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The ability to utilize oxygen has been shown to affect a wide variety of physiological factors often
considered beneficial for survival. As the ability to learn can be seen as one of the core factors of
survival in mammals, we studied whether selective breeding for endurance running, an indication
of aerobic capacity, also has an effect on learning. Rats selectively bred over 23 generations for
their ability to perform forced treadmill running were trained in an appetitively motivated
discrimination-reversal classical conditioning task, an alternating T-maze task followed by a rule
change (from a shift-win to stay-win rule) and motor learning task. In the discrimination-reversal
and T-maze tasks, the high-capacity runner (HCR) rats outperformed the low-capacity runner
(LCR) rats, most notably in the phases requiring flexible cognition. In the Rotarod (motorlearning) task, the HCR animals were overall more agile but learned at a similar rate with the LCR
group as a function of training. We conclude that the intrinsic ability to utilize oxygen is
associated especially with tasks requiring plasticity of the brain structures implicated in flexible
cognition.
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1 Introduction
The ability to utilize oxygen forms a continuum between health and sickness. In rats
selectively bred for running capacity, HCR rats have shown to be superior in many ways
that are important for survival and fitness[16, 36]. In the evolutionary time scale, flexible
cognition can also be seen as a factor that, especially in mammals, has made the difference
between survival and extinction[19].
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Aerobic capacity has been shown to be a complex but inherited trait in an animal model of
selectively bred rats[17]. Acquired aerobic capacity is related to a host of health promoting
factors and also to cognitive abilities. For instance, physically active elderly people perform
better at cognitive tasks[5, 22] and rats given physical exercise learn various tasks more
readily than their sedentary controls[11, 25]. Increased cognitive function in physically active
subjects may rely on the increased capacity of the organism to utilize oxygen and glucose,
elements necessary for the aerobic metabolism on which brain tissue relies. On the other
hand, the explanation for better learning in physically active human and animal subjects
might simply be due to a more stimulated nervous system, as it has been well established
that environmental enrichment can significantly enhance learning[2, 14, 25, 33].
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As the brain consumes a relatively large proportion of the oxygen in the blood, we expected
to see differences in difficult learning tasks between HCR and LCR rats. In this study, we
trained rats selectively bred for their endurance running capacity, but not given exercise, in
order to find out whether the presumed better learning is due to innate differences in the
ability to utilize oxygen. The animals were trained in relatively complex discriminationreversal learning tasks requiring flexible cognition and also in a simpler motor learning task
(Rotarod), in which improvement in performance is related to adjustment of neural function
related to balance rather than to forming novel associations If the HCR animals outperform
their LCR controls, this would support the idea that innate aerobic capacity also affects
learning abilities. Should this be the case, we might conclude that inherited factors linked to
aerobic metabolism also have a beneficial effect on learning.

2 METHODS
2.1 Subjects
The development of the rat models for aerobic exercise capacity has been described in detail
earlier[17]. Briefly, selective breeding for intrinsic aerobic treadmill running capacity was
started in 1996 using a founder population of a widely heterogeneous N:NIH rat stock. At
each generation, young adult rats (11 weeks of age) were tested daily over five consecutive
days for their inherent ability to perform forced speed-ramped treadmill running until
exhausted. The greatest distance in meters achieved out of the five trials was considered the
best estimate of an individual's aerobic exercise capacity. The highest scoring female and
male from each of the thirteen families were selected as breeders for the next generation of
high capacity runners (HCR). The same process was used with lowest scoring females and
males to generate low capacity runners (LCR).
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The rats in the current experiment were 19 females derived from generation 23 of selection.
Distance run to exhaustion (± SEM) was 1840 ± 45.6 m for the HCR animals and 329 ± 22.4
m for the LCR rats. At the onset of the experiment, the rats were ~6 months old.
Prior to the start of the appetitive conditioning experiments the animals were gradually
reduced to 85 % of their free-feeding weights. They were maintained at these weights
throughout the experiment by being fed a restricted amount after each experimental session.
The rats were housed in pairs in a light-proof room in which the lights were on for 12 hr/
day. The animals were tested at the same time on successive days during the period when
the lights were on in their holding room.
2.2 Behavioral experiments
2.2.1 Appetitive discrimination – reversal conditioning—For appetitive
conditioning, four conditioning chambers (24.5 × 23.0 × 20.0 cm), made of aluminum, were
housed in a cabinet with four independently ventilated and dimly lit compartments arranged
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in 2 × 2 fashion. One wall of each chamber was equipped with a pellet magazine. A speaker
located behind the magazine, immediately outside the chamber, delivered the auditory
stimuli at an intensity of 80 dB (A scale). An infrared transmitter and receiver pair formed
an infrared beam inside the pellet magazine and its breakage was measured. Interruptions of
these beams were continuously recorded by a self-designed protocol using MeasureFoundry
software (Data Translation, inc., Marlboro, MA, USA) running on a PC clone. Another
computer, equipped with E-Prime 1.2 software (Psychological Software Tools, inc.,
Sharpsburg, PA, USA), controlled the experiment.
For two days before the experiments, a few reward pellets (45 mg) were provided to the rats
in their home cages. The rats were initially given 2 days of magazine training by placing
them in the chambers for 30 min, during which the reward pellets were dispensed two at a
time into the food magazine at regular 60-s intervals. Eight rats from each group were then
selected for the experiment based on their magazine behaviour.
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The conditioning procedure was administered so that in the discrimination phase, the
animals received food (2 pellets) following one conditioned stimulus (CS+) while another
conditioned stimulus was followed by nothing (CS−). The CSs (12 s in duration) were either
a continuous white noise or bursts of 50-ms sine tones repeated at 200 ms intervals for the
duration of the CS. The conditioned stimuli were counterbalanced across animals so that the
white noise was the CS+ and the tone bursts CS− for half of the HCR and half of the LCR
animals, and vice versa for the other halves. The intertrial interval varied between 90 and
180 s. A total of 20 trials per day was administered (10 CS+ and 10 CS− trials) in random
order.
The discrimination training was continued for 10 days, after which the reversal phase
commenced. The reversal training was exactly as the discrimination training except that the
assignment of stimuli as either CS+ or CS− was the opposite. In other words, the
reinforcement schedule was reversed; for example, if the continuous noise in the
discrimination phase predicted food, it came to predict nothing in the reversal phase. The
reversal phase consisted of 15 daily sessions.
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2.2.2 Alternating T-maze—The floor of the elevated T-maze was made of wood and
painted white. Each arm was 70 cm long and 10 cm wide. The side walls were made of clear
acrylic and were 17 cm high. At both ends of the `horizontal' arms of the T-maze there was a
1-cm deep conical recession in the floor for the pellet to be placed in. The maze rested on
three 100-cm high supports and was located orthogonally to the longitudinal axis of a 2-m ×
4-m enclosed space. From the maze, the animals had a full view of distal wall cues (1
picture/wall) and some extra maze cues such as furniture and elements of the air
conditioning system. A web-camera was attached to the ceiling above the maze and the rats'
behavior was recorded to be analyzed afterwards.
The animals were familiarized with the T-maze in three pre-training sessions where both
recesses were baited and the rats were free to explore the maze for 2 min at a time.
Initially, the rats were trained to adopt a shift-win strategy in 10 sessions on consecutive
days. A trial consisted of two runs: the first one with a forced turn (the other arm was
blocked by a clear acrylic wall) and the second run with both arms accessible. In the first
run, the animal always found food in the food recess in the forced choice arm while in the
second run the food was placed in the recess opposite to the previous one. After the first run,
the animal was allowed to eat the pellet found and was then returned to the start arm. Each
session contained six trials, with an equal number of forced right or left turns in a
pseudorandom sequence. The experimenter baited the appropriate arm before each run. At
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the start of each session four rats were taken from the holding room to the experimental
room in a sealed carry box from which they were unable to see the room. All four rats were
tested in the same session, one at a time, with one trial (two runs) each, hence, the inter-trial
interval ranged approximately from 2 to 4 min.
In the second phase of the experiment, the shift-win rule was replaced with the stay-win
rule. In other words, the food in the second run was to be found in the same arm as in the
first run. This training was continued for 10 days.
2.2.3 Motor learning—Motor learning was assessed using a Rotarod apparatus (Ugo
Basile, Italy) consisting of a rotating drum with a grooved surface for gripping. The moving
drum was set to accelerate from 4 to 40 rpm over 300 sec. The animals (n = 19) had 2
familiarization trials on the rotating drum at 4 rpm for 1 min each with an interval (between
the trials) of 10 min. The interval between the second familiarization and first test session
was 30 min. Rats were subjected to 7 trials with a 15-min interval between each trial. The
latency to fall off the Rotarod device was assessed in each trial.
2.3 Data analysis
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2.3.1 Discrimination ratio—Responses to the CSs in the appetitive discriminationreversal conditioning were determined as the total time during which the IR beam was
broken during the last 9 s of the CS period. Learning per animal per day was assessed as
discrimination ratio (DR):

where R+ is the response duration to the reinforced tone and R− is the response duration to
the non-reinforced tone. Thus, the DR will receive a value between 0 and 1 where 0.5
represents equal responding to both stimuli.
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2.3.2 Statistical analysis—Analysis of variance (ANOVA) for repeated measures was
used to examine the effects of conditioning and group on the dependent variable of learning
(discrimination ratio in classical conditioning task, correct choices in T-maze test or time
spent on the Rotarod beam). Greenhouse-Geisser corrected degrees of freedom were applied
whenever the sphericity assumption was violated. Additional one-sample t-tests were run for
both groups separately against chance levels in order to investigate whether the rats were
successfully discriminating between stimuli (discrimination-reversal task) and T-maze turns.
Two-tailed statistics were used.

3 RESULTS
3.1 Discrimination-reversal
In the discrimination phase (Fig 1), the main effects of both session [F(9,126) = 3.16; p <
0.05, η2partial = 0.18] and group [F(1,14) = 5.79; p < 0.05, η2partial = 0.29] on the
discrimination ratio were significant, indicating that both groups learned to discriminate
between the tones, but the HCR group performed at a better level overall. One-sample t-tests
of discrimination ratio against chance level (= 0.5) revealed that HCR animals were
successfully discriminating between the stimuli from session 4 onwards [t(7) = 2.80 – 6.64,
p < 0.05 – 0.001] while successful discrimination was not seen in LCR animals until the last
two sessions of discrimination training [t(7) = 2.44, p < 0.05 and t(7) = 3.52, p < 0.01,
respectively]
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In the reversal phase (Fig 1), the HCR rats were quicker to acquire the new rule, as indicated
by a significant interaction of session and group [F(14,196) = 2.53, p < 0.05; η2partial =
0.15]. The main effects of both session [F(14,196) = 11.03, p < 0.01; η2partial= 0.44] and
group [F(1,14) = 4.67, p < 0.05; η2partial= 0.25] were also statistically significant. Separate
analyses revealed statistically significant increases in the discrimination ratio in both groups
as a function of session [HCR: F(14,98) = 10.48; p < 0.001; η2partial = 0.60; LCR: F(14,98)
= 2.40; p < 0.01; η2partial = 0.25]. However, even at their best the LCR rats did not perform
better than the chance level, as indicated by not even nearly significant differences between
discrimination ratio and chance level [in sessions 10 to 15 t(7) = 0.12 – 0.41, p = 0.70 –
0.90]. In contrast, the difference between discrimination ratio and chance level was
significant in the HCR group in the last three session of the reversal training [t(7) = 3.11 –
6.59, p < 0.05 – 0.001].
3.2 Alternating T-maze
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Two animals from the HCR group were omitted from the analyses because they engaged in
freezing behavior when placed in the elevated T-maze making it impossible to obtain taskrelevant behavioral data. The results of the T-maze test are presented in Fig. 2. In the first
phase, when the animals had to learn the rule that the pellet was in the arm opposite to where
it had been in the forced run, the animals quickly learned to make correct responses, as
indicated by the significant main effect of session on the number of correct choices [F(7,84)
= 4.14; p < 0.01; η2partial = 0.26]. Neither the group nor group x block interaction was
significant. One-sample t-tests of correct choices against the chance level (= 3) revealed that
both groups were successfully making correct choices very early in training [LCR: t(7) =
4.00 – 13.23, p < 0.01 – 0.001 and HCR: t(5) = 3.95 – 12.65].
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When the rule was changed and the rats had to acquire the new one, according to which the
pellet was found at the end of the same arm as in the forced run, there was a significant
group x session interaction [F(9,108) = 3.84; p < 0.001; η2partial = 0.256] as well as
significant effect of session [F(9,108) = 9.46; P < 0.001; η2partial = 0.441]. When the groups
were analyzed separately, a significant increase in the correct choices was found in the HCR
rats only [F(9,45) = 11.21; p < 0.001; η2partial = 0.692]. The LCR rats continued to follow
the rule they initially learned in the alternating T-maze training phase, as indicated by the
significant differences between the incorrect choices and chance level in almost all sessions
[t(7) = 3.24 – 6.11, p < 0.05 – 0.001]. In sessions 8 and 9 the difference was almost
significant [t(7) = 1.67, p = 0.14 and t(7) = 1.99, p = 0.087, respectively]. In contrast, the
HCR rats, although able to abandon this rule nevertheless did not perform above the chance
level; thus the task proved to be very difficult. Comparison of incorrect choices against
chance level in HCR rats revealed significant differences in the first 4 sessions [t(5) = 3.87 –
12.65, p < 0.05 – 0.001] and no significant differences from session 5 to session 10 [t(5) =
0.00 – 1.86, p = 0.12 – 1.00].
3.3 Motor learning
The HCR animals were overall better at the Rotarod task, as indicated by a significant main
effect of group [F(1,29) = 4.66; p < 0.05; η2partial = 0.138]. Time on the beam increased as a
function of trial [F(7,203) = 4.14; η2partial = 0.125], but there was no significant interaction
of trial and group (Fig. 3). While the training programme had an equal effect on both groups,
the HCR animals had overall better balance.

4 DISCUSSION
We demonstrated that rats with higher intrinsic aerobic capacity outperformed those with
lower capacity in a task requiring acquisition of rule change. No such difference was found
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when the learning task strictly involved enhancement of motor abilities (Rotarod), although
the HCR animals showed better motor skills, as such, throughout the training. Thus, it seems
that if there is any beneficial effect of aerobic capacity, it is biased towards flexible
cognition.
4.1. Innate endurance running capacity is related to flexible cognition but not to motor
learning

NIH-PA Author Manuscript

Rats have a tendency to alternate their choices in the T-maze[32], which facilitates learning
of the shift-win rule. In contrast, because of this predisposition and, further, because of
reinforcement of the alternating behavior, the following rule change requiring the adoption
of a stay-win strategy should be challenging, which is exactly what the present experiment
revealed. As required by the task, it seems that the HCR rats were able to abandon the
(innate and previously reinforced) shift-win strategy, and in 9 sessions trained, they reached
at least to the chance level of responding, while the LCR animals continued responding
according to the shift-win strategy. As the order of shift-win and stay-win treatments was
not counterbalanced we cannot, however, rule out the alternative interpretation that the HCR
animals were simply better in learning the stay-win strategy. Still, the alternating T-maze
paradigm with a rule change requiring a turn from a shift-win to stay-win strategy proved a
simple and useful paradigm for future efforts to study flexible cognition in rats. The present
results indicate that more extensive training would be needed to show complete mastery of
the stay-win strategy. On the other hand, it would be of interest to study whether better
learning of the HCR animals in the T-maze results from hippocampal dependent place
learning or striatum-dependent response learning[26].This could be achieved by either using
a plus-maze or rotating the T-maze between trials.
Similar results were obtained using the appetitive discrimination-reversal training, where the
rats were first trained to discriminate between auditory stimuli by reinforcing one stimulus
and then, by reversing the rule, reinforcing another, previously non-reinforced, stimulus. It
has been shown that hippocampal lesions as well as lesions of the related cortical areas lead
to specific deficit in reversal learning while having less or no effect on the initial
discrimination learning in eyeblink conditioning[35]. Further, lesions to the frontostriatal
areas produce perseverative behavior and deficits in flexible cognition[13]. Together these
results imply differences in plasticity in the neural areas that are related to flexible cognition
and learning of relational information, that is, the frontostriatal and hippocampal areas,
respectively[13].
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Motor learning was evident in both groups, as seen in the ability to remain longer on the
Rotarod beam as a function of trial. It was also evident that the HCR animals performed
better than the LCR animals, even without any training. This result echoes that of the earlier
study by Koch and Britton[17]. However, the rate of learning itself was similar in both
groups, suggesting that the neural plasticity required for motor learning was equally
effective. HCR animals only seem to be intrinsically better performers in motor tasks.
The HCR/LCR strains were developed to contrast for the effect of innate endurance running
capacity (allegedly aerobic capacity) on various measures for health and sickness.
Consequently, in the absence of non-manipulated control strain we cannot determine
whether the observed difference between the HCR and LCR strains in flexible cognition was
because of beneficial effect of high aerobic capacity, detrimental effect of low aerobic
capacity, or both. However, our results strongly support the idea that genome regulating the
aerobic capacity, is linked to flexible cognition. Another alternative explanation of the
present results is that the strains also differ in motivation which might contribute to
differences in learning. However, the difference between strains seems to be selective to
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cognitive but not motor learning, whereas possible motivational aspects would probably
affect all kinds of learning and performance in general.
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4.2. Possible roles of oxygen delivery and glucose utilization
Delivery of oxygenated blood into metabolically demanding organs is of great importance in
mammals. Data from the 15th generation of rats selectively bred for their aerobic
capacity[17] showed increased peripheral oxygen delivery to muscles in the high intrinsic
aerobic capacity group[12], suggesting a genetic component of this physiological trait. This
evidence could prompt the further hypothesis that learning differences observed between
LCR/HCR, especially in demanding learning tasks (rule reversal), could rely on enhanced
oxygen delivery to the brain, a highly oxidative tissue.
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The glucose-induced regulation of brain processes related to learning and memory have
been well described over the past decades[9]. Evidence has emerged from animal studies on
the beneficial elevation of glucose transporter proteins by both forced and voluntary
running[15]. Increments of glucose metabolism-related substrates could explain the
beneficial effects of physical activity on brain metabolism. Data from studies on nondiabetic women have shown a negative correlation between plasma glucose and episodic
memory[29], strengthening the notion that energy metabolism plays an important role in
cognitive function in humans[31]. Similarly, insulin resistance has shown a correlation with
reduced brain volume in women at risk for Alzheimer's Disease (AD)[27], verifying the
glucose metabolism-based hypothesis for aging-induced cognitive decline[21]. DNA
microarray data from our lab on this animal model have revealed down-regulation of genes
involved in metabolic syndrome, which correlates with low intrinsic aerobic capacity[16].
Similarly, Mootha et al. have shown down-regulation of functionally related genes
implicated in oxidative phosphorylation in diabetic human skeletal muscle[23]. A recent
study showed that LCR animals display a reduced ability for mitochondrial regeneration,
decreased metabolic control in the heart, a reduced antioxidant status and decreased
longevity[20]. These data indicate that metabolic properties related to energy metabolism in
skeletal muscle have a genetic component. This could be of great importance with respect to
cognitive performance, as shown by data from studies indicating a relationship between
diabetes and cognitive impairments[1, 6, 27, 31].
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The proposed mediation of BDNF action by IGF-I[7] points to the importance of its
quantification in the areas of the brain where BDNF action is under investigation. Light has
been shed on Blood Brain Barrier (BBB) permeability by IGF-I and the enhanced binding of
BDNF to TrkB (its high affinity receptor) in the presence of IGF-I[3, 7, 24, 28, 34]. The abovementioned properties of IGF-I combined with its exercise-induced upregulation[30] suggest
the importance of conducting further experiments on the HCR/LCR model. Additionally, as
exercise increases BDNF gene transcription[10], it would be of functional importance to
investigate BDNF mRNA expression and TrkB receptor in the learning-relevant areas.
Ongoing experiments in our group try to further investigate possible molecular differences
in vascularization properties and neurogenesis in hippocampus and striatum.
4.3. Conclusion
Oxygen as an effective conveyer of energy is one of the driving forces of evolution[4, 8]. It
can be argued that individuals with higher aerobic capacity (i.e. able to use more oxygen)
are evolutionally favored within a species. Indeed, high aerobic capacity or fitness (either
inherited or acquired) is predictive for better health and longevity[18]. The present study also
shows that better brain function (learning capacity) is associated with higher oxygen
metabolism and that genetically these traits segregate in concert. Our findings emphasize
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further the importance of fitness for survival and the centrality of oxygen in biology and
evolution in general.
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Highlights
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-

Aerobic capacity correlates positively with cognitive abilities

-

It is not known whether this is due to acquired or innate aerobic capacity

-

We trained rats bred for endurance running capacity in tasks requiring
flexible cognition

-

Rats with intrinsically high running capacity outperformed those with low
capacity

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Physiol Behav. Author manuscript; available in PMC 2013 May 15.

Wikgren et al.

Page 12

NIH-PA Author Manuscript

FIGURE 1.

Discrimination ratio (+/− SEM) as a function of training session appetitive discriminationreversal training. In the discrimination phase, both groups learned to discriminate between
the CSs, but in the reversal phase, the HCR rats outperformed the LCR rats. In fact, the LCR
rats were not able to exceed the chance level of responding even after 15 days of training.
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FIGURE 2.

Number of correct choices (+/− SEM) as a function of T-maze training. There were no
significant differences between the groups in the T-maze test in acquiring the shift-win rule
(left pane): both groups learned to a similar extent at a similar rate. However, when the rule
was changed to the stay-win rule (right pane), the HCR rats performed significantly better,
but were still unable to reach the chance level.
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FIGURE 3.

Time the animals could stay on the Rotarod device. The overall performance of the HCR
rats was better, but both groups achieved a significant increase as a function of trials.
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