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Overstimulation of newborn mice leads
to behavioral differences and deficits in
cognitive performance
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'Seattle Children’s Research Institute PO Box 5371, Seattle WA 98121, 2University of Washington.

Observational studies in humans have found associations between overstimulation in infancy via excessive
television viewing and subsequent deficits in cognition and attention. We developed and tested a mouse
model of overstimulation whereby p10 mice were subjected to audio (70 db) and visual stimulation (flashing
lights) for six hours per day for a total of 42 days. 10 days later cognition and behavior were tested using the
following tests: Light Dark Latency, Elevated Plus Maze, Novel Object Recognition, and Barnes Maze. In all
tests, overstimulated mice performed significantly worse compared to controls suggesting increased activity
and risk taking, diminished short term memory, and decreased cognitive function. These findings suggest
that excessive non-normative stimulation during critical periods of brain development can have
demonstrable untoward effects on subsequent neurocognitive function.

irst discovered by Hebb in 1947 environmental enrichment is widely known to significantly enhance

memory functions' . Environmental enhancement results in numerous neurobiological changes including

increased dendritic branching in cortical neurons®’, increased size and complexity of the superior colliculus®
and increased neurogenesis in the hippocampus"*'*. The key features of enriched environment includes multiple
sensory experiences (sensory integration), and the active engagement with the novel environment""°.

Building on the importance of these early environmental experiences in mice, the Institute of Medicine report
highlighted how early human environments should likewise be optimized to enhance brain development'®. What
followed was an explosion of products, many of them video-based, that claim that they stimulated infant brains
making them for example “smarter” or more “musical” with no empiric basis of support'’. As a result, in the last
30 years, the average age at which children begin to regularly watch TV has moved from 4 years of age to 5 months
of age and the typical preschool child spends as much as 30-40% of their waking time in front of a screen'®**,

Central, but implicit in the enriched environment studies is the notion that the stimulation provided was
normative, that is consistent with what might be experienced by mice in a naturalistic setting. But in contrast to
the pace with which real life unfolds, video programs, particularly those viewed by very young children are
extremely rapidly and surreally sequenced®. Observational data in humans have supported the association
between excessive viewing of such programs and subsequent attentional problems*"**. Unfortunately experi-
mental data from infants are lacking and difficult to obtain for a variety of practical and ethical reasons although
one brief experimental study found viewing a rapidly sequenced show lead to short term attentional problems in
preschool children®*>,

Here we examined the behavioral consequences of “excessive non-normative stimulation” akin to what baby
DVD’s provide in a mouse model. Ours is a fundamental departure from the enriched environment approach as
we tested the “opposite” hypothesis: excessive, non-normative stimulation during a similar period will diminish
performance subsequently.

Results

We mounted speakers to standard mouse cages and positioned colored light sources at all four walls. (Figure 1).
To mimic television viewing we piped audio from the “cartoon channel” into the mouse cage at 70 decibels, which
is well below the levels of 100-115 db that are typically used for acoustic stress models and consistent with
National Institutes of Health acceptable noise levels**~*'. A photorhythmic modulator was used to change colors
and intensities in concordance with the audio thereby simulating television that cannot be avoided (e.g. flashing
lights on all four sides of the cage).
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Figure 1| Mouse overstimulation chamber, and experimental procedure.

Beginning at postnatal day 10 (P10), mice were randomly divided
into two groups: (a) a control group which was reared according
to approved and established protocols at the Seattle Children’s
Research Institute Vivarium; and (b) an overstimulated group which
was treated identically to the control group except that they were
exposed for 6 hours every night to auditory and visual stimula-
tion intended to generate “non-normative sensory stimulation.”
Exposure lasted for 42 days, which is comparable to the length com-
monly used in enriched environment studies®. Mice in both groups
remained with their mother throughout this period to avoid any
additional handling. Following the exposure period, lights and
speakers were removed, but the mice remained in their familiar,
regular mouse cages. Beginning 10 days later, we performed the fol-
lowing behavioral tests: the Open Field test, Light Dark Latency
test®, the Elevated Plus Maze*, the Novel Object Recognition test™,
and the Barnes Maze®. For all tests, we made use of the VideoTrack
(ViewPoint LS) tracking software to track mouse movements. The
tracking software records where the mouse was, how long it was in
certain areas, as well as the distance the mouse traveled in each area.
Experiments were videotaped, and in all cases, technicians blinded to
research group made assessments.

We first assessed anxiety and activity. The Elevated Plus Maze
measures the anxiety induced by open spaces, as well as height. The
apparatus was an elevated maze consisting of four arms making the
shape of a plus sign (Figure 2). Two of the arms had walls around
them, whereas the other two arms project out of the center without
walls. All mice were placed in the center of the maze and were al-
lowed to run freely around the maze for 5 minutes. We calculated
the amount of time the mouse spent in each arm, the distance
traveled, and the number of entries the mouse made into each arm.
Overstimulated mice spent significantly more time in the open arm
(Fig. 2E), had more entries into the open arm (Fig. 2F) and traveled
greater distances in the open arm (Fig. 2G) compared to controls.

The Light Dark Latency test measures risk-taking and anxiety in a
related but different way. It is based on the rodents’ innate aversion to
brightly illuminated areas as well as their competing exploratory
instincts®*®. The apparatus consisted of two compartments. One
compartment is made of translucent fiberglass the other is painted
black. The two compartments are separated by a black dividing wall

10 Days 10 Days

with a small doorway for the mouse to travel between them. A 100 W
light was directed at the translucent (light) chamber from approxi-
mately a 15 cm distance. The light is blocked out of the black cham-
ber with a lid making it dark. Each mouse was placed in the dark
chamber and was allowed to run freely between the two chambers for
5 minutes. Latency to enter (defined by all four paws entered), time
spent, entries and distance traveled in the light chamber were
recorded. Overstimulated mice were significantly different from con-
trol mice for all domains (Figure 2).

The Open Field Test measures hyperactivity and anxiety in yet a
third way. The open field box consisted of a square black box made
out of plexiglass with an outlined center area. Each animal was placed
in the box for ten minutes. Overall activity in the box (measured
with videotrack) was measured as well as the amount of time and
distance traveled in the center area of the maze. Mice naturally prefer
to be near a protective wall rather than exposed to danger out in the
open, but a competing foraging instinct will motivate them to
explore. (Figure 3A). Overstimulated mice spent significantly more
time in the center (Fig. 3A,B), entered significantly more times into
the center, and traveled more distance within the center than control
mice (Figure 3B). Moreover, the overall distance traveled by the
overstimulated mice was significant higher than the distance traveled
by the control mice, suggesting that overstimulated mice are hyper-
active. (Figure 3C).

We next assessed memory and learning. The Novel Object Recog-
nition Test assesses short term memory by testing a mouse’s ability to
remember if it had previously encountered an object or not™. It is based
on the idea that a mouse will spend more time investigating and explor-
ing an object which it has never seen (novel object), compared to an
object it has encountered before (familiar object). The same box, which
was used in the Open Field Test, was used for the Novel Object
Recognition test. Mice were habituated to the box a day before the test,
during the Open Field Test. On the test day, mice were placed in the box
for the acquisition period with two identical objects, and were allowed to
explore and familiarize themselves with the objects for 5 minutes. The
mice were given a one hour inter-trial interval (ITI) and were then
placed back in the test box. Everything was the same as during the
acquisition period except that one of the two identical objects was
replaced with a new, novel object. During the testing period, mice were
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Figure 2 | Results of Elevated Plus Maze (EPM) and Light Dark Latency (LDL) Tests. 2A & 2B demonstrate an illustrative example of a control and an
overstimulated mouse’s travel pathway on the EPM. Overstimulated mice spent more time in the open arm (mean*SEM; Controls: 9.93+2.11s,n = 48
and Overstimulated: 31.03+2.78s, n = 61, p < 0.001). (2E); had more entries in the open arms (mean*SEM; Controls: 7.97+1.22, n = 48 and

Overstimulated: 11.92+1.06, n = 61, p < 0.001). (2F); and traveled greater

distances in the open arms (mean*SEM; Controls: 73.55+23.61cm, n = 48

and Overstimulated: 176.23+14.62cm,n = 61, p < 0.001). (2G). 2C & 2D demonstrate an illustrative example of a control and an overstimulated mouse’s
travel pathway on the LDL. Overstimulated mice spent more time in the light chamber (mean=SEM; Controls: 53.79+4.17s, n = 48 and Overstimulated:
82.39%6.41s,n = 61, p <0.001) (2H); took less time to fully enter the light chamber (mean+SEM; Controls: 223.0017.49s, n = 48 and Overstimulated:

98.00*15.33, n = 61, p < 0.001) (2I) and traveled greater distances in the
Overstimulated: 436.89+40.06cm, n = 61, p <0.05) (2]).

allowed to explore both of the objects for 5 minutes. This trial was
recorded with a video camera, and scored by a trained and blinded
experimenter to determine the time the mouse spent investigating each
object. During the testing period, overstimulated mice spent less time on
the novel object compared to controls. (Figure 4E).

Finally, we tested the mice with the Barnes Maze which is a
circular platform with an escape hole that leads to a small chamber
attached underneath the platform. There are 19 other imitation holes
circled around the maze in order to distract from the real hole. The
imitation holes look like the escape hole, but do not lead to an escape
chamber. The Maze is lit up with a 100 w light bulb. On day one, the
mouse was placed in an opaque box in the center of the maze. After
ten seconds had elapsed, the opaque box was removed and the
mouse was guided by hand to the escape hole. The first trial began
after 15 minutes. On trial one, the mouse was once again placed in
the start box for 10 seconds. Once released, the mouse had three
minutes to find the escape hole. As soon as the mouse found the hole
the light was turned off. The mouse spent 1 minute in the escape
chamber and was then returned to its original housing cage. This
procedure was recorded with the video camera and tracking software
and latency to find the escape hole, as well as distance traveled was
recorded. Mice were given four learning trials a day with 15-minute
ITT’s. On each day, the mean time to find the target hole was calcu-
lated. Overstimulated mice performed poorly compared to control
mice on day 4 of testing. (Figure 4C).

Discussion
We have demonstrated in a controlled way that providing non-
normative, excessive audiovisual stimulation during the early life

light chamber (mean*SEM; Controls: 276.42+42.03cm, n = 48 and

of mice results in significant deficits in cognition and behavior.
Specifically, overstimulated mice demonstrate increased risk tak-
ing/decreased anxiety, poorer short-term memory, and impaired
learning. These results are in marked contrast to what has been
shown in the setting of “enriched” environments.

There are several limitations to this study that warrant considera-
tion. First, it is possible that the overstimulation affected maternal
rearing habits as they too were exposed to it. Future experiments
should assess this directly. Prior studies of maternal stress and beha-
vioral outcomes have yielded mixed results with some showing
that maternal compensatory behaviors when the stress is removed
eliminates untoward effects and others showing increased anxiety
in offspring**. Neither of these is consistent with our observed
results*®*'. Furthermore, for a separate experiment, we collected
weights on 24 adult mice (14 overstimulated and 10 control).
There was no significant difference in their weights: Control
46.79 g vs Overstimulated 43.22 (p=.31). Prior studies have found
maternal stress to lead to reduced adult weight in offspring*’. Second,
we cannot be certain that the observed effects were the result of
overstimulation and not stress since it is conceivable that the lights
and sounds were stress-inducing. However, we deliberately and set
the volume to 70 decibels, which is well below the levels of 100-115
db that are typically used for acoustic stress models and at a level that
has been deemed acceptable by federal guidelines in the United
States®**'. Furthermore, our observation of decreased anxiety and
increased travel in our overstimulated mice runs contrary to what
has been demonstrated in newborn stress models where increased
anxiety is typically seen”~*"**** Finally, stress may be in the causal
pathway and mediate the effects of overstimulation. That is,
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Figure 3 | Results of Open Field Test: Tests. 3A & 3B demonstrate an illustrative example of a control and an overstimulated mouse’s travel pathway on
the Open Field Test. Overstimulated mice spent more time in the center of the open field (mean*+SEM; Controls: 24.97+2.04, n = 64 and
Overstimulated: 44.25+3.76,n = 72, p < 0.001) (3C), had more entries into the center of the open field (mean=*SEM; Controls: 20.69+1.72,n = 72 and
Overstimulated: 34.94*2.72, n = 72, p < 0.001) (3D), and they were more active as measured in distance traveled in the center of the open field field
(mean=SEM; Controls: 505.79+47.45, n = 72 and Overstimulated: 883.03+71.82, n = 72, p <0.001), (3E) They also traveled greater distance overall
(mean=*SEM; Controls: 5836.66+194.26, n = 72 and Overstimulated: 6612.43+200.5, n = 72, p< 0.001) (3F).

overstimulation is stressful and that leads to untoward effects. If this
is the case, controlling for it would not make sense although it would
be worthwhile from a scientific standpoint to assess it. In future
studies, we intend to explicitly explore this pathway by among other
things, measuring serial serum cortisol levels on both groups of mice.
To what extent these results can be applied to human popula-
tions is unknown especially given that this is the first study to our
knowledge to associate overstimulation with diminished cognitive
performance and behavioral consequences. It should be noted how-
ever that the benefits of enriched environments previously demon-
strated on mice have been replicated in humans suggesting that early
experiences help tune the mind and improve executive function*>*.
It appears then that a coherent model whereby early experiences
establish neuronal circuits or habits of the mind which can either
enhance or impede subsequent performance may be emerging.

Methods

Animals and Housing. Both males and female CD1 mice where used for all
experiments. Mice were housed in groups (4-5 per cage) and provided with standard
mouse chow and water at libitum. Mice were housed in a room that had a 12 h light/
dark cycle (light on at 7:00 am) with controlled temperature (21 +/— 1 Celsius). The
protocol was approved by the Seattle Children’s Research Institutional Animal Care
and Use Committee.

Overstimulation. The mice were housed with mother in regular housing conditions
until they were 10 days old. At postnatal day (p) 10, the cage was moved into the
overstimulation rack. The overstimulation rack consisted of two loud speakers,

- suspended two inches above the top of the cage. Exposure sounds came from
children’s Television shows such as Pokemon, Powerpuff girls, Bakugan etc., which
were layered on top of each other with one pitch shifted, and one non pitch shifted
track in order to better accommodate the higher frequency hearing rage of the mice.
The volume was kept below 70 db the level used in acoustic stress models. To better
simulate a television paradigm, LED lights (red, green, yellow and blue) were syn-
chronized to go off in rhythm to match the sound output of the speakers. Mice were

exposed during the night for 6 six hours a day (from 11 PM to 5 AM), starting at p. 10
until p. 52. After this they had a ten-day resting period before behavioral tests began.

Behavioral Tests. Light Dark Latency Test. This test detects anxiety-like behaviors in
mice. The apparatus consisted of two compartments one which was made of
translucent fiberglass (15 cm x 30 cm x 30 cm) and one, which was painted black
(15cm x 30cm x 30cm). A Black-dividing wall with a small (5cm x 5¢cm) doorway for
the mouse to travel through freely divided the two compartments. A 100 W light was
directed at the translucent (light) chamber from approximately a 15 cm distance. The
light is blocked out of the black chamber with a lid making it dark. Each mouse was
placed in the dark chamber and was allowed to run freely between the two chambers
for 5 minutes. The trial was video taped, and a tracking device (Videotrack from
ViewPoint Life Sci) recorded all of the mouse’s movements. Latency to enter (defined
by all four paws entered), time spent, entries and distance traveled in the light
chamber were recorded.

The Elevated Plus Maze. The Elevated plus maze measures another type of anxiety, the
anxiety induced by open spaces, as well as height related anxiety. The apparatus was
an elevated (50 cm) maze consisting of four arms (30x5cm each) making the shape of
a plus sign (+). Two of the arms had 20 cm walls around them, whereas the other two
arms project out of the center without walls. All mice were placed in the center of the
maze and were allowed to run freely around the maze for 5 minutes. Mice were
recorded and tracked by videotrack (ViewPoint LS) in order to determine the amount
of time the mouse spent in each arm, the distance traveled, and the number of entries
the mouse made into each arm.

The Open Field Test. The Open Field Test measures hyperactivity through locomotion
and anxious behavior. The open field box consisted of a square black box (60cm x
60cm x 25cm), made out of plexiglass with an outlined center area. The center area
(30cm x 30cm) was made of Vinyl Electrical Tape (Tartan 1710). Each animal was
placed in the box for ten minutes. Overall activity in the box (measured with video-
track) was measured as well as the amount of time and distance traveled in the center
area of the maze. This paradigm is based on the idea that mice will naturally prefer to
be near a protective wall rather than exposed to danger out in the open.

The Novel Object Recognition Test. The Novel Object Recognition assesses a mouse’s
ability to remember if it haspreviously encountered an object or not. It is based on the
idea that a mouse will spend more time investigating and exploring an object which it
has never seen (novel object), than an object it has encountered before (familiar
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Figure 4 | Results of Barnes Maze Test (BM) and Novel Object Recognition Test (NORT). 4A & B demonstrate an illustrative example of a control and
an overstimulated mouse’s travel pathway on the BM. 4C summarizes the results of the BM over 4 days of successive testing. Overstimulated mice trended
towards finding the escape hole faster than controls during the first day of the experiments (mean*SEM; Controls: 30.60+4.64, n = 12 and
Overstimulated: 20.08+2.35, n = 72, p = 0.09) which is consistent with our findings that exposed animals travel greater distances, and thus are more
likely to encounter the escape hole. However, on day 4, control mice took significantly less time to find the target hole compared to overstimulated mice
(mean*SEM; Controls: 3.44%0.39, n = 12 and Overstimulated: 6.33+0.67, n = 10, p < 0.001) Overstimulated mice continued to make more errors
before finding the hole suggesting impaired memory and learning. Figure 4D summarizes the mean times mice spent on both objects during the
acquisition (mean=SEM; Controls: 44.35+4.61, n = 39 and Overstimulated: 57.49+4.01, n = 42), and the test trial (mean*SEM; Controls: 44.87+5.64,
n = 39 and Overstimulated: 53.81+3.77, n = 42). Figure 4E shows the discrimination ratio for the controls and the overstimulated mice. This shows how
well the mice were able to discriminate between the novel and the familiar object. Overstimulated mice spent less time with a novel object compared to
controls. Accordingly the discrimination ratio calculated as ((Time Spent on the Novel Object — Time Spent On the Familiar Object)/Total Time) is
significantly reduced compared to controls (mean*SEM; Controls: 0.32+0.07, n = 39 and Overstimulated: 0.16+0.05, n = 42, p < 0.05).

object). The same box, which was used in the Open Field Test, was used for the Novel
Object Recognition test. Mice were habituated to the box a day before the test, during
the Open Field Test. On the test day, mice were placed in the box for the acquisition
period with two identical objects (A), and were allowed to explore and familiarize
themselves with the objects for 5 minutes. The mice were given a one hour inter trial
interval (ITI) and where then placed back in the test box. Everything was the same as
during the acquisition period except that one of the two identical objects (A) was
replaced with a new, novel object (B). During the testing period, mice were allowed to
explore both of the objects for 5 minutes. This trial was recorded with a video camera,
and scored by a trained and blinded experimenter to determine the time the mouse
spent investigating each object. Interaction was considered when the mouse’s nose
touched the object or was pointed towards the object within a 1cm radius. The
discrimination ratio was calculated using the following formula: [(Time Spent on the
Novel Object — Time Spent on the Familiar Object)/Total Time)].

The Barnes Maze. The Banes Maze is a (90 cm elevated) circular platform (100 cm
diameter) with an escape hole (5 cm diameter), which leads to a small chamber
attached underneath the platform. There are 19 other imitation holes circled around
the maze in order to distract from the real hole. The imitation holes look like the
escape hole, but do not lead to an escape chamber. The Maze is lit up with a 100 w
light bulb. On day one, the mouse was placed in an opaque box in the center of the
maze. After ten seconds had elapsed, the opaque box was removed and the mouse was
guided by hand to the escape hole. The first trial began after 15 minutes. On trial one,
the mouse was once again placed in the start box for 10 seconds. Once released, the
mouse had three minutes to find the escape hole. As soon as the mouse found the hole
the light was turned off. The mouse spent 1 minute in the escape chamber and was
then returned to its original housing cage. This procedure was recorded with the video
camera and tracking software and latency to find the escape hole, as well as distance
traveled was recorded. Mice were given four learning trials a day with 15-minute ITI’s.
After four days of learning, a probe trial was performed where the mouse once again

was placed on the maze. This time, the escape hole was covered, now virtually looking
like all the other holes. The probe trial was recorded and time spent around the escape
hole was recorded. We also looked at the amount of other holes that were searched.
After 90 seconds the mouse was placed in its original housing cage.

Data Coding. Entries and time in each area was assessed by research assistants
blinded to group assignment.

Statistical Analyses. All comparisons of means used two tailed student t tests. Means
are reported with Standard Errors as shown in the figures.
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