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Obesity is associated with cognitive impairments. Long-term
mechanisms for this association include consequences of hy-
perglycemia, dyslipidemia, or other factors comprising met-
abolic syndrome X. We found that hypertriglyceridemia, the
main dyslipidemia of metabolic syndrome X, is in part respon-
sible for the leptin resistance seen in obesity. Here we deter-
mined whether triglycerides have an immediate and direct
effect on cognition. Obese mice showed impaired acquisition
in three different cognitive paradigms: the active avoidance
T-maze, the Morris water maze, and a food reward lever press.
These impairments were not attributable to differences in
foot shock sensitivity, swim speed, swimming distance, or vol-
untary milk consumption. Impaired cognition in obese mice
was improved by selectively lowering triglycerides with gem-

fibrozil. Injection into the brain of the triglyceride triolein,
but not of the free fatty acid palmitate, impaired acquisition
in normal body weight mice. Triolein or milk (97% of fats are
triglycerides), but not skim milk (no triglycerides), impaired
maintenance of the N-methyl-D-aspartate component of the
hippocampal long-term synaptic potential. Measures of oxi-
dative stress in whole brain were reduced by gemfibrozil. We
conclude that triglycerides mediate cognitive impairment as
seen in obesity, possibly by impairing maintenance of the
N-methyl-p-aspartate component of hippocampal long-term
potentiation, and that lowering triglycerides can reverse the
cognitive impairment and improve oxidative stress in the
brain. (Endocrinology 149: 2628 -2636, 2008)

OBESITY IS EPIDEMIC within the Western world. Cur-
rently, 30% of adults over 20 yr of age and 16% of
young persons aged 619 yr in the United States are obese.
Studies in humans have found an association between obe-
sity and poor cognitive performance (1-3). The mechanism(s)
by which obesity results in cognitive impairment are uncer-
tain. Postulated mechanisms include the effects of hypergly-
cemia, hyperinsulinemia, and vascular damage to the central
nervous system (4). Some studies have found a correlation
between lipid levels and cognitive function, whereas other
studies have not (5-7). An association between lipids and
cognitive function is usually explained as based on dyslip-
idemia being a risk factor for stroke or cerebrovascular
hypoperfusion.

Recently we have shown that triglycerides can impair the
transport of leptin across the blood-brain barrier (8), which
may account in part for the peripheral leptin resistance seen
in obesity and in starvation. Here we determined whether
triglycerides might also account for the cognitive impair-
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ments associated with obesity. We tested mice in two dif-
ferent hippocampal reference learning and memory tasks
and a third nonhippocampal-dependent response memory
rewarded bar press task. These tasks were chosen because
they represent different types of memory (episodic/proce-
dural, hippocampal/nonhippocampal, reward/aversion
avoidance) and are considered to require different brain cir-
cuitries (9, 10). We found that cognitive impairments could
be produced in mice with diet-induced obesity, reversed
pharmacologically by lowering triglycerides, and induced by
direct injection of triglycerides into the brain. Triglycerides
impaired the N-methyl-p-aspartate (NMDA)-mediated
maintenance of hippocampal long-term synaptic potentia-
tion. Lowering triglyceride levels in diet-induced obese mice
decreased oxidative stress in the central nervous system,
providing a possible mechanism for the deleterious effects of
triglycerides. These findings show that triglycerides are
likely one mechanism by which obesity can induce cognitive
impairments.

Materials and Methods
Subjects

Except where indicated [triolein and long-term potentiation (LTP)
studies], all subjects were 12-month-old CD-1 male mice obtained from
our breeding colony. The housing facility is located at the St. Louis
Veterans Affairs and is fully Association Assessment and Accreditation
of Laboratory Animal Care accredited. All procedures were approved
by the St. Louis Veterans Affairs Animal Care Committee. The colony
is tested regularly to ensure it is virus and pathogen free. Mice were
randomized at 8 wk of age to either breeder chow (obese mice; Teklad
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Mouse Breeder Diet 8626, contains 10% fat; Harlan/Teklad, Madison,
WI) or regular chow (normal mice; Lab Diet 5001, contains 5% fat; PMI
Nutrition, Brentwood, MO). A mouse-fed breeder chow was classified
as obese if it weighed 30% more than the average mouse that had been
raised on regular chow. Food and water were available on an ad libitum
basis and the rooms had a 12 h light, 12-h dark cycle with lights on at
0600 h. Behavioral testing was performed between 0800 and 1500 h.

Mice that were given triolein or used in the LTP study were 8- to
10-wk-old male mice from our breeding colony. They were maintained
after weaning on regular chow.

Drugs

Gemfibrozil was purchased from Sigma (St. Louis, MO). Gemfibrozil
was dissolved in vegetable oil and fed (1 g/kg in a volume of 1 ml/kg)
to the mice twice daily for 21 consecutive days with acquisition tested
at d 14 and retention at d 21. For this treatment, mice were randomized
to gemfibrozil and nongemfibrozil groups with the control group fed the
vegetable oil vehicle. The vegetable oil with or without the gemfibrozil
was drawn up into a pipette that was inserted into the mouth behind the
molars and about 10 ul at a time placed into the oropharynx so as to
induce swallowing. Triolein and palmitate were purchased from Sigma.
Triolein was dissolved in a phosphatidylcholine and chloroform solu-
tion as previously described (8).

Surgery and drug administration

Surgery. Forty-eight hours before testing the effects of triolein, the mice
were prepared for intracerebroventricular (ICV) injection by drilling a
hole through the skull. Mice were anesthetized with 2,2,2 tribromoeth-
anol (240 mg/kg, ip; Aldrich Chemical Co., Inc., Milwaukee, WI). A
unilateral hole was drilled 0.5 mm posterior to and 1.0 mm to the right
of the bregma without penetrating the meninges or entering the brain.
The scalp flap was placed back into position and the mice were placed
in cages with clean bedding. The procedure lasted about 5 min per
mouse and anesthesia lasted for approximately 30 min. Appearance,
color, condition of fur, posture, and respirations of the mice were mon-
itored for the rest of the day to ensure no ill effects from the surgery.

Drug administration. Immediately before training, the mice were placed
under light anesthesia with isoflurane (Webster Veterinary, Sterling,
MA) and positioned in a stereotaxic apparatus. Anesthesia was main-
tained with isoflurane by nose cone and a 30-gauge blunt-end needle
inserted through the previously drilled hole into the lateral ventricle of
the brain to a depth of 2.0 mm. A volume of 2.0 ul of saline or triolein
at doses of 36, 180, or 360 ug or palmitate at 360 ug was infused into the
lateral ventricle over 30 sec. After infusion, mice were removed from the
stereotaxic instrument, the scalp closed with Vetbond (3M Animal Care
Products, St. Paul, MN), and the mice returned to their cages. The ICV
procedure took approximately 2 min and the period of anesthesia lasted
about 5 min. Mice were monitored as above for the rest of the day to
ensure no ill effects of the injected compound or the infusion procedure.

Acquisition and retention testing in mice
T-maze foot shock avoidance

The T-maze is a hippocampal-dependent reference learning task in
which the animal must integrate multiple cues in a novel environment
to learn a new task (9). The T-maze consisted of a black plastic alley with
a start box at one end and two goal boxes at the other. The methodology
has been previously described in detail (9, 10) and is briefly described
here. The start box located at the bottom of the start alley was separated
from the alley by a plastic guillotine door, which prevented movement
down the alley until training began. An electrifiable stainless steel rod
floor ran throughout the maze to deliver a scrambled foot shock.

Mice were not permitted to explore the maze before training. A block
of training trials began when a mouse was placed into the start box. The
guillotine door was raised and a buzzer sounded simultaneously; 5 sec
later foot shock was applied. The goal box that was entered on the first
trial was designated incorrect and the foot shock was continued until the
mouse entered the other goal box, which in all subsequent trials was
designated as correct for that particular mouse. At the end of each trial,
the mouse was returned to its home cage until the next trial. The intertrial
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interval was 30 sec with a foot shock intensity of 0.35 mA. The buzzer
intensity was 55 dB. Mice were trained until they made one avoidance.
Long-term retention was tested 1 wk later by continuing training until
the mice achieved the criterion of making five avoidances in six con-
secutive trials. The number of trials to make one avoidance was the
measure of acquisition. The number of trials needed to reach criterion
was the measure of retention.

Foot shock startle response

Differences in sensitivity to shock could produce artifact in the T-
maze foot shock avoidance. We used foot shock startle to determine
whether there were differences in sensitivity to foot shock between the
obese and normal mice. An automated SR-Lab startle response system
(San Diego Instruments, San Diego, CA) was used to measure sensitivity
to foot shock stimuli by eliciting a startle response. The higher the
stimulus intensity needed to elicit a startle, the less sensitive a subject
is to foot shock stimulus. The SR-LAB contained an animal enclosure,
which consisted of a clear acrylic cylinder 15 cm long and 5 cm in
diameter, which was attached to a flat acrylic square. This apparatus
rested with four legs on a response transducer used to detect vertical
movement. A foot shock grid was located along the length of the animal
enclosure and was remotely controlled by an eight-bit programmable
shocker. A computer connected to the SR-LAB preformed stimulus
presentation and data collection.

Mice were placed in the testing apparatus for a 1- to 2-min acclimation
period with no background noise presented throughout the testing
period. Each trial consisted of a series of ascending and descending foot
shock trials of 0.00, 0.06, 0.09, 0.11,0.13, 0.16,0.17, 0.19,0.20 and 0.22 mA.
Every second or third trial was a no-shock control trial. A total of 72 trials
were presented. Foot shock duration was 20 msec. Sampling for foot
shock startle was initiated concurrently with stimulus presentation and
continued for a total sample time of 250 msec. The percent of mice with
a positive startle response at each foot shock intensity was determined.

Acquisition of lever press for milk reinforcement

Lever press is an appetitive bar-pressing task that challenges response
memory. In this task, mice learn to press a lever to receive a reward.
Because mice do not readily consume a novel substance, they were first
habituated to the milk (one part evaporated milk and two parts water)
by giving them access to it in their home cages for 3 consecutive nights.
During the 3 nights of habituation, food and water were removed to
encourage drinking but returned the next morning. By the end of the
third night of habituation, all mice were drinking at least 20 ml of milk
per night. The amount of milk drunk by each mouse was recorded and
compared for differences between obese and normal mice. To further
determine whether both obese and normal mice were appropriately
consuming the milk, the mice were food deprived overnight, the milk
reintroduced the next morning, and the amount of milk drunk during
the first hour recorded.

To measure learning, mice were placed into a fully automated cham-
ber. Pressing alever on one wall of the chamber caused a light and dipper
containing 100 ul of milk to rise into a reward compartment located on
the wall opposite the lever. The reward compartment was 4 cm high and
3.1 cm across with a depth of 3.7 cm. Photo sensors are located in the
reward compartment to determine whether the mouse claimed the re-
ward. Ond 1, mice had 11 sec to run to the reward compartment to claim
the reward, after which access was denied. The reward had to be claimed
to count as a rewarded lever press. On d 2-6, a shorter time period of
6 sec was used to avoid a possible ceiling effect in the number of lever
presses made. Mice were given one 40-min training session on each of
6 d (Monday, Wednesday, Friday over a 2 wk period) with data auto-
matically recorded by computer. The measure of acquisition was the
number of rewarded lever presses.

Spatial water maze tasks

The water maze is a visuospatial hippocampal task in which the
mouse must learn the location of a hidden platform using random cues
throughout the room. The apparatus consisted of a black, circular tank
67.5 cm in diameter and 30 cm in height. The tank was filled with water
(21 C) to a depth of 12.25 cm, submerging a 4- X 11.25-cm circular
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plexiglas platform to a depth of 1.5 cm. Thus, resting on this escape
platform would mean the mouse was still in the water but no longer
having to swim. Powdered milk was added to make the water opaque
and so hide the platform. The maze was located in a room containing
many visual cues. Thus, mice would have to learn where the escape
platform was by placing it in relation to these external visual cues. Four
starting positions (north, south, east, west) were equally spaced around
the perimeter of the tank, dividing the pool into four equal quadrants.

Each trial was recorded with a Polytrak (San Diego Instruments, San
Diego, CA) recording device that collects the data on a computer. Mice
were given two habituation sessions that consisted of four trials each
over 2 consecutive days. The hidden platform was randomly placed
throughout the tank during habituation. Training began the day after the
second habituation session. Each mouse received one session of four
trials per day for 5 d. The platform remained in the same quadrant for
the entire 5 d of training. The measures of learning were the latency and
distance to reach the platform. Swim speed was also calculated.

A probe test served as a further cognitive measure. At the end of the
fifth day, each mouse received a 1-min probe test during which no
platform was present. The probe trial took place 1 h after the last
platform trial and so assessed short-term retention in the mice. The
amount of time spent in the quadrant that previously contained the
platform was recorded.

The cued platform test was used to determine whether differences in
swimming ability between obese and normal mice could have acted as
a confounder in the swim tests. A flag on a pole 10 cm high was placed
on the submerged platform. The platform was moved about the tank for
each trial to remove any spatial element of the task. The cued platform
test had four trials per session with one session per day for 2 d.

Statistical analysis

Results were expressed as means and reported with their sgs. Stu-
dent’s t test was used when only two means were compared, one-way
ANOVA when more than two groups were compared with a single
independent variable, and two-way ANOVA when there were two
independent variables. The ANOVAs were followed by Dunnett’s or
Tukey’s posttest analysis as indicated. Statistical significance was taken
to be P < 0.05. T-maze, the water mazes, foot shock startle, and lever
press were run on the same mice. Separate groups of mice were used for
the triglyceride ICV, gemfibrozil studies, LTP, and oxidative stress
studies.

Hippocampal recording

Hippocampal slice preparation. Hippocampal slices (400 wm thick) were
prepared from 8- to 10-wk-old CD-1 mice maintained on regular chow
using methods described previously (11). Recordings were performed in
a submersion recording chamber constantly perfused with artificial ce-
rebrospinal fluid (ACSF) containing (in millimoles): 124 NaCl, 5 KCI, 2.5
CaCl,, 1.5 MgCl,, 1.3 NaH,PO,, and 10 glucose, bubbled with 95%
0,-5% CO, at 30-31 C and a rate of approximately 5 cc/min. After
obtaining stable baseline responses in ACSF, the solution was switched
to ACSF with 20 cc/liter skim milk, ACSF with 20 cc/liter low-fat milk
(2.1 g milk fat per cubic centimeter milk), or ACSF with 1 mg/ml triolein
[9-octadecenoic acid-, 1,2,3-propanetriyl ester].

Electrophysiology. Extracellular recordings were obtained from the stra-
tum radiatum of the CA1 region of hippocampus using glass electrodes
filled with 2M NaClI (~5 mM() DC resistance). Bipolar constant-current
pulses (0.1-0.2 msec) were applied to the Schaffer collateral pathway to
elicit excitatory postsynaptic potentials (EPSPs). The stimulus intensity
used was one that would evoke 50% of maximal response. A 6 burst
stimulus consisted of a train of five pulses at 100 Hz applied at 200-msec
intervals 10 times; LTP induction was achieved by applying 4 6 burst
stimuli (total of 200 pulses).

Oxidative stress

Protein carbonyls. Samples (5 ul) of whole brain were incubated for 20 min
at room temperature with 5 ul of 12% sodium dodecyl sulfate and 10 ul
of 2,4-dinitrophenylhydrazine that was diluted 10 times with chelexed
water from a 200 mM stock. The samples were neutralized with 7.5 ul
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of neutralization solution (2 M Tris in 30% glycerol). The resulting sam-
ple (250 ng) was loaded per well in the slot blot apparatus. Samples were
loaded onto a nitrocellulose membrane under vacuum pressure. The
membrane was blocked with 3% BSA in PBS containing 0.01% (wt/vol)
sodium azide and 0.2% (vol/vol) Tween 20 wash blot for 1 h and
incubated with a 1:100 dilution of anti-dinitrophenylhydrazone poly-
clonal primary antibody (Chemicon-Millipore, Billerica, MA) in wash
blot for 1 h. After completion of the primary antibody incubation, the
membranes were washed three times in wash blot for 5 min each. An
antirabbit IgG alkaline phosphatase secondary antibody (Sigma) was
diluted 1:8000 in wash blot and added to the membrane for 1 h. The
membrane was washed in wash blot three times for 5 min and developed
using Sigmafast tablets (5-bromo-4-chloro-3-indoyl-phosphate, 4-tolu-
idine salt/4-nitro blue tetrazolium chloride substrate). Blots were dried,
scanned with Adobe Photoshop (San Jose, CA), and quantitated with
Scion Image.

4-Hydroxynonenal (HNE). Samples (10 ul) were incubated with 10 ul of
modified Laemmli buffer containing 0.125 m Tris base (pH 6.8), 4%
(vol/vol) sodium dodecyl sulfate, and 20% (vol/vol) glycerol. The re-
sulting sample (250 ng) was loaded per well in the slot blot apparatus
onto a nitrocellulose membrane under vacuum pressure. The membrane
was blocked with 3% (wt/vol) BSA in wash blot for 1 h and incubated
with a 1:5000 dilution of anti-HNE polyclonal antibody (Alpha Diag-
nostics, San Antonio, TX) in wash blot for 90 min. After completion of
the primary antibody incubation, the membranes were washed three
times in wash blot for 5 min each. An antirabbit IgG alkaline phosphatase
secondary antibody was diluted 1:8000 in wash blot and added to the
membrane for 90 min. The membrane was washed in wash blot three
times for 5 min and developed using Sigmafast tablets (5-bromo-4-
chloro-3-indoyl-phosphate, 4-toluidine salt/4-nitro blue tetrazolium
chloride substrate). Blots were dried, scanned with Adobe Photoshop,
and quantitated with Scion Image.

3-Nitrotyrosine (3NT). The methodology followed for measuring the SNT
levels in the samples is the same as the above-mentioned HNE method
except for the primary antibody used in this method is anti-3NT anti-
body (Millipore).

Results

We examined the effects of obesity on memory in CD-1
mice receiving a 10% fat diet (Teklad Mouse Breeder Diet),
compared with mice on a 5% fat diet (5001 Rodent Chow,
PMI Nutrition International). The obese mice weighed 65.8 £
9 g vs. regular chow mice 0of 43.02 = 6 g (P < 0.01). The obese
mice were impaired in the T-maze foot shock avoidance for
both acquisition (t = 7.77, P < 0.01) and retention (t = 4.94,
P < 0.01; n = 16 controls and 30 obese; Fig. 1A). Obese mice
were more sensitive than normal mice to foot shock (Fig. 1B):
two-way repeated measures ANOVA for group (control vs.
obese): F(1, 484) = 185,004, P < 0.001; milliamp: F(10, 484) =
734,786, P < 0.001; interaction: F(10, 484) = 7,130, P < 0.001.
Tukey’s posttest found differences at each milliamp setting.

In the water maze, the two-way repeated measures
ANOVA for latency showed a significant effect for group
(control vs. obese) F(1, 152) = 8.64, P < 0.006), day F(4, 152) =
15.30, P < 0.0001), and the interaction of group X day F(4,
152) = 2.57, P < 0.04. Tukey’s posttest analysis showed that
obese mice took longer to find the hidden platform on d 1-4.
By d 5 the obese and control mice were performing at the
same level (see Fig. 1C). The two-way ANOVA for distance
swam (data not shown) showed a significant effect for group
F(1,152) = 4.059, P < 0.05 and d F(4, 152) = 15.51, P < 0.0001,
butnot for interaction. Tukey’s posttest showed that on d 2—-4
the obese mice traveled a significantly greater distance than
the control mice. The two-way ANOVA for swim speed was
not significantly different for group, day, or the interaction.
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Fia. 1. Effects of obesity and triglycerides on three tasks measuring memory. A, Comparison of obese and normal mice in the T-maze foot shock
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training (n = 27 controls and 24 obese; see Fig. 1D). There was
no difference between the obese and normal mice in over-
night milk consumption or amount of milk drunk during the
first hour after overnight food and water deprivation, thus
controlling for potential differences in appetitive behavior.

Previously we found that triglycerides are elevated in
obese mice and that this disrupts leptin transport across the
blood brain barrier, the mechanism underlying peripheral
leptin resistance (8). To test whether elevated triglycerides
could be responsible for the impaired learning and memory
seen in the obese mice, we treated eight obese or eight normal
mice with oral gemfibrozil, a drug that specifically lowers
triglycerides, and eight obese or eight normal mice with the
vegetable oil vehicle. After 2 wk on the twice-daily oral
treatment with gemfibrozil (1 mg/kg), we tested acquisition
in the T-maze. The t test indicated that the gemfibrozil-
treated obese mice took significantly fewer trials to make one
avoidance on the acquisition test than the mice that received
vehicle (t = 3.394, P < 0.004) (Fig. 1E). One week later and
after 21 d of gemfibrozil, retention was tested. The t test for
the 1-wk retention test indicated that the mice that received
gemfibrozil were also less impaired (t = 4.487, P < 0.0004)
(Fig. 1E). Triglyceride levels were 125.5 * 537 mg/dl in
obese mice and 67.87 * 9.60 mg/dl in the mice receiving
gemfibrozil (t = 5.07, P < 0.0001) but showed no differences
in body weight. Normal control mice treated with gemfi-
brozil were not significantly different from one another on
acquisition of T-maze foot shock avoidance T (13) = 1.899;
P = NS; (743 = 1.52 oil; 11.75 = 1.85 gemlfibrozil). The
triglyceride levels were 67.42 * 9.39 for oil and 98.40 * 7.36
for gemfibrozil (t = 2.59, P < 0.05).

To verify that triglycerides in the brain can impair cogni-
tion, we injected the triglyceride triolein into the third ven-
tricle (ICV) immediately after training in the T-maze. As
controls, other mice received the free fatty acid palmitate and
another saline as the posttraining injections. Eight mice were
used per group. The one-way ANOVA for trials to criterion
avoidance showed a significant effect on memory [F(4, 40) =
24.06, P <0.0001] (Fig. 1F). Tukey’s posttest indicated that the
mice that received triolein (36-360 ug) took significantly
more trials to reach criterion than the mice that received
saline or palmitate. The mice that received palmitate were
not significantly different from the mice that received saline.

Hippocampal LTP is a useful assessment of synapse-spe-
cific plasticity. Spatial learning deficits in the water maze task
are often accompanied by impaired hippocampal LTP (12),
a neurophysiological correlate to learning and memory (13).
Therefore, because the obese mice exhibited deficits in learn-
ing and memory, we evaluated the effect of triglycerides on
hippocampal LTP at Shaffer collateral pathway synapses in
the CA1 region of the hippocampus. First, we compared the
slopes of EPSPs after LTP induction by 6 burst stimulation
(TBS) in the presence of ACSF, ACSF plus skim milk, and
ACSF plus low-fat milk (Fig. 2A). Milk was used as a tri-
glyceride source that readily dissolved in ACSF (97% of milk
fat is triglycerides), and skim milk, which contains no fats,
was used to control for nonfat milk contents. In ACSF or skim
milk, there was potentiation of the EPSP slope after TBS
lasting at more than 1 h, indicating successful induction and
maintenance of LTP (Fig. 2, open triangles and circles). EPSP
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potentiation 60 min after TBS was 130 = 5.5% of the baseline
slope in ACSF (open circles,n = 8 slices, seven mice) and 130 *
9.2% in ACSF plus skim milk (open triangles, n = 8 slices, six
mice). In contrast, although the EPSP slope in ACSF con-
taining low-fat milk showed initial potentiation after TBS by
60 min, the response reverted to 103 = 15.9% of the baseline
response (Fig. 2A, closed triangles), indicating loss of LTP
maintenance (n = 8 slices, seven mice). If ACSF with skim or
low-fat milk were applied to the slices 10 min after LTP
induction, LTP was maintained in ACSF plus skim milk (Fig.
2B, open triangles,n = 5 slices, four mice) but notin ACSF with
low-fat milk (Fig. 2B, closed triangles, n = 5 slices, four mice),
indicating that triglycerides can inhibit LTP maintenance
after TBS induction.

To more specifically examine whether a pure, homoge-
neous triglyceride would impair LTP maintenance, we ap-
plied 1 mg/ml of the triglyceride triolein after acquiring
baseline EPSPs, applied TBS, and recorded EPSPs in the
presence of triolein for another 60 min. Only one of 11 slices
from four mice exhibited LTP 60 min after LTP induction. In
seven of 11 slices, EPSP potentiation was observed after TBS,
but the EPSP slopes returned to baseline within 60 min. In
three of 11 slices, TBS failed to induce any EPSP potentiation.
Analysis of the cumulative data from all 11 slices resulted in
EPSP slope potentiation of 106 * 13% 60 min after TBS (Fig.
2C, n = 11 slices, four mice).

ACSF containing skim milk, low-fat milk, or triolein did
not affect the baseline EPSP slope when compared with the
baseline EPSP slope in ACSF alone (Fig. 2D). Sixty minutes
after application of ACSF plus milk or triolein, the EPSP
slopes were 93 + 9.4% in ACSF with skim milk (open triangles,
n = 6 slices, four mice), 98 * 8.5% in ACSF with low-fat milk
(closed triangles, n = 6 slices, four mice), and 102.3 * 10.1%
in ACSF with triolein (open circles, n = 4 slices, two mice)
when compared with the baseline EPSP slope in ACSF alone.
Because LTP at Shaffer collateral synapses require NMDA
receptor activation, we examined the effect of skim milk and
low-fat milk on the NMDA component of the EPSP. To se-
lectively evaluate the NMDA component of the EPSP, ACSF
was modified by removal of magnesium, addition of 10 um
glycine and 10 uMm 1,2,3,4-tetrahydro-6-nitro-2,3-dioxoben-
zo[f]quinoxaline-7-sulfonamide (NBQX) [a selective a-ami-
no-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptor antagonist]. After obtaining baseline NMDA-medi-
ated EPSPs, the modified ACSF containing skim milk or
low-fat milk was applied to the slices while continuing to
record EPSPs. ACSF with skim milk had no effect on the
NMDA component of the EPSP (Fig. 2E, solid trace, 2F open
triangles, n = 5 slices, four mice), but after 30 min of perfusion
with ACSF containing low-fat milk, the NMDA component
of the EPSP was inhibited by 46 = 4.5% (Fig. 2E, dotted trace
and arrow, 2F closed triangles, n = 5 slices, four mice). The
inhibition approached a stable maximal level after 5-10 min.
When the ACSF containing low-fat milk was washed out by
ACSF after 5 min, the NMDA component of the EPSP re-
covered to control baseline levels in approximately 20 min of
washout (Fig. 2F, open squares, n = 5 slices one mouse).

Parameters of oxidative stress are elevated in animal
models of memory impairment and Alzheimer’s disease
(14-17). To determine whether oxidative stress was al-
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Fic. 2. Milk fat and triolein impair LTP maintenance but not post-TBS-induced synaptic potentiation (A—-C). A, EPSPs normalized to baseline
responses show potentiation after TBS (applied at arrow) in hippocampal slices continuously bathed in ACSF (open circles). Synaptic potentiation
persists 60 min after TBS, demonstrating maintenance of LTP. Slices bathed in skim milk in ACSF (1% by volume) also exhibit LTP (open
triangles). The bar over the graph indicates when ACSF plus milk was applied. In 1% low-fat milk in ACSF, post-TBS synaptic potentiation
is observed but reverts to baseline over approximately 30 min, indicating impaired maintenance of LTP (closed triangles). Note that ACSF plus
milk does not affect the baseline responses obtained in ACSF alone (t < 0 min). To the right of the graphs are representative traces before and
60 min after (*) TBS. To the right of graph in A, top panel, 60 min after TBS (¥), the EPSP has a larger amplitude and steeper slope than the
baseline response, indicating maintenance of LTP. The traces in the lower panel were obtained in 1% low-fat milk in ACSF at baseline and
60 min after TBS (*), demonstrating absent maintenance of LTP. B, If ACSF with skim or low-fat milk is applied 10 min after TBS induction
of LTP (bar over graph indicates application of ACSF plus milk), LTP is maintained in ACSF plus skim milk but not in ACSF with low-fat milk.
As in A, TBS is applied at the vertical arrow. C, EPSPs obtained in ACSF (t < 0 min) are unchanged after application of 1 mg/ml triolein in
ACSF starting at t = 0. Triolein was applied from t = 0 to 75 min (bar over graph). TBS (arrow) results in potentiation, which reverts to baseline
within 60 min, demonstrating absent LTP maintenance. Traces to the right of the graph (C) are representative traces at baseline, 30 min after
TBS (*), and 60 min after TBS (curved arrow), demonstrating that despite demonstrating post-TBS potentiation, LTP is not maintained 60 min
after TBS. Calibration for all traces: 2 msec, 0.2 mV. Skim milk, low-fat milk, and triolein do not affect the EPSP slope, but the NMDA component
of the EPSP is significantly inhibited by low-fat milk (D-F). D, Slopes of EPSPs in ACSF alone were compared with EPSPs during 60 min of
application of ACSF with 1% by volume skim milk (open triangles), 1% by volume low-fat milk (closed triangles), or 1 mg/ml triolein (open circles).
The bar over the graph indicates when ACSF perfusion was switched to ACSF plus milk or triolein. The slopes of the EPSPs, dominated by
AMPA receptor mediated depolarization are not significantly different. E, The NMDA component of the EPSP is isolated by removing magnesium
from the ACSF and adding NBQX to block the AMPA-mediated component of the EPSP. Glycine is also present to facilitate activation of NMDA
receptors. The slope of the isolated NMDA-mediated component of the EPSP in ACSF (solid trace) is reduced in ACSF containing low-fat milk
(dotted trace, arrow). Calibration was 5 msec, 0.2 mV. F, Cumulative data indicate that the slope of the NMDA-mediated component of the EPSP
is not affected by ACSF plus skim milk (open triangles), but ACSF plus low-fat milk significantly inhibits the NMDA component of the EPSP
(closed triangles). The bar over the graph indicates when ACSF plus milk was applied. The inhibition approaches maximum after about 5 min
of application, and is reversible within about 20 min of washout with ACSF (open squares). The gray box over the graph applies only to the open
squares, indicating when the ACSF plus low-fat milk was transiently applied.

tered in our model, we measured protein carbonyls and Discussion

3-nitrotyrosine (indices of protein oxidation) and HNE (an

index of lipid peroxidation) levels in the brains of control,
obese, and gemfibrozil-treated obese mice (Fig. 3, A-C).
Whereas there were no statistically significant differences
in the levels of these indices of oxidative stress between the
mice on the 5 and 10% fat diet, there was a significant
decline in protein carbonyl and HNE levels in the mice
treated with gemfibrozil.

The studies reported here show that triglycerides are likely
a major cause of the cognitive disturbances in diet-induced
obesity. Our results show that both hippocampal-dependent
memory and nonhippocampal-dependent memory are im-
paired in diet-induced obesity. In addition, they show that
triglycerides impair maintenance of NMDA-dependent hip-
pocampal long-term synaptic potentiation. Hippocampal
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Fic. 3. Comparison of the effect of a high-fat diet, compared with
normal diet (CON) and high-fat diet together with gemfibrozil (GEM)
on parameters of oxidative stress in the brain. *, P < 0.05.
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long-term potentiation is considered an assessment of syn-
apse specific plasticity and a neurophysiological correlate of
learning and memory (13). Lowering triglycerides pharma-
cologically with gemfibrozil reduced levels of protein car-
bonyls, an index of protein oxidation, and HNE levels, an
index of membrane lipid oxidation, in the diet-induced obese
mice. Together, these findings suggest that if oxidative stress
plays a role in the learning and memory problems associated
with obesity, lowering triglycerides may help reverse the
cognitive impairments.

We found that obese mice performed more poorly than
normal mice in three tests that inventory a variety of cog-
nitive paradigms: hippocampal reference learning and mem-
ory tasks (water maze and T-maze), nonhippocampal-de-
pendent response memory (lever press), episodic (T-maze
and water maze) procedural (lever press), reward (lever
press) aversion avoidance (T-maze). Together these results
suggest that obesity affects several aspects of cognition.

Previously case reports in humans have suggested that
hypertriglyceridemia may lead to delirium (18, 19). In per-
sons with type 2 diabetes mellitus, elevated triglycerides
have been associated with poor cognitive performance (20).
In a small study of humans, reducing hypertriglyceridemia
with gemfibrozil improved cerebral blood flow and function
on the cognitive capacity screening examination (6). Al-
though gemfibrozil might act through pathways indepen-
dent of its effects on triglycerides, these findings further
support our hypothesis that triglycerides play a role in mod-
ulating cognitive performance.

Failure to maintain LTP in the presence of milk fat
triglycerides is consistent with impaired learning and
memory observed in CD-1 mice on high-fat diets or treated
with triglyceride-containing emulsions. The results sug-
gest that higher-than-normal levels of circulating triglyc-
erides could impair hippocampal synaptic plasticity, re-
sulting in impaired hippocampal-dependent learning and
memory. Our studies suggest that milk fat could inhibit
LTP induction by blocking NMDA receptor activation
(Fig. 2, E and F). This effect occurs without effect on the
AMPA-mediated component of the EPSP (Fig. 2, A and D)
and is not detectable unless ACSF is modified to isolate the
NMDA-mediated component of the EPSP (Fig. 2, E and F).
During TBS, reduced NMDA receptor activation would
reduce calcium entry and would impair LTP induction.
However, it is interesting that there is post-TBS potenti-
ation in the presence of low-fat milk, indicating that there
is sufficient presynaptic calcium entry and no postsynaptic
AMPA receptor inhibition, resulting in post-TBS synaptic
potentiation. Moreover, we assume that in ACSF TBS in-
duces normal NMDA receptor activation, postsynaptic
calcium entry, and probably early events triggered by
post-TBS calcium entry (Fig. 2B). Therefore, the fact that
application of ACSF with low-fat milk 10 min after TBS
prevents LTP maintenance suggests that milk fat may also
exert a second, independent effect on LTP maintenance
(Fig. 2B).

Triolein had similar effects, compared with those pro-
duced by milk fat (Fig. 2C). The baseline EPSP was not
affected by triolein, and EPSP potentiation was elicited but
not maintained in the presence of triolein. The triolein ex-
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periment also supports that LTP can be induced but not
maintained in the presence of triglycerides. This is consistent
with other findings that free fatty acids or their derivatives
can affect early-phase LTP and glutamate release (21, 22).
Future studies will be necessary to definitively establish
whether triglycerides inhibit LTP by NMDA receptor inhi-
bition alone or in addition to a downstream effect upon LTP
maintenance.

The mechanism(s) by which high triglyceride levels im-
pair memory remain unclear, but our results suggest in-
teresting possibilities. Acyl-CoA /free fatty acids (22) and
linoleic derivatives (21) are capable of modifying gluta-
mate release. Our work would suggest that triglycerides
also affect the NMDA calcium channel. Oxidative stress
may play a role as obesity itself is a proinflammatory,
oxidatively stressed state. The work of Knapp and Klann
(23-25) has suggested that increased reactive oxygen spe-
cies (ROS) species can alter NMDA-dependent calcium
influx, thus altering LTP. Superoxide acts as a signal in
LTP at CA1 synapses in the hippocampus. The work of
Knapp and Klann (24, 25) in particular argues that low,
long-term oxidative stress is the cause of decreased LTP in
aging and that antioxidants can reverse the impaired LTP
response. Activation of the NMDA channel can lead to
increased ROS species (26) and release nitric oxide (27).
Finally, nitric oxide and ROS can act synergistically to
increase oxidative stress and damage (28). Therefore, obe-
sity-induced oxidative stress could disrupt superoxide
signaling in hippocampal neurons, with the resultant syn-
aptic dysfunction accounting for impaired cognitive func-
tion. However, parameters of oxidative stress were de-
creased only after gemfibrozil treatment but not in the
hypertriglyceridemic animals at baseline. Alternatively,
we have shown that hypertriglyceridemia impairs leptin’s
ability to cross the blood-brain barrier (8). Leptin enhances
cognition (29, 30), and leptin receptor-deficient animals
have impaired hippocampal LTP and poor spatial memory
(31, 32). Thus, triglycerides could impair cognition by
preventing leptin from reaching the brain regions impor-
tant for learning and memory. Triglycerides may also af-
fect cognition through their ability to modify release of
feeding peptides (33), many of which affect cognition
through nitric oxide-dependent pathways (34-37).

To conclude, we showed here that obesity in animal mod-
els is associated with cognitive impairments. Such impair-
ments are mediated by triglycerides, which impair NMDA-
mediated LTP. In view of the epidemic of obesity that is
occurring in the developed world, we believe that these
findings represent another reason for public health measures
to focus on reducing obesity.
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