1 and 8), and a slowly decreasing meal
number but increasing meal size as FUP increased. However,
rats show a greater dependence of maximum meal size on FUP,
and a corresponding flexibility in the amount of time spent
acquiring pellets. Before interpreting such a difference, two
caveats need to be considered. First, because rats eat about four
times as much as mice but the pellets were only 2.25-fold
different in size, rats had to earn about twice as many pellets as
mice. Thus, especially at high FUP, the relative work load on
rats is considerably higher, and this may be responsible for the
higher ending values for largest meal and time spent acquiring.
In retrospect, larger (e.g., 90 mg) pellets might have been a
closer “match” to the 20-mg pellets in mice, although we have
shown in mice (28) that food demand characteristics are
relatively independent of pellet size, except at high price, but
meal analyses were not conducted.

Second, the operant responses were different in rats (lever
press) than mice (nose poke). While both responses are com-
monly used in operant studies, we cannot assume the differ-
ence is inconsequential, either in terms of effort or execution
time. In CD1 mice, we have compared lever press and nose
poke operants and found that the nose poke group ate modestly
(�10%) more than the lever press group across FUPs (3). We
do not believe this difference is large enough to be important;
indeed, the maximum response rates per 15 min (2,000 in rats,
1,500 in CD1 mice) were similar. Further, individual food
acquisition histograms of rats and CD1 mice (Figs. 2 and 9) are
qualitatively comparable, suggesting these two populations
have similar underlying meal initiation mechanisms and sen-
sitivity to environmental cost or conditions.

B6 mice offer a strikingly different pattern. The differences
between CD1 and B6 mice were discussed in DISCUSSION,
Experiment 4 (Experiment 4 discussion), and apply to differ-
ences between rats and B6 mice. B6 females did not increase
their food intake in the face of weight loss during the FUP
series (Fig. 4) but did increase intake during pregnancy (Fig.
7), both by increasing meal size and maximum rates of pellet
acquisition (Table 1). This is consistent with our foregoing
discussion that behaviors other than eating occur, especially at
low food costs, and these other behaviors are reduced during
pregnancy when feeding time becomes much more time-effi-
cient.

From this perspective, it is unfortunate that the B6 strain of
the mouse has been the principal background strain for most
contemporary genetic studies, many of which are used in the
study of food intake. Tordoff and colleagues (6) have provided
extensive comparisons of ingestive behavior phenotypes in
many strains of mice, and it is sufficient to say that there are
large strain differences in almost every measure. They have not
examined meal patterns or operant food acquisition, but we are
firmly convinced that the present manifestation of a strain
difference is but the tip of a very large iceberg. This is of
relevance to design and interpretation of food intake studies in
and across rodents and strains thereof. Over the course of
evolution, feeding mechanisms must have been selected for
flexibility in a wide range of often unpredictable food environ-
ments, yet almost everything we know of biological mecha-
nism comes from predictable laboratory environments. In such
environments, meal patterns may perhaps be considered to the

“surface structure”, reflecting underlying determinants. We
have referred to evolved feeding mechanisms as being of an
opportunistic nature (32) or greatly dictated by the totality of
the environment—a global economic strategy (14). Thus, it
appears that physiological signals have a probabilistic (i.e.,
environmentally gated) rather than a deterministic role in the
occurrence or amount of a feeding episode, and more mecha-
nistic studies are needed that account for this aspect. Over a
decade ago, Gerard Smith wrote “Collier’s robust and quanti-
tative behavioral results are ripe for physiological analysis”
(34). Because genetic modifications allow study over the lon-
ger time needed to complete operant studies, we have re-
sponded to Smith’s prescient call by studying mice with
genetic mutations, to arrive at the present conclusion that we
know almost nothing about natural variation in food-environ-
ment interaction between mouse strains, let alone translation to
other species. Without some understanding of this variation, of
which we provided one exemplar in this paper, we will not
progress far in the task identified by Smith.
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