
90 (2007) 82–94
Physiology & Behavior
Genetic variance contributes to ingestive processes: A survey of eleven
inbred mouse strains for fat (Intralipid) intake

Sarah R. Lewis a,b, Cheryl Dym a,b, Christina Chai b, Amreeta Singh b,
Benjamin Kest a,c, Richard J. Bodnar a,b,⁎

a Neuropsychology Doctoral Sub-Program, City University of New York, USA
b Department of Psychology, Queens College, City University of New York, 65-30 Kissena Blvd., Flushing, NY 11367, USA

c Department of Psychology, College of Staten Island, City University of New York, USA

Received 23 February 2006; received in revised form 27 July 2006; accepted 28 August 2006
Abstract

Genetic variation across inbred and outbred mouse strains have been observed for intake of sweet solutions, salts, bitter tastants and a high-fat
diet. Our laboratory recently reported marked strain differences in the amounts and/or percentages of kilocalories of sucrose consumed among 11
inbred and one outbred mouse strains exposed to a wide range of nine sucrose concentrations (0.0001–5%) in two-bottle 24-h preference tests. To
assess whether differences in fat intake were similarly associated with genetic variation, the present study examined intake of chow, water and an
emulsified fat source (Intralipid) across nine different concentrations (0.00001–5%) in the same 11 inbred and 1 outbred mouse strains using two-
bottle 24-h preference tests, which controlled for Intralipid concentration presentation effects, Intralipid and water bottle positions, and
measurement of kilocalorie intake consumed as Intralipid or chow. Strains displayed differential increases in Intralipid intake relative to
corresponding water with significant effects observed at the seven (BALB/cJ: 0.001% threshold sensitivity), four (AKR/J, C57BL/6J, DBA/2J,
SWR/J: 0.5% threshold sensitivity), three (CD-1, C57BL/10J, SJL/J: 1% threshold sensitivity) and two (A/J, CBA/J, C3H/HeJ, 129P3/J: 2%
threshold sensitivity) highest concentrations. In assessing the percentage of kilocalories consumed as Intralipid, SWR/J mice consumed
significantly more at the three highest concentrations to a greater degree than BALB/cJ, C57BL/6J, CD-1, C3H/HeJ, DBA/J and 129P3/J strains
which in turn consumed more than A/J, AKR/J, CBA/J, C57BL/10J and SJL/J mice. Relatively strong (h2=0.73–0.79) heritability estimates were
obtained for weight-adjusted Intralipid intake at those concentrations (0.001–1%) that displayed the largest strain-specific effects in sensitivity to
Intralipid. The identification of strains with diverging abilities to regulate kilocalorie intake when presented with high Intralipid concentrations
may lead to the successful mapping of genes related to hedonics and obesity.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Systematic analyses of rodent strain differences are important
sources regarding the genetic control of all aspects of ingestive
behavior (see review: [32]). These studies indicate widespread
strain-dependent (i.e., genetic) variance in food, water and
mineral intake as well as spout side preference [2,3]. Particular
orosensory stimuli such as salts (e.g., [2,6–8,39]), bitter tastants
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(e.g., [6,9,11,14,16,25,39]), saccharin (e.g., [9,10,13,20,26–
29,33,39]), and sucrose (e.g., [4,9,20,23,26,30,31,38]) are also
subject to intake differences among strains. In addition, these
studies help to identify strains with divergent sensitivities for
subsequent QTL analyses to localize chromosomal regions, and
ultimately genes, critically involved in such differences [17].

Differences in dietary fat intake are also associated with
genetic variation (see review: [45]) and have led to identification
of dietary resistance and susceptibility in inbred and outbred
strains of rats (e.g., [22,34]) and mice (e.g., [41,43]). The latter
studies identified particular strains in which moderate intake of a
high-fat diet promoted weight gain and obesity (e.g., AKR/J
mice), and other strains in which large intake of the high-fat diet
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was not accompanied by weight gain (e.g., SWR/J). Moreover,
such weight effects were largely due to variation in the dietary
fat content, but this variable weakly correlated with total ener-
gy intake. These particular strains displayed similar effects
whether the fat source was shortening, lard or granular, and
whether the high- and low-fat diets were isocaloric [36]. In-
deed, whereas AKR/J and C57BL/6J mice self-selected the
highest proportion of fat in macronutrient diet selection with
epididymal fat correlated with fat consumption, SWR/J and
CAST/Ei strains consumed fat that was inversely correlated
with epididymal fat [35]. Moreover, whereas the diet-sensitive
AKR/J and DBA/2J strains consumed more fat, displayed more
adiposity and displayed elevated levels of leptin and insulin, the
C57BL/6J strain showed an equal preference between protein
and fat and displayed normal insulin and leptin levels [1]. In
contrast, obesity-resistant SWR/J and A/J mice consume
more fat than carbohydrate, but fail to gain weight, potentially
because of lower insulin levels, increased capacity of skeletal
muscle to metabolize fat, enhanced paraventricular galanin and
reduced arcuate NPY [21]. Our laboratory [24] found genetic
variance in the sensitivity and magnitude of feeding responses
of mouse strains exposed to the free fatty acid oxidation in-
hibitor, mercaptoacetate. Thus, inbred DBA/J and outbred CD-
1 mice were the most sensitive to mercaptoacetate-induced
feeding, whereas mercaptoacetate failed to significantly in-
crease food intake in A/J, C57BL/10J and 129P/3J mice. A
series of genetic loci were mapped to explain some of these
genetic variations for fat and obesity (e.g., [5,12,37,40,42,44]).
Because the above studies used solid fat sources (e.g., shorten-
ing, lard, granular), it is therefore relatively difficult to system-
atically manipulate the amount of fat in the diet over a wide
concentration range in short-term intake tests to determine if
differences in sensitivity may account for some of the observed
genetic variance.

Our laboratory [23] recently reported on a number of factors
potentially involved in murine genetic variance in sucrose in-
take among 11 inbred (A/J, AKR/J, BALB/cJ, CBA/J, C3H/
HeJ, C57BL6/J, C57BL10/J, DBA/2J, SJL/J, SWR/J, 129P3/J)
and one outbred (CD-1) strains, thereby allowing for the valid
estimation of genetic correlations [16]. Intake across a range of
nine different sucrose concentrations (0.0001–20%) was com-
pared with water intake in two-bottle 24-h preference tests
which importantly controlled for order effects by exposing half
of the mice to an ascending concentration order and the re-
mainder to a descending concentration order [15]. Bottle
positions of the sucrose and water bottles were also systemat-
ically switched across animals and across strains, another
demonstrably important variable [3]. Additionally, chow intake
was measured in order to determine strain differences in kilo-
calorie intake as a function of sucrose relative to chow. A/J,
C57BL/6J, CD-1 and SWR/J strains consumed the greatest
(11.6–22 ml) amount of sucrose, whereas the A/J, C57BL/10J,
SJL/J and SWR/J strains consumed the greatest (44–56%)
percentages of kilocalories as sucrose. The AKR/J, CBA/J,
C3H/HeJ and DBA/2J strains consumed the least (6.9–7.9 ml)
amount of sucrose and displayed lower (20–30%) percentages
of kilocalories consumed as sucrose. Whereas A/J, C57BL/6J,
C57BL/10J, CD-1, SWR/J and SJL/J strains all displayed the
most pronounced compensatory decreases in chow intake as the
percentage of kilocalories consumed as sucrose increased, the
AKR/J, C3H/HeJ and DBA/2J strains failed to significantly
alter chow intake even at high sucrose concentrations. There-
fore, in this study, the use of liquid sucrose solutions at a wide
range of different concentrations allowed for analyses of
concentration-dependent differences in sensitivities as a func-
tion of murine strain.

Typical difficulties in using different liquefied fat sources
presented at different concentrations are their inability to stay in
solution over a time course (e.g., 24 h) that is reasonable to
study murine intake. Intralipid (Baxter Healthcare Corporation,
Deerfield, Illinois) is an emulsified fat solution (20%) made
almost exclusively from soybean oil (20 g in 100 ml) and is used
clinically for delivery of a fat source to patients. Therefore,
the use of Intralipid insures that the fat is equally distributed
in solution across a wide range of concentrations, and indeed,
Intralipid solutions are readily consumed in a manner similar to
sucrose and other palatable solutions (e.g., [18,19]). Therefore,
analysis of Intralipid intake across concentrations (0.00001–
5%) can potentially parallel our previous use [23] of different
sucrose concentrations (0.0001–20%) and can be compared to
water intake in two-bottle 24-h preference tests for the study of
genetic variance in fat intake. Given that a number of strains
evaluated in our previous study [23] display high levels of fat
intake with weight gain (e.g., AKR/J, C57BL/6J, DBA/2J:
[1,36,41,43]), high levels of fat intake without weight gain (e.g.,
A/J, SWR/J: [21,35]), and lower levels of fat intake (BALB/cJ,
C3H/HeJ SJL/J, 129/J: 1,35) in prior studies, the present study
examined these same strains for Intralipid intake across a wide
range of concentrations in two-bottle 24 h preference tests
using all of the dependent measures assessed previously [23] for
sucrose.

2. Methods

2.1. Subjects

Outbred (CD-1, Charles River Laboratories, Wilmington,
MA; n=10) and inbred A/J, AKR/J, BALB/cJ, CBA/J, C3H/
HeJ, C57BL/6J, C57BL/10J, DBA/2J, SJL/J, SWR/J, 129P3/J
(Jackson Laboratories, Bar Harbor, ME; n=9–10 each) male
mice (12 weeks of age) were initially acclimated to the Queens
College vivarium for their 13th week in group (5 per cage)
housing and were maintained on a 12-h light/12-h dark cycle
(lights off at 2000 h) at a constant temperature of 22 °C with ad
libitum access to food and water. Given the large (120 animals
across the 12 strains) number of animals involved, it was not
possible to test all of them contemporaneously. Therefore, the
mice were tested in three sequences of 40 animals each with
subgroups (n=5) of the inbred strains tested in at least two of
the sequences, and subgroups of the outbred strain tested in each
of the three sequences. Analyses of their data did not reveal any
sequence-specific effects. Each animal was housed individually
in plastic cages (30×20×15 cm) during the ensuing 14th week
to acclimate them to isolated housing. Animals were then tested



Table 1
Baseline water (ml, ±S.E.M.) and chow (g, ±S.E.M.) intake and body weight
(g, ±S.E.M.) in 12 mouse strains

Strain Water (ml) Chow (g) Body weight (g)

A/J 4.6 (0.2) 3.8 (0.2) 19.6 (0.5)
AKR/J 8.6 (0.2)⁎ 4.1 (0.1) 26.6 (1.0)⁎

BALB/cJ 7.4 (0.2) 6.7 (0.2)⁎⁎ 23.5 (0.2)
C57BL/6J 4.8 (0.4) 3.6 (0.2) 27.8 (0.8)⁎

C57BL/10J 6.9 (0.5) 4.8 (0.2)⁎ 22.7 (0.3)
CBA/J 6.7 (0.2) 4.0 (0.2) 22.6 (0.5)
CD-1 9.3 (0.8)⁎ 4.1 (0.4) 37.0 (1.0)⁎⁎

C3H/HeJ 5.5 (0.2) 4.4 (0.2) 18.5 (1.1)
DBA/2J 6.5 (0.2) 5.3 (0.2)⁎ 23.7 (0.2)
SJL/J 6.6 (0.1) 3.6 (0.2) 21.1 (0.3)
SWR/J 9.2 (0.3)⁎ 3.9 (0.1) 18.3 (0.6)
129P3/J 5.9 (0.4) 5.0 (0.4)⁎ 22.6 (0.4)

⁎ Significantly greater relative to all other unmarked strains in column.
⁎⁎ Significantly greater than ⁎ strains in column.
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over an approximate 2-week period (weeks 15–17) in the
following paradigm.

2.2. Intralipid intake procedure

All procedures were approved by the Queens College Insti-
tutional Animal Care and Use Committee. Initially, each animal
was provided with a pre-weighed ration (∼20 g) of Purina
Mouse chow (5.3 kcal/g) and two calibrated and pre-weighed
(100 ml capacity,+0.1 g=+0.1 ml; Lab Products, Seaford, DE)
sipper tubes each filled with water (∼40 ml each). Each animal
of each strain was assessed for chow and water intakes from
each individual bottle every 24 h over 4 days. Whereas chow
spillage was measured and adjustments of intake were made
accordingly, there was no systematic measurement of fluid
spillage during the experimental protocol, although there was
not any malfunction of a sipper tube (resulting in large spillage).
To assess whether Intralipid at the lowest (0.00001%) and
highest (5%) concentrations as well as water were subject to
spillage, we placed these tubes on empty cages and assessed
changes in weight of the tubes. This procedure resulted in
minimal changes in fluid (b0.1 g) regardless of whether the two
Intralipid concentrations or water were measured. It should be
noted that this procedure does not control for strain-specific
spillage. Body weights of the animals were measured every
3 days throughout the paradigm and the mean body weight was
chosen for each animal of each strain for further analysis. The
position of the two water bottles were switched across animals
and across strains every 24 h according to a left (L)–right (R)–
R–L and R–L–L–R position, respectively, to minimize
potential bottle position preference effects [3]. Following
baseline, every mouse of each strain received chow, one bottle
of water and one bottle of Intralipid each day. Nine Intralipid
concentrations were diluted from the original 20% concentra-
tion and used for testing in these two-bottle preference tests:
0.00001%, 0.0001%, 0.001%, 0.01%, 0.1%, 0.5%, 1.0%, 2.0%
and 5.0%. Half of the mice of each strain were tested in an
ascending Intralipid concentration order, and the remaining half
were tested in a descending order, with Intralipid bottle position
systematically controlled [15]. Chow, Intralipid and water in-
takes (±0.1 g) were measured daily for each concentration of
Intralipid.

2.3. Statistics

One-way analyses of variance were performed to assess
whether any pre-existing differences in body weight and in total
baseline water intake and chow intakes were observed across
strains. To assess sampling of the two water bottles under
baseline conditions, a two-way randomized block analysis of
variance was also performed with strains as the between-subject
variable and water intake from the two bottles as a repeated
measure. In assessing alterations in Intralipid relative to water
intake, a three-way randomized block analysis of variance was
performed with the 12 strains as the between-subject variable,
the 10 (baseline and nine Intralipid concentrations) conditions
as a within-subject variable, and the intake from the Intralipid
and water bottles as a second within-subject variable. The
threshold for or sensitivity to Intralipid for each mouse strain
was operationally defined as that lowest concentration which
Intralipid intake significantly differed from water. Further, to
assess order effects upon Intralipid intake, another set of three-
way randomized-block analyses of variance systematically
compared within each strain those mice that received an
ascending order of Intralipid concentrations with those that
received a descending order. Two-way randomized-block ana-
lyses of variance were also systematically performed across
strains and across Intralipid concentrations to assess changes in
the percentage of Intralipid consumed, the total amount of chow
intake, and the percentage of kilocalories consumed as Intra-
lipid. Because there were significant differences in body weight
across strains (Table 1), two further analyses were performed to
adjust intake while accounting for weight and lean body mass.
Corresponding to previous analyses performed in our laboratory
[23] and elsewhere (e.g., [3]), a two-way randomized block
analysis of variance was performed with the 12 strains as the
between-subject variable and the 10 conditions as a within-
subject variable for transformed Intralipid intake per 30 g of
body weight. Given that energy requirements and lean body
mass are often normalized to the .75 power, another two-way
randomized block analysis of variance was performed with the
12 strains as the between-subject variable and the 10 conditions
as a within-subject variable for transformed Intralipid intake
normalized to the .75 power. Tukey comparisons (Pb0.05)
were performed in the presence of significant effects relative to
corresponding baseline values within strains.

To assess the consistency of genetic variance across the
different Intralipid concentrations for Intralipid intake per se
and for the percentage of kilocalories consumed as Intralipid in
the 12 tested mouse strains, Pearson product–moment correla-
tion coefficients (r) subject to Bonferroni correction for multiple
comparisons were calculated for both measures, examining
those Intralipid concentrations (0.5%, 1%, 2% and 5%) pro-
ducing sizable intake. Correlations were also performed for data
from baseline water and chow intakes as well as body weight
and compared with previous studies from our [23] and other [3]
laboratories. Further, narrow-sense trait heritability was



Fig. 1. Alterations in intralipid (left ordinate, mean±S.E.M.), water (left ordinate, mean±S.E.M.) and chow (right ordinate, mean±S.E.M.) intake across baseline and nine
different intralipid concentrations in one outbred (CD-1) and eleven inbred (A/J, AKR/J, BALB/cJ, C57BL/6J, C57BL/10J, CBA/J, C3H/HeJ, DBA/2J, SJL/J, SWR/J,
129P3/J) strains of mice. In this and all subsequent figures, the asterisks (⁎) denote a significant difference in intake relative to corresponding baseline conditions, and the
crosses (+) denote a significant difference in sucrose intake relative to corresponding water intake at that concentration (Tukey comparisons, Pb0.05).
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determined by comparing the between-strain variance to the
total variance for each concentration of Intralipid in terms of
intake itself and intake adjusted for body weight. Because
animals are isogenic (i.e., genetically identical) within individ-
ual inbred strains, between-strain variance provides a measure
of additive genetic (‘allelic’) variation (VA), whereas within-
strain variance (‘error variance’) represents environmental
variability (VE). An estimate of narrow-sense heritability (h2)
for each trait was obtained using the formula: h2 =VA/(VA+VE)
as performed previously [24]. Since animals in strains were
initially chosen randomly (by the supplier), these values are
likely accurate estimates of the true trait heritabilities.

3. Results

3.1. Baseline values in water and chow intake

Significant differences were observed among mouse strains
in total baseline water (F(11,106)=19.66, pb0.0001) and
chow F(11,105)=15.71, pb0.0001) intakes. As summarized
in Table 1, baseline water intake was greatest in CD-1, SWR/J
and AKR/J strains, with significantly less water intake ob-
served in all other strains. Baseline chow intake was greatest in
the BALB/cJ strain relative to all other strains with DBA/2J,
129P3/J and C57BL/10J mice consuming significantly greater
amounts of chow relative to the remaining strains as well
(Table 1). Significant differences were observed among mouse
strains in body weight (F(11,106)=58.67, pb0.0001). Body
weight was significantly greater in CD-1 mice relative to the 11
inbred strains; C57BL/6J and AKR/J in turn weighed signi-
ficantly more than the remaining nine inbred strains (Table 1).
Interestingly, the strain-specific effects upon baseline water
intake displayed strong positive correlations with previous
studies performed in our (r=.647 [23]) and other (r=.666 [3])
laboratories; a similar significant pattern of effects (r=0.77) was
observed for strain-specific body weights in the present and our
previous [23] study. In contrast, baseline chow intake in the
present study failed to display strain-specific correlations with
either our previous [23] or other [3] studies. Analysis of two-
bottle baseline water intake revealed significant differences
across strains (F(11,99)=21.28, pb0.0001), for intake for the
two fluids (F(1,9)=7.24, pb0.25), but not for the interaction
between strains and fluid choice (F(11,99)=0.45, n.s.). Im-
portantly, individual comparisons revealed that all 12 strains
displayed similar patterns of sampling of their two water bottles
during baseline (BL) testing (Fig. 1), indicating that preferences
described for intake of different concentrations of Intralipid
were not due to some underlying intra-strain preference for
intake from one water bottle relative to the other.

3.2. Intralipid and water intake

In analyzing Intralipid and water intake across strains and
Intralipid concentrations, significant differences in intake were
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observed among strains (F(11,99)=46.17, pb0.0001), across
concentrations (F(9,81)=37.03, pb0.0001), between the two
fluids (F(1,9)=303.06, pb0.0001), and for the interactions
between strains and concentrations (F(99,891) = 6.84,
pb0.028), strains and fluids (F(11,99)=16.41, pb0.0001),
concentrations and fluids (F(9,81)=145.76, pb0.0001) and
among strains, concentrations and fluids (F(99,891)=4.62,
pb0.0001). Significant differences in chow intake were
observed among strains (F(11,110)=43.62, pb0.0001), across
concentrations (F(9,90)=28.70, pb0.0001) and for the inter-
action between strains and concentrations (F(99,990)=2.80,
pb0.0001). First, it is important to note that systematic analyses
of intrastrain differences in Intralipid intake at a given
concentration were performed as a function of whether the
nine Intralipid concentrations were presented in ascending or
descending order. This factor failed to produce significant
effects in outbred CD-1 mice and the CBA/J, C3H/HeJ, C57BL/
6J, DBA/2J and 129P3/J inbred strains. However, significan-
torder effects were observed for the BALB/cJ (main effect:
F(1,4)=12.18, pb0.025) inbred strain in which mice exposed
to the descending order consumed significantly more Intralipid
at the 0.1% concentration and less Intralipid at the 0.5%, 2% and
5% concentrations. Significant order effects were observed for
the A/J (main effect: F(1,4)=43.06, pb0.003), AKR/J (main
Table 2
Alterations in Intralipid intake (mean), each corrected for 30 g of body weight, acro
eleven inbred (A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, C57BL/10J, CBA/J, D

Strain Water⁎ .00001% .0001% .001% .01%

A/J 3.97 6.55 4.51 3.98 4.76
AKR/J 4.80 5.95 8.36N 6.55 8.51G
BALB/cJ 4.87 8.28Q 6.93 6.74 8.50G
C57BL/6J 2.54 4.72 3.65 3.80 3.57
C57BL/10J 4.60 4.89 5.46 3.95 4.23
CBA/J 4.57 6.58 7.21 6.11 7.62
CD-1 3.91 3.64 4.55 3.89 3.74
C3H/HeJ 4.74 6.30 5.13 4.36 6.19
DBA/2J 4.18 5.78 5.08 5.26 4.15
SJL/J 5.13 6.71 8.46N 7.68 8.73G
SWR/J 7.92 11.02C 11.95B 11.19B 14.02+A
129P3/J 4.47 7.18 4.11 5.11 6.24

⁎Baseline water intake from designated “Intralipid” bottle.
+ Significant increase in Intralipid intake from corresponding baseline value (pb0.0
A: Significantly greater weight-adjusted Intralipid intake than all other eleven strain
B: Significantly greater weight-adjusted Intralipid intake than A/J, AKR/J, C57BL/6
C: Significantly greater than A/J, AKR/J, C57BL/6J, C57BL/10J, CD-1, DBA/2J an
D: Significantly greater than AKR/J, CBA/J, CD-1, C3H/HeJ, DBA/2J and 129P3/J
E: Significantly greater than A/J, C57BL/10J, CD-1, C3H/HeJ and DBA/2J strains
F: Significantly greater than AKR/J, CBA/J, CD-1, C3H/HeJ and DBA/2J strains (p
G: Significantly greater than C57BL/6J, C57BL/10J, CD-1 and DBA/2J strains (pb
H: Significantly greater than C57BL/6J, CD-1, C3H/HeJ and 129P3/J strains (pb0.
I: Significantly greater than CBA/J, CD-1, C3H/HeJ and DBA/2J strains (pb0.05).
J: Significantly greater than C57BL/10J, CD-1 and DBA/2J strains (pb0.05).
K: Significantly greater than CD-1, C3H/HeJ and DBA/2J strains (pb0.05).
L: Significantly greater than CD-1 and C3H/HeJ strains (pb0.05).
M: Significantly greater than CBA/J and C3H/HeJ strains (pb0.05).
N: Significantly greater than C57BL/6J and 129P3/J strains (pb0.05).
O: Significantly greater than CD-1 and 129P3/J strains (pb0.05).
P: Significantly greater than CD-1 and DBA/2J strains (pb0.05).
Q: Significantly greater than the CD-1 strain (pb0.05).
R: Significantly greater than the C3H/HeJ strain (pb0.05).
effect: F(1,4)=16.62, pb0.015), C57BL/10J (order by concen-
tration interaction: F(9,36)=9.18, pb0.039), SJL/J (main
effect: F(1,4)=17.52, pb0.014) and SWR/J (order by concen-
tration interaction: F(9,36)=13.12, pb0.022) inbred strains in
which mice exposed to the descending order consumed
significantly more Intralipid at the 0.00001% (AKR/J), 0.5%
(SJL/J, SWR/J), 1% (AKR/J), 2% (A/J, C57BL/10J, SJL/J,
SWR/J) and 5% (A/J) concentrations, thereby indicating the
importance of controlling for order effects in concentration
presentation [15,23].

Analysis of the sensitivity to low Intralipid concentrations
among strains revealed that BALB/cJ mice significantly
increased their Intralipid intake relative to their corresponding
water intake at all concentrations from 0.001% to 5% (Fig. 1C),
thereby displaying the greatest sensitivity (0.001% threshold).
Intralipid intake was significantly increased relative to corre-
sponding water intake between concentrations of 0.5–5% in
AKR/J, C57BL/6J, DBA/2J and SWR/J inbred strains (Fig. 1B,
D, I, and K: 0.5% threshold), of 1–5% in outbred CD-1 and
inbred C57BL/10J and SJL/J strains (Fig. 1E, G, and J: 1%
threshold), and of 2–5% in A/J, CBA/J, C3H/HeJ and 129P3/J
inbred strains (Fig. 1A, F, H, and L: 2% threshold), thereby
indicating systematic strain-specific sensitivities to lower Intra-
lipid concentrations.
ss baseline and nine different sucrose concentrations in one outbred (CD-1) and
BA/2J, SJL/J, SWR/J, 129P3/J) strains of mice

0.1% 0.5% 1.0% 2.0% 5.0%

5.19 5.92 7.03 12.43+L 15.62+D
8.54H 9.76+J 8.24 10.28+Q 10.93+
6.55 10.44+E 8.46 10.04+ 15.17+F
3.96 6.02 6.64 11.25+L 12.89+M
4.96 4.90 6.59 9.22+ 13.99+I
8.55H 8.61Q 7.22 8.78+ 8.39
3.68 4.27 6.49 5.95 9.59+
4.21 5.79 4.82 6.53 8.02
5.69 5.58 7.16 9.68+ 9.54+
7.81O 9.95+P 9.53+R 12.44+L 14.72+K
13.05+A 18.81+A 26.49+A 26.63+A 25.89+A
3.65 7.59 5.46 8.47 11.01+

5).
s (pb0.05).
J, C57BL/10J, CBA/J, CD-1, C3H/HeJ, DBA/2J and 129P3/J strains (pb0.05).
d SJL/J strains (pb0.05).
strains (pb0.05).
(pb0.05).
b0.05).
0.05).
05).
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To control for the possibility that the magnitude of Intralipid
intake might vary as a function of the significant body weight
differences (Table 1), one additional analysis of variance exam-
ined Intralipid intake per 30 g of body weight, and revealed
significant differences among strains (F(11,99) = 47.36,
pb0.0001), among Intralipid concentrations (F(9,81)=83.71,
pb0.0001) and for the interaction between strains and con-
centrations (F(99,891)=6.40, pb0.0001). As summarized in
Table 2, weight-adjusted Intralipid intake was significantly
greater than corresponding water intake following the six high-
est concentrations in SWR/J mice, the four highest concentra-
tions in SJL/J mice, three high concentrations in AKR/J and
BALB/cJ mice, the two highest concentrations in A/J, C57BL/
6J, C57BL/10J and DBA/2J mice, and only at one of the highest
concentration in CBA/J, CD-1 and 129P3/J mice. When adjust-
ing for weight, the C3H/HeJ strain failed to display significant
differences in Intralipid relative to water intake across concen-
trations. Rather profound strain-specific differences in Intralipid
intake were observed in the following six strains. SWR/J mice
displayed significantly greater weight-adjusted Intralipid intake
from the 0.01% through 5% concentrations relative to the 11
other tested strains, from the 0.0001–0.001% concentrations
relative to nine other tested strains, and at the 0.00001% con-
centration relative to seven other tested strains. A/J mice
displayed significantly greater weight-adjusted Intralipid intake
at the 5% concentration relative to six other tested strains, and
at the 2% concentration relative to two other tested strains.
BALB/cJ mice displayed significantly greater weight-adjusted
Intralipid intake at the 0.5% and 5% concentrations relative to
five other tested strains, at the 0.01% concentration relative to
four other tested strains, and at the 0.00001% concentration
relative to the outbred CD-1 strain. AKR/J mice displayed
significantly greater weight-adjusted Intralipid intake at the
0.01% and 0.05% concentrations relative to four other tested
strains, at the 0.5% concentration relative to three other tested
strains, at the 0.0001% concentration relative to two other tested
strains, and at the 2% concentration relative to the outbred CD-1
strain. SJL/J mice displayed significantly greater weight-ad-
justed Intralipid intake at the 0.01% concentration relative to
four other tested strains, at the 0.5% concentration relative to
Table 3
Alterations in Intralipid intake, normalized by weight to the 3/4 as an indicator of le
outbred (CD-1) and eleven inbred (A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, C5

Strain Watera .00001% .0001% .001%

A/J 0.22 0.32 0.24 0.22
AKR/J 0.25 0.29 0.38b 0.32
BALB/cJ 0.25 0.38b 0.33 0.33
C57BL/6J 0.16 0.25 0.20 0.21
C57BL/10J 0.24 0.25 0.28 0.22
CBA/J 0.24 0.32 0.34 0.30
CD-1 0.21 0.20 0.24 0.22
C3H/HeJ 0.25 0.31 0.26 0.23
DBA/2J 0.23 0.29 0.26 0.27
SJL/J 0.27 0.32 0.39 0.36
SWR/J 0.37 0.47 0.50 b 0.48
129P3/J 0.24 0.34 0.22 0.26

a Baseline water intake from designated “Intralipid” bottle.
b Indicates a significant change from baseline (water).
three other tested strains, at the 5% concentration relative to
three other tested strains, at the 0.0001, 0.1%, 0.5% and 2%
concentrations relative to two other tested strains, and at the 1%
concentration relative to the C3H-HeJ strain. The other seven
strains displayed more modest differences in Intralipid intake
across concentrations relative to each other (Table 2).

A second control for the possibility that the magnitude of
Intralipid intake might vary as a function of the significant body
weight differences (Table 1) evaluated transformed Intralipid
intake normalized to the 0.75 power, and revealed significant
differences among strains (F(11,99) =49.97, pb0.0001),
among Intralipid concentrations (F(9,81)=94.82, pb0.0001)
and for the interaction between strains and concentrations
(F(99,891)=6.02, pb0.0001). Table 3 summarizes these trans-
formed data, and when systematically compared with Intralipid
intake per se (Fig. 1) or Intralipid intake adjusted per 30 g of
body weight (Table 2), it is quite apparent that the pattern of
results is consistent across the three analyses, suggesting that the
weight differences did not account for the genetic variation in
Intralipid intake.

Significant differences in the percentage of fluid intake con-
sumed as Intralipid were observed among strains (F(11,99)=
5.36, pb0.0001), across concentrations (F(9,81)=73.34, pb
0.0001), and for the interaction between strains and concentra-
tions (F(99,891)=2.20, pb0.0001). There was a great deal of
congruence between sensitivity to Intralipid as measured by
intake per se and the percentage of fluid intake consumed as
Intralipid. Thus, the percentage of fluid intake consumed as
Intralipid was significantly greater in BALB/cJ mice at the seven
highest concentrations (Fig. 2C), in SWR/J mice at the five
highest concentrations (Fig. 2K), in C57BL/6J (Fig. 2D),
C57BL/10J (Fig. 2E) and DBA/2J (Fig. 2I) mice at the four
highest concentrations, and in A/J (Fig. 2A), AKR/J (Fig. 2B),
and SJL/J (Fig. 2J) mice at the two highest concentrations.
However, the percentage of Intralipid intake was significantly
greater only at the highest concentration in outbred CD-1
(Fig. 2G), C3H/HeJ (Fig. 2H), and 129P3/J (Fig. 2L) mice, but
failed to differ at any concentration in CBA/J mice (Fig. 2F).
This latter group displayed significantly lower percentages of
fluid intake consumed as Intralipid at the highest 5%
an body mass, across baseline and nine different sucrose concentrations in one
7BL/10J, CBA/J, DBA/2J, SJL/J, SWR/J, 129P3/J) strains of mice

.01% 0.1% 0.5% 1.0% 2.0% 5.0%

0.25 0.27 0.30 0.34 0.51b 0.60b

0.39b 0.39b 0.43b 0.38b 0.44b 0.47b

0.39b 0.32 0.45b 0.39b 0.44b 0.59b

0.20 0.22 0.30b 0.32b 0.48b 0.53b

0.23 0.26 0.26 0.32 0.41b 0.56b

0.36 0.39b 0.39b 0.34 0.39b 0.38b

0.21 0.20 0.23 0.31 0.30 0.41b

0.30 0.22 0.28 0.25 0.32 0.37
0.23 0.29 0.28 0.34 0.43b 0.42b

0.40b 0.36 0.43b 0.42b 0.51b 0.58b

0.56b 0.53b 0.70b 0.90b 0.89b 0.89b

0.30 0.20 0.35 0.27 0.39b 0.46b



Fig. 2. Alterations in the percentage of intralipid over total intake (left ordinate, mean±S.E.M.) and the percentage of kilocalories consumed as intralipid (right
ordinate, mean±S.E.M.) across the nine different intralipid concentrations in one outbred (CD-1) and eleven inbred (A/J, AKR/J, BALB/cJ, C57BL/6J, C57BL/6J,
CBA/J, C3H/HeJ, DBA/2J, SJL/J, SWR/J, 129P3/J) strains of mice.
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Fig. 2 (continued ).

Table 4
Pearson product–moment correlation coefficients between Intralipid
concentrations for Intralipid intake (A) and for the percentage of kilocalories
consumed as Intralipid in the 12 tested mouse strains

Intralipid concentration 0.5% 1.0% 2.0%

A. Intralipid intake (ml)
0.5% –
1.0% .84a –
2.0% .75a .92a –
5.0% .53 .76a .86a

B. Percent kilocalories consumed as intralipid
0.5% –
1.0% .75a –
2.0% .62 .51 –
5.0% .43 .46 .87a

a Significant correlation after Bonferroni corrections (pb0.01).
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concentration relative to BALB/cJ, C57BL/6J, CD-1, SWR/J
and 129P3/J strains.

3.3. Kilocalorie intake as Intralipid and chow

Significant differences in the percentage of kilocalorie intake
consumed as Intralipid were observed among strains (F(11,99)=
9.57, pb0.0001), across concentrations (F(9,81)=326.73, pb
0.0001) and for the interaction between strains and concen-
trations (F(99,891)=5.58, pb0.0001). SWR/J mice displayed
significantly greater percentages of kilocalorie intake as Intra-
lipid for the three highest concentrations (Fig. 2K) that were also
in turn significantly greater percentages than BALB/cJ, C57BL/
6J, CD-1, C3H/HeJ, DBA/J and 129P3/J strains. Strains that
displayed significantly greater percentages of kilocalorie intake
consumed as Intralipid at the two highest concentrations in-
cluded A/J (Fig. 2A), AKR/J (Fig. 2B), C57BL/6J (Fig. 2D),
CBA/J (Fig. 2F), and SJL/J (Fig. 2J) mice. A/J and AKR/J mice
displayed significantly higher percentages than BALBc/J, CD-1,
C3H/HeJ, DBA/2J and 129P3/J mice at the highest concentra-
tions, with A/J mice displaying significantly higher percentages
than AKR/J mice at the highest concentrations. In turn, C57BL/
6J and SJL/J mice displayed significantly higher percentages at
the highest concentration than BALB/cJ, C3H/HeJ and DBA/2J
mice. The other six strains displayed significantly greater
percentages of kilocalorie intake consumed as Intralipid at only
the highest concentration (Fig. 2C, E, G–I, and L).
3.4. Chow intake and compensatory changes by intralipid
intake

Significant differences in chow intake were observed among
strains (F(11,110)=43.62, pb0.0001), across concentrations
(F(9,90)=28.70, pb0.0001) and for the interaction between
strains and concentrations (F(99,990)=2.80, pb0.0001). Chow
intake showed significant decreases at the highest Intralipid
concentration in A/J (Fig. 1A), AKR/J (Fig. 1B), BALB/cJ
(Fig. 1C), C57BL/10J (Fig. 1E) and SWR/J (Fig. 1K) strains; the



Table 5
Narrow-sense heritability estimates (h2) for each Intralipid concentration in terms of Intralipid intake itself and Intralipid intake adjusted for body weight

Concentration measure 0.00001% 0.0001% 0.001% 0.01% 0.1% 0.5% 1% 2% 5%

Intralipid intake 0.32 0.59 0.64 0.70 0.77 0.58 0.76 0.41 0.45
Intralipid intake 30 g BW 0.51 0.62 0.73 0.78 0.79 0.64 0.79 0.47 0.55
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remaining seven strains failed to show significant compensatory
decreases in chow intake at the highest Intralipid concentra-
tion. Although significant differences in the total amount of
kilocalories were observed among strains (F(11,99)=34.95,
pb0.0001), across concentrations (F(9,81)=5.72, pb0.0001)
and for the interaction between concentrations and strains
(F(99,891)=2.06, pb0.0001), only CD-1 mice displayed sig-
nificant increases in total kilocalorie intake at the two highest
Intralipid concentrations with AKR/J and SWR/J mice dis-
playing transient decreases in kilocalorie intake at the 0.001%
Intralipid concentration.

3.5. Correlational and heritability data

Table 4 displays the pairwise correlation coefficients
between those Intralipid concentrations (0.5–5%) at which the
greatest number of strains displayed significant increases in
consumption, using measures of intake per se and the per-
centage of kilocalories consumed as Intralipid. Stronger and
significant correlations were observed among the 0.5%, 1%, 2%
and 5% concentrations between Intralipid intakes (0.5% and
1%; 0.5% and 2%; 1% and 2%; 1% and 5%; 2% and 5%)
relative to the percentage of kilocalories consumed as Intralipid
(0.5% and 1%; 2% and 5%). Table 5 summarizes the narrow-
sense heritability estimates for each Intralipid concentration in
terms of Intralipid intake itself and Intralipid intake adjusted for
body weight. Relatively strong (h2 =0.73–0.79) heritability
estimates were obtained for weight-adjusted Intralipid intake at
those concentrations (0.001–1%) that displayed the largest
strain-specific effects in sensitivity to Intralipid; corresponding
smaller estimates (h2 =0.64–0.77) were obtained for Intralipid
intake itself at this concentration range. Heritability estimates
dropped at both those low concentrations (0.00001–0.0001%:
h2 =0.32–0.62) that failed to show significant differences in
Intralipid intake relative to water in any strain, and at those high
concentrations (2–5%: h2 =0.41–0.55) at which virtually all
strains were consuming Intralipid more than water.

4. Discussion

First, it was clear that Intralipid intake relative to water intake
was significantly increased in all strains in 24 h, two-bottle
preference tests. Second, as expected, we observed dramatic
strain differences for Intralipid intake. The most striking in-
creases in Intralipid preferences were observed in BALB/cJ
mice across a range of concentrations (0.001–5%), and to
progressively lesser degrees in AKR/J, C57BL/6J, DBA/2J and
SWR/J inbred strains (0.5–5%), in outbred CD-1 and inbred
C57BL/10J and SJL/J strains (1–5%), and to the least degree in
A/J, CBA/J, C3H/HeJ and 129P3/J inbred strains (2–5%).
Congruent sensitivity data were observed for the percentage of
fluid intake consumed as Intralipid with significant increases
noted in BALB/cJ mice at the seven highest concentrations, in
SWR/J mice at the five highest concentrations, in C57BL/6J,
C57BL/10J and DBA/2J mice at the four highest concentra-
tions, and in A/J, AKR/J and SJL/J mice at the two highest
concentrations. However, the percentage of fluid intake con-
sumed as Intralipid was only significantly greater at the highest
concentration in outbred CD-1, C3H/HeJ and 129P3/J mice, but
failed to differ at any concentration in CBA/J mice. In contrast
to the observation of limited order effects noted for CBA/J mice
in testing ascending and descending concentrations of sucrose
[23], a number of strains displayed clear order effects for con-
sumption of Intralipid, an important variable identified in pre-
vious work [15]. Thus, although Intralipid order effects were not
important in outbred CD-1 mice and the CBA/J, C3H/HeJ,
C57BL/6J, DBA/2J and 129P3/J inbred strains, Intralipid intake
was higher in BALB/cJ mice exposed to the descending order at
the 0.1% concentration, but lower at the 0.5%, 2% and 5%
concentrations. Further, exposure to descending Intralipid con-
centrations produced greater intake at the 0.00001% (AKR/J),
0.5% (SJL/J, SWR/J), 1% (AKR/J), 2% (A/J, C57BL/10J, SJL/
J, SWR/J) and 5% (A/J) concentrations. Such data reinforce the
need for this important control in multi-strain analyses of intake
across concentrations. Although Intralipid and water bottle
positions were also controlled given the previous [3] relevance
of this variable, the bottle positions were switched every 24 h as
in our previous work [23]. However, this testing procedure does
differ from presentation of solutions for two consecutive days
(“the 48 h test”), allowing for switching the sides of the solution
presentations at each and every concentration. This is a potential
limitation, but although our 1-day test procedure may have
added some noise to the data, we do not believe that this
invalidates the results.

Third, strain differences were noted in the total amount of
Intralipid intake consumed, as well as Intralipid intake adjusted
for body weight, and Intralipid intake normalized to the 0.75
power to estimate changes in lean bodymass. Thus, SWR/J mice
(20.7 ml actual; 25.9 ml adjusted ml) consumed by far the most
among inbred strains, followed by A/J, BALB/cJ, C57BL/10J
and C57BL/6J mice (13.3–14.9 ml actual; 12.9–15.6 ml
adjusted), followed then in turn by SJL/J, AKR/J and 129P3/J
mice (9.4–12.5 ml actual; 10.9–14.7 ml adjusted), and finally by
DBA/2J, C3H/HeJ and CBA/J mice (6.7–9.2 ml actual; 8–
9.5 ml adjusted). This differential Intralipid consumption across
strains remained consistent across the highly effective 0.5%, 1%,
2% and 5% Intralipid concentrations given the highly significant
correlations for intake for the 0.5% and 1% (r=0.84), the 0.5%
and 2% (r=0.75), the 1% and 2% (r=0.92), the 1% and 5%
(r=0.76) and the 2% and 5% (r=0.86) concentrations.
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Moreover, relatively strong (h2 =0.73–0.79) heritability esti-
mates were obtained for weight-adjusted Intralipid intake at
those concentrations (0.001–1%) that displayed the largest
strain-specific effects in sensitivity to Intralipid; an identical
pattern of results was observed for Intralipid intake itself.
Therefore, the close correspondence between actual and the two
different weight-adjusted Intralipid intakes suggests that initial
differences in body weight among mouse strains were not an
integral factor in the short-term (24 h) Intralipid preference
across a range of concentrations in two-bottle choice tests. The
previous parallel analysis of sucrose intake [23] revealed that
SWR/J mice displayed the most pronounced actual and weight-
adjusted intake followed by A/J, C57BL/6J, C57BL/10J and
SJL/J mice, followed in turn by BALB/cJ and 129P3/J mice, and
finally by AKR/J, C3H/HeJ, CBA/J and DBA/2J mice, a pattern
of effects that is highly similar to that observed for Intralipid
intake in the present study.

It should be noted that a number of previous studies have
employed the percentage of the palatable solution consumed as
a function of total fluid intake as a measure of preference (e.g.,
[10,13,26,30]). However, this did not appear to be a reliable
predictor of effects in the present study as it was previously for
sucrose intake [23]. Indeed, some strains displaying very high
(∼90%) fluid preferences as Intralipid showed markedly dif-
ferent amounts of Intralipid intake at the identical concentration:
SWR/J (20.7 ml), C57BL/6J (14.9 ml) and 129P3/J (9.4 ml).
Moreover, CD-1 (14 ml) and C3H/HeJ (7 ml) strains displaying
great differences in actual Intralipid intake both showed mod-
erately high (∼80%) fluid preferences as Intralipid. This further
underlines the need to survey genetic models of food intake
across a greater range of palatable solution concentrations.

Fourth, the systematic measurement of chow, water and
Intralipid intake allowed us to assess and detect strain dif-
ferences in kilocalorie intake consumed as Intralipid. Hence,
SWR/J mice displayed significant increases in Intralipid kilo-
calorie intake at the three highest concentrations, A/J, AKR/J,
C57BL/6J, CBA/J and SJL/J mice displaying significant effects
at the two highest concentrations, and the other six strains
displaying significant effects at only the highest concentration.
It should be noted that a more limited range of significant
correlations among the percentage of kilocalories consumed as
Intralipid was observed between the 0.5% and 1% (r=0.75) and
the 2% and 5% (r=0.87) concentrations. Again, this pattern for
Intralipid kilocalorie consumption is strikingly similar to that
observed for sucrose [23] with C57BL/10J, SJL/J, SWR/J
and A/J mice displaying 45–60% of kilocalories consumed as
sucrose, C57BL/6J displaying a 37% sucrose kilocalorie con-
sumption, and the other five inbred strains consuming less than
30% of their kilocalories as sucrose.

Finally, compensatory decreases in chow intake were noted
only at the highest Intralipid concentration and only in A/J,
AKR/J, BALB/cJ, C57BL/10J and SWR/J strains. This com-
pares with the compensatory decreases in chow intake as
sucrose intake increased noted for A/J, C57BL/6J, C57BL/10J,
SJL/J and SWR/J inbred strains [23]. That C57BL/10J but not
C57BL/6J mice displayed this compensatory decrease in chow
intake following Intralipid represents a relatively rare differen-
tiation between these two strains in behavioral assays. This
short-term and rapid (within 24 h) compensation to chow in the
presence of Intralipid, like sucrose, suggests that such strains
may be displaying sensitivity to energy intake and/or a greater
ability to both adapt and respond. Divergent responders may be
a model for studying and identifying genetic substrates
associated with this ability to regulate kilocalorie intake across
a variety of energy sources.

These short-term differences in sensitivity to and consumption
of different Intralipid solutions across inbred mouse strains reveal
some interesting similarities and differences when compared with
studies using solid fat sources,macronutrient selection of different
diets, or comparison of low-fat, high-carbohydrate with high-fat,
low-carbohydrate diets (e.g., [41,43]). Thus, SWR/J mice
consumed by far the greatest overall andweight-adjusted amounts
of Intralipid, and among the greatest amounts of kilocalories
consumed as Intralipid. This strain also displayed the largest
intake of a variety of other high fat diets [35,36,41,43], indicating
clear similarities for this effect. Yet in prior paradigms which
lasted from a week to a month, these animals failed to gain weight
despite increased fat intake, potentially because as indicated in the
present study, they adjust their intake of other food sources. Other
factors are clearly at work given that their fat intake was inversely
correlated with epididymal fat [35], and since SWR/J mice, like
Intralipid-preferring A/J mice, displayed lower insulin levels,
increased capacity of skeletal muscle to metabolize fat, enhanced
paraventricular galanin and reduced arcuate NPY [21]. Similar-
ities between Intralipid intake and other forms of fat intake [1,35]
were also observed in C57BL/6J mice. This strain also avidly
consumed Intralipid in the present study and showed equal
preferences between protein and fat while displaying normal
insulin and leptin levels [1]. Further, in self-selection studies,
C57BL/6J mice consumed some of the highest proportions of fat
that correlated with epididymal fat stores [35].

Some other strains failed to display similar patterns of fat
intake when comparing Intralipid to other fat sources. Thus,
AKR/J mice, a strain that consumed appreciably less Intralipid
than the strains described above, have been shown to consume
moderate intake of high-fat diets that are accompanied by weight
gain [36,41,43], high proportions of fat in self-selection studies
that correlated with epididymal fat [35] and, along with the less-
sensitive Intralipid DBA/2J strain, consumed more fat, dis-
played more adiposity, and had elevated levels of leptin and
insulin [1]. Some of the discrepancies may be due to meth-
odological factors related to the goals of the individual studies.
Hence, many of the previously cited studies used solid forms of
fat (e.g., shortening, lard or granular fat) at specific concentra-
tions in the diet over longer periods of time to assess differences
between small numbers of strains. The present study used an
experimental approach allowing for the evaluation of a larger
number of strains across a wide range of fat concentrations to
assess sensitivity to fat solutions. Since many liquefied fat
sources fail to stay in solution when presented at different con-
centrations over a time course (e.g., 24 h) reasonable to study
murine intake, our laboratory chose an emulsified soybean oil
solution (Intralipid) capable of equal distribution of fat in
solution across a wide range of concentrations. Thus, the texture
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and other sensory cues presented by Intralipid as compared to the
other solid fat sourcesmay be reasons for the differences in strain
responsivity to specific aspects of fat intake, and not fat intake
per se. However, all of these studies taken together do provide
converging information about the potential genetics of fat intake
with the differences in some strains indicating a role for envi-
ronmental factors interacting with genetic predisposition.
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