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Neuronal plasticity is a central theme of modern neurobiology, from cellular and molecular
mechanisms of synapse formation in Drosophila to behavioural recovery from strokes in elderly
humans. Although the methods used to measure plastic responses differ, the stimuli required to
elicit plasticity are thought to be activity-dependent. In this article, we focus on the neuronal
changes that occur in response to complex stimulation by an enriched environment. We
emphasize the behavioural and neurobiological consequences of specific elements of

enrichment, especially exercise and learning.

Over the past two centuries, there have been several
accounts of, and claims for, the positive effects of envi-
ronmental stimulation and enrichment on the brain
and brain function!2. A modern conceptual frame-
work for neuronal plasticity in the adult brain was for-
mulated by Hebb, who postulated in 1949 that, when
one cell excites another repeatedly, a change takes
place in one or both cells such that one cell becomes
more efficient at firing the other®. Hebb’s view has
since been extended to include the plasticity of many
definable anatomical substrates, such as synapses, neu-
rites or entire neurons. Obviously, changes on these
levels are, in turn, based on changes at the biochemical
and molecular levels.

In the late 1940s, Hebb was also the first to pro-
pose the ‘enriched environment’ as an experimental
concept. He reported anecdotally that rats that he
took home as pets showed behavioural improvements
over their litter mates kept at the laboratory*. In the
early 1960s, two experimental approaches were initi-
ated to investigate the effects of experience on the
brain. Hubel and Wiesel established a programme to
examine the effects of selective visual deprivation
during development on the anatomy and physiology
of the visual cortex®¢, and Rosenzweig and colleagues
introduced enriched environments as a testable scien-
tific concept™®. In the initial studies, the effects of
environmental stimuli on parameters such as ‘total
brain weight’, ‘total DNA or RNA content’ or ‘total
brain protein’ were measured®-*2, Subsequently, many

studies have shown that environmental stimulation
elicits various plastic responses in the adult brain,
ranging from biochemical parameters to dendritic
arborization, gliogenesis, neurogenesis and improved
learning®*2,

What is enrichment?

In an experimental setting, an enriched environment
is ‘enriched’ in relation to standard laboratory hous-
ing conditions (FIG. 1). Some have argued that experi-
mental enrichment is merely a step up from standard
laboratory impoverishment (8ox 1). In general, the
‘enriched’ animals are kept in larger cages and in larger
groups with the opportunity for more complex social
interaction. The environment is complex and is var-
ied over the period of the experiments: tunnels, nest-
ing material, toys and (often) food locations are
changed frequently. In addition, animals are often
given the opportunity for voluntary physical activity
on running wheels.

The standard definition of an enriched environ-
ment is “a combination of complex inanimate and
social stimulation”?. This definition implies that the
relevance of single contributing factors cannot be easi-
ly isolated but there are good reasons to assume that it
is the interaction of factors that is an essential element
of an enriched environment, not any single element
that is hidden in the complexity. Controls for the
importance of single variables on the effects of
enriched environment have been tested, particularly
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Figure 1| Living conditions in different experimental
groups. a | A cage containing a running wheel for voluntary
physical exercise (48 x 26 cm). b | A standard housing cage
(30 x 18 cm). ¢ | Cage for an enriched environment (86 x

76 cm). Enrichment consisted of social interaction (14 mice in
the cage), stimulation of exploratory behaviour with objects
such as toys and a set of tunnels, and a running wheel for
exercise.

for the effects of socialization and general activity?2¢.
In general, the results have revealed that no single vari-
able can account for the consequences of enrichment.
For example, it has been shown that neither observing
an enriched environment without being allowed active
participation (‘TV rat’)? nor social interaction alone
can elicit the effects of enriched environments®.

Box 1| Enriched, impoverished and naturalistic environments

One of the most remarkable features of the enrichment studies discussed in this article is
that the changes in the brain can be detected even when the enriched experience is
provided to an adult or aged animal. This finding underscores the possibility that
experimental enrichment is a reversal of the impoverishment generally found in the
laboratory setting rather than an enrichment over a natural setting. The potential
contributions of isolation on the one hand and overcrowding on the other have been
described as follows: “taken together, the isolation and overcrowding studies suggest that
normal brain and behavior development depends upon an optimal, rather than a
maximal level of environmental stimulation. The degree to which deviations from this
optimum affect the organism through stress and through diminished sensorimotor
stimulation (and indeed the degree to which these are independent) has not been
determined”®®.

One of the best examples of an attempt to address this issue were studies of birds
captured from the wild and pulse-labelled with *H-thymidine. Some were housed in an
aviary and the rest returned to the wild'%*%, Some of the freed birds were recaptured and
the recruitment of new neurons in the avian equivalent of the hippocampus in these
birds was compared with that in the laboratory birds. More of the neurons that were
born during the brief captivity period survived in the animals recaptured after six weeks
from the wild than in those in the aviary. So, either the wild environment is enriched or
the laboratory environment is relatively impoverished and stressful for the captured
birds, which showed a decrease in new neurons. It is now clear that changes in the
environment of an adult individual animal and the ways in which that individual animal
reacts to those changes can have profound and robust effects on the brain and the
behaviour of that animal.

Numerous cognitive theories about how environ-
mental enrichment affects the brain have been pro-
posed. Among them are the arousal hypothesis?, which
emphasizes the so-called ‘arousal response’ of animals
when confronted with novelty and environmental com-
plexity, and the ‘learning and memory’ hypothesis®, in
which the mediator of the morphological changes is
seen in the cellular mechanisms underlying learning
processes. Although the learning-and-memory hypoth-
esis is favoured by many investigators, it is difficult to
prove that the neural consequences of the enriched
environment are related to learning rather than to
increased voluntary motor behaviour.

Completely separating different behaviours in a
complex environment is difficult and can depend on
the measure used to assess the changes in the brain.
This was shown by trying to separate activity from
learning as factors that might mediate an increase in
the survival of newborn neurons in the dentate gyrus
of adult rodents raised in an enriched environment?,
Some workers?* have found no effect on the total
number of new neurons in the dentate with repeated
exposure to a hippocampus-dependent learning task.
However, others®! have found that all cells born just
before a brief and selective hippocampal training expe-
rience would survive and differentiate into new neu-
rons within two weeks. It has been suggested® that the
difference could be due to different bromo-deoxyuri-
dine- (BrdU) labelling methods. In the studies that
found no effect, the tests were carried out during and
after the labelling period, whereas the BrdU label was
administered before training (focusing on cell sur-
vival) in the study that found an effect. A recent study*
found that, when BrdU was given during training,
there was an increase in cell proliferation, a result that
neither of the previous studies?®** had found.

By contrast to the inconsistent results of the learn-
ing models, voluntary exercise in a running wheel in
the home cage increased both cell proliferation and
recruitment of new neurons into the dentate gyrus®.
So different, isolated elements of the enriched environ-
ment can have marked effects on specific components
of brain plasticity, and it is reasonable to consider that
what seem to be different experiences might result in
similar anatomical and physiological changes. This
process might reflect common final pathways of cellu-
lar and molecular events underlying the different expe-
riences or might reveal our limited knowledge of the
neurobiology of behaviour. In any event, we cannot at
this point exclude the possibility that an increase in
voluntary exercise is the feature common to all, or
most, neural changes that result from exposure to
enriched environments. Essentially, all measures affect-
ed by an enriched environment depend on, and have
not been dissociated from, an increase in voluntary
motor behaviour or exercise.

Consequences of enrichment in the intact brain
As stated above, voluntary exercise and environmental
enrichment produce notably similar effects on the
brain. In a recent study, mice were assigned to groups
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Figure 2 | Effects of elements of enrichment, such as learning and exercise, on cell
proliferation (one day post BrdU exposure) and neurogenesis (four weeks post BrdU
exposure) in the dentate gyrus. Both enrichment (k,l) and voluntary exercise (h,i) enhance
the survival of newborn neurons. Learning did not affect cell survival (e,f), similar to controls (b,c).
Confocal images of sections triple labelled for BrdU (red), NeuN (green, neuronal phenotype) and
5100 (blue, selective for glia), show that relatively more cells become neurons in the running
and enriched groups. The arrow in (I) shows a BrdU-labelled neuron (orange=red + green). Scale

bar is 100um.

SHOLL RING ANALYSIS

A clear overlay with concentric
rings at 20 um intervals is centred
over the cell body and the
number of times the dendrites
intersect the rings are counted.

with a learning task, wheel running, enrichment or
standard housing. Voluntary exercise in a running
wheel enhanced the survival of newborn neuronsin
the dentate gyrus, which is similar to the effects of
environmental enrichment, whereas none of the other
conditions had any effect on cell genesis® (FiG.2). This
finding led to a comparison of the effects of enrich-
ment and exercise on behavioural, morphological and
molecular changes in the brain.

Improved learning and memory. Enrichment has been
shown to enhance memory function in various learn-
ing tasks?. Enriched mice also did better on the water-
maze task (a test of spatial memory) than controls in
standard housing did?3+%. Similarly, voluntary wheel
running and treadmill training have been shown to
enhance spatial learning®-*. In the exercise studies, dif-
ferences between sedentary and active animals were
best observed when tasks were made more challeng-
ing®*. In addition, when tested on a different spatial
memory task (a T-maze), enriched rats did better than
isolated rats with a running wheel?. So, the degree of
learning improvement might be greater following
enrichment that includes exercise than exercise alone.
However, direct comparisons on several memory tasks
between running and enriched groups are needed to
draw definite conclusions.

Anatomical changes. The debate about whether environ-
mental enrichment has any influence on cell number in
the adult brain began early in this field. In 1964, Altman
(the first researcher to describe adult neurogenesis in the
hippocampus®) investigated whether enrichment could
affect the production of neurons but found only
enhanced gliogenesis®. In this study, the focus of the
analysis was on cortex rather than hippocampus, which
might be why no new neurons were observed. Sub-
sequent studies reported that the increase in glia was
attributable to oligodendrocytes®, as well as more modest
increase in astrocytes??* in enriched animals.

Both enrichment and exercise enhance the number
of new neurons in the dentate gyrus. However, the
mechanisms by which new cells are generated might dif-
fer between the two conditions. Enriched living only
affected cell survival and not cell proliferation. By con-
trast, running increased cell division and net neuronal
survival in C57BL/6 mice®. Cell proliferation and sur-
vival might therefore be regulated differently by different
behavioural or environmental manipulations within a
constant genetic background*?*, One of the questions
that remains open is whether the effects of running and
enrichment are additive. For example, would mice
housed with a running wheel to elicit proliferation and
then moved to an enriched environment to enhance cell
survival have a greater number of new cells than either
condition alone?

Apart from their effects on the production of new
neurons in the dentate gyrus of the hippocampus, both
enrichment and exercise result in further morphological
changes. Indeed, the functional changes associated with
enrichment might be due not only to enhanced neuroge-
nesis but also to increases in gliogenesis, synaptogenesis
and angiogenesis, as suggested by W. Greenough and col-
leagues'®#6%5, Enriched living rodents have been observed
to have increased brain weight and size'%¢4 as well as
enhanced perikaryonal and nuclear sizes in the cortex®.
Early experiments also showed that enrichment enhances
gliogenesis, neurite branching and synapse formation in
the cortex!®16.18202% Specifically, dendrite branching in
occipital cortex pyramidal neurons was quantified using
SHOLL RING ANALYsis. Upon bifurcation in the first dendrite, a
second order dendrite is created, and subsequent bifurca-
tion results in higher order dendrite branches. It was
found that enriched rats have more higher order dendrit-
ic branches than controls. The length of the branches ata
given order did not differ between the groups!®194,

Synaptogenesis has also been reported to be in-
creased in enriched animals. Initial research showed
an increase in dendritic spines, possibly indicating
enhanced synaptic contacts*’. Subsequent studies
found that enrichment reduced neuronal density but
increased synapse-to-neuron ratios, synaptic disc
diameter and sub-synaptic-plate perforations?484°,
Within the hippocampus, similar morphological
changes have been observed for dentate granule neu-
rons as well as for pyramidal cells in areas CA1 and
CA3 (REFS 17,21, 22,50-52). In particular, enriched female
rats had more dendrites per neuron in the dentate
gyrus than controls did®. In the CA3 subfield, an
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THETARHYTHM
Neural activity with a frequency
of 4-8 Hz.

increase in total area of synaptic contacts was founds?.
Recently, a larger number of dendritic spines and an
enhanced density of non-perforated synapses have
been found in area CA1 after enrichment®2.

It is not known whether voluntary exercise results in
comparable changes in the hippocampus. Motor skill
learning has been shown to increase cortical thickness
and synaptogenesis® as well as the number of synapses
per neuron in the cerebellum®%5, Exercise alone has
been reported to enhance capillary density or angiogen-
esis in the cerebellum but not synaptogenesis®, although
activity was not voluntary wheel running in these stud-
ies but was rather matched to a skill-learning task.

Electrophysiological changes. Few studies have addressed
the possible relationship between enriched living and
electrophysiological changes. In hippocampus slices
taken from enriched or individually housed rats, excita-
tory postsynaptic potential (EPSP) slopes in the dentate
gyrus were greater in the slices from enriched rats®*.
Similarly, exposing rodents to a new, complex environ-
ment enhanced hippocampal field potentials®. There is,
however, extensive research documenting the relation-
ship between physical and neuronal activity. For exam-
ple, locomotion is correlated with the hippocampal
THETA RHYTHM®, IN addition, the discharge frequencies of
hippocampal pyramidal cells and interneurons have
been shown to increase with increased wheel running
velocity in rats®. In a recent study, EPSP amplitudes and
long-term potentiation (LTP), a physiological model of
certain forms of learning and memory®*, were compared
in hippocampal slices from running and control mice.
EPSPs were unchanged in both groups but LTP ampli-
tude was selectively enhanced over the controls in the
dentate gyrus in slices from running mice®. So, electro-
physiologically measurable changes occurred in the
same region in which neurogenesis was stimulated by
running, indicating that the newborn cells might have a
functional role, possibly associated with learning and
memory. It would be interesting to study synaptic plas-
ticity after enrichment as well, comparing the dentate
gyrus and area CAL.

Although the new cells are a small proportion of the
granule cell layer, they might have greater plasticity than
mature cells do. Indeed, the dentate gyrus LTP lasts
longer in immature rats than in adults®2. To test this
hypothesis, recordings from individual newborn cells
are necessary. In a recent paper, the electrophysiological
properties of granule cells from the inner and outer
layer of the dentate gyrus were compared. Inner layer
cells were considered to be young cells and the outer
layer old cells. Putative young cells had a lower threshold
for LTP and were unaffected by GABA, inhibition, indi-
cating enhanced plasticity in the young cells®. The prob-
lem with such a study is that the definition of young
cells is ambiguous: we have found new neurons
throughout the granule cell layer, although they do seem
to arise initially from the subgranular layer?*. The only
way to be sure that a recording is made from a newborn
neuron would be to label it with a mitogenic marker
that can be visualized in live tissue.

Effects of growth factors. During development, growth
factors provide important extracellular signals regu-
lating proliferation and differentiation of stem and
progenitor cells in the central nervous systems®4. Several
investigations have been made into the role of these
factors in the adult brain. Researchers have found that,
in the mature organism, these factors might function in
synaptic plasticity, learning, enrichment, exercise and
neurogenesis. In particular, intracerebroventricular
infusion of insulin-like growth factor (IGF)% but not
epidermal growth factor (EGF) or fibroblast growth
factor 2 (FGF-2)%%7 increased neurogenesis in the
dentate gyrus in rats.

In song birds, seasonal regulation of adult neuroge-
nesis depends on testosterone levels that mediate their
effect through brain-derived neurotrophic factor
(BDNF) (Rer. 68). Exposure to an enriched environ-
ment increased the gene expression of nerve growth
factor (NGF)®°, BDNF (Rer. 71) and glial-cell-derived
neurotrophic factor (GDNF). Physical activity elevated
expression of IGF-1 (Rer. 73), FGF-2 (REFs 74,75) and
BDNF (ReFs 76,77). Several of these factors have also
been suggested to function in learning and synaptic
plasticity, in particular NGF and BDNF (Rers 78-80). SO,
there seems to be some overlap in the expression of
these factors in enrichment, running, learning and
neurogenesis. The mechanism of action and the cause
and effect relationship between these factors remain to
be determined.

The role of neurotransmitters. The early studies of
enriched environments reported an increase in neuro-
transmitters such as acetylcholine'®*8!, Enrichment
has also been shown selectively to enhance expression
of the gene for the serotoninlA receptor®. Previous
research showed that there was no increase in acetyl-
cholinesterase enzymatic activity in rats housed with a
running wheel®#, More recent work, however, reports
that physical activity can change the activity of several
neurotransmitter systems in the brain. Exercise in-
fluences cholinergic parameters, affecting choline
uptake in hippocampus and cortex®. In addition, the
activity of opioid systems is enhanced®. Furthermore,
monoamines such as noradrenaline and serotonin are
activated by running or physical activity®”8, All of
these transmitters have been reported to influence
learning and synaptic plasticity in the adult brain, and
the monoamines have also been suggested to function
in neurogenesis. Prolonged administration of anti-
depressants, therapeutic agents acting on noradrena-
line and dopamine receptors, and electroconvulsive
shock increase the number of BrdU-positive cells in
rats®-%L, In addition, grafting fetal raphe neurons also
stimulated granule cell proliferation®, whereas deple-
tion of serotonin reduced stem cell proliferation in the
dentate gyrus®.

In summary, exercise and enrichment seem to have
many elements in common. Both enhance learning, neu-
rogenesis, growth factors, neurotransmitters and possibly
synaptic plasticity in a similar manner. It remains to be
determined whether these findings indicate that exercise
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Table 1 | Effects of enriched environment

Condition
Brain injury or trauma

Stroke/ischaemia

Epilepsy

Ageing

Stress

Huntington’s disease
mouse model

CA1 NMDAR1 knockout
mice

Prenatal alcohol

Learning-impaired
129/SvJ mice

Behaviour Neuroanatomy Cellular/molecular References
Improves memory and Increases brain weight and No data available 34,94-96,
motor skills dendritic branching 120,121
Improves motor skills Increases NGF A and glucocorticoid 97,100,
receptor mRNA levels; decreases 122,123
BDNF mRNA levels
Prevents seizures Inhibits apoptosis Enhances growth factor gene 72
expression
Improves memory Increases neurogenesis; decreases Increases RNA content; increases 14,36,69,
gliogenesis and prevents decrease  NGF 124-126
in synaptic density
No effect 127
Enhances exploration and motor Increases peristriatal cerebral Delays disease onset 101
skills, and prevents seizures volume
Improves memory Increases hippocampal synaptic No data available 52

and spine density
Improves memory

Improves memory Enhances cell proliferation
and neurogenesis

Improves cortical synaptic plasticity 35,128
No data available 43

HEBB-WILLIAMS MAZE

A rectangular field with a start
box and a goal box placed at
opposite ends of the apparatus.
Different configurations are
obtained by placing barriers at
different points of the field.

is the critical component of enrichment or whether
enriched living has other unique features. Specific com-
parisons between exercise and enrichment conditions
will help to answer this question.

Consequences for damaged or diseased brains
The effects of exposure to an enriched environment on
pathological conditions, stress and ageing have been
studied by several laboratories. In general, the effects of
enrichment on conditions such as stroke, epilepsy and
ageing seem to be beneficial (TABLE 1). A recent paper
reported that three weeks of enrichment reduced apop-
totic cell death in the hippocampus by 45% and also
prevented the development of motor seizures after
injection with kainic acid™. Previous studies showed
that recovery from brain lesions was facilitated by pre-
and postoperative enrichment®® or wheel running®.
Even a short enrichment can be effective. In particular,
rats with lesions of the occipital cortex and part of the
hippocampus that were housed in an enriched environ-
ment for 2 h each day improved performance on the
HEBB-WILLIAMS MAZE 85 much as rats that were exposed to
the enriched environment continuously®.

In addition, enrichment can facilitate recovery when
applied after a delay. For example, rats that were trans-
ferred to an enriched cage 15 days after middle cerebral
artery ligation showed notable improvement in postur-
al reflexes and limb placement compared with rats in
standard housing when tested 7 weeks later®.
Interestingly, voluntary wheel running has also been
shown to provide protection against ischaemia. In ger-
bils housed preoperatively with running wheels and
then subjected to global cerebral ischaemia for
15-20 min, mortality was reduced from 55% to 10%.
In addition, hippocampal cell damage was attenuat-
ed®®, Others, however, reported that, in spontaneously
hypertensive rats, housing with running wheels after
the insult did not enhance recovery after ligation of the
middle cerebral artery®.

Apart from effects in the above-mentioned patholo-
gies, enrichment might have beneficial effects on genetic
conditions. Deficits in nonspatial memory associated
with disruption of the hippocampal N-methyl-p-aspar-
tate (NMDA) receptor 1 subunit could be rescued by
enrichment for three hours daily for two months. In
addition, synaptic and spine density in area CAl was
increased by enrichment in the knockout animals®. In
mice carrying the Huntington’s disease transgene,
enrichment delays the onset of behavioural deficits such
as loss of motor coordination, even though neural
symptoms such as the formation of striatal inclusion
bodies were not changed®. Furthermore, enrichment
has been shown to affect memory function and neuro-
genesis in mouse strains that are known as poor learners.
There are differences in the amount of cell proliferation
and neurogenesis between C57BL/6, BALB/c, CD1(ICR)
and 129/SvJ mice*?:; the 129SvJ mice are known to do
poorly on learning tasks'® and produced more astro-
cytes and fewer neurons than other strains*. Exposure to
an enriched environment stimulated neurogenesis and
improved learning in these mice*. Taken together, the
findings indicate that an enriched environment may
override some genetic constraints (TABLE 1).

Although the overall effects of enrichment seem to
be beneficial, it is not clear how long these effects last,
nor what happens when enrichment is discontinued.
Initial studies showed that changes in neural anatomy
and chemistry are reversed when animals are removed
from the enriched environment®1%, |In addition, a
recent study used mice that had lived in an enriched
environment for 68 days and were then returned to
standard housing, and also mice that lived in an
enriched environment for the full six months. The first
group did not differ from controls on spatial learning
tests in the water maze three months later. There was
also no difference in neurogenesis between the groups,
although cell proliferation was increased in the animals
that experienced withdrawal from enrichment'®, This
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Box 2 | Neonatal handling and maternal deprivation

It is well known that adult rats that are handled briefly (15 min each day) for the first
three weeks of life show markedly reduced responses to various stressful stimulit'*12,
Postnatal handling has been shown to increase glucocorticoid receptor expression in rat
hippocampus, altering regulation of hypothalamic synthesis of corticotropin-releasing
hormone and the hypothalamic—pituitary-adrenal response to stress'*?, Apart from
beneficial effects on stress and anxiety, hippocampal neuron cell loss and cognitive
impairments associated with ageing are attenuated after early handling*t213,

Recent findings indicate that mother—offspring interactions may be crucial in the
development of behavioural and endocrine responses to stress''. In addition, maternal
behaviour seems to be crucial for cognitive development. High levels of maternal licking
and grooming during the first 10 days after birth correlate with increased gene expression
of N-methyl-p-aspartate receptor subunits NR2A and NRB in the hippocampus.
Hippocampal brain-derived neurotrophic factor (BDNF) mRNA and cholinergic
innervation of the hippocampus were increased. Moreover, spatial learning in the water
maze was improved. Cross-fostering of offspring from mothers with low levels of licking
and grooming to mothers with high levels, and vice versa, showed that these effects were
directly attributable to maternal behaviour!®®.

In contrast to the beneficial effects of enhanced maternal care, maternal deprivation is
detrimental in many ways. Interruption of mother—infant interaction in rats for one hour
or more caused a decrease in serum growth hormone!*6. In addition, two hours of daily
maternal separation during the first two weeks after birth resulted in increased
corticosterone levels during stress''’. Adult cognitive deficits**® and an increased
susceptibility to disease!*® have also been associated with maternal deprivation.

study suggests that neither withdrawal nor long-term
enrichment enhance function.

However, others have reported that long-term hous-
ing in an enriched environment increased NGF protein
and receptor density as well as spatial learning in rats™.
In this study, exposure to enrichment was one year,
twice as long as in the mouse study, and rats were
trained in the water maze with four trials per day, com-
pared with two trials daily for the mice™%, Moreover,
brain changes induced by 80 days of enrichment were
more persistent than those induced by 30 days of
enrichment®, So, although the beneficial effects of
enrichment seem to depend on chronic exposure to the
enriched environment, further research is needed.

Consequences for environmental manipulations
Two areas of neurobiological research that might benefit
from the use of environmental enrichment are mouse
genetics and studies of recovery of function following
brain and spinal injury or disease. The results of many
of the studies using transgenic animals vary depending
on the conditions under which the animals are tested,
and some of the effects that are seen in transgenic ani-
mals might be a result of the stress of impoverished
housing. An excellent example of this type of study is
the demonstration that many of the behavioural and
electrophysiological deficits observed in mice with selec-
tive genetic ablation of NMDA receptors in the CALl
region of the hippocampus can be reversed or prevent-
ed by raising the mutant mice in an enriched environ-
ment®2, This finding raises the question of whether the
deficits in the mutant mice in standard housing condi-
tions imply that the NMDA receptors in the CAl are
only important under impoverished conditions. Similar
questions can be raised in response to a mouse model of

Huntington’s disease’®*. An alternative and optimistic
interpretation is that environmental enrichment can be
considered to be therapeutic for various mutations. The
converse should also be considered: that we might be
missing some important functional consequences of
gene mutations in animals by not testing animals in
enriched as well as standard conditions.

New strategies are being developed to identify drugs,
cells or genes to induce recovery of function following
damage to the central nervous system. These potential
therapies can result in structural changes, such as axonal
growth or synaptic reorganization in the brain or spinal
cord, with expected functional recovery. The structural
reorganization or repair will have a greater probability
of functional recovery if the newly forming synapses are
provided with adequate training. Several examples of
this approach have been reported®. There is convincing
evidence that behavioural training can enhance the sur-
vival and functional consequences of fetal tissue
implants'®, and that training can result in very clear and
profound effects on the spinal central pattern generator
and motor response in spine-injured animals and
patients!%197 Clearly, just as experience strengthens
appropriate connections during development (8ox 2)
and learning, so will the newly forming synapses in the
regenerating adult brain'®,

Conclusions

Despite the relatively long and successful history of
environmental enrichment research, there are many
questions that remain unanswered. As we look closer
at molecular and behavioural mechanisms that are
affected by the environment and that, in turn, can con-
tribute to critical components of the environment,
new questions emerge. How important are motivation
and voluntary interaction with the environment? Are
there negative consequences of environmental enrich-
ment? How long do the consequences of environmen-
tal enrichment last? Is there a critical period in the
adult and is enrichment more beneficial at certain ages
than others? Are there unique consequences of the
complexity of enrichment compared with, for exam-
ple, exercise or learning? Do specific elements of the
environment have specific effects on certain brain
areas and behaviour? Is it really environmental enrich-
ment that is important for positive outcomes or is
changing the environment enough? Is deprivation the
opposite of enrichment?

The daunting task of understanding the complexity
of gene functions and interactions in the post-genomic
erarequires bioinformatics to handle these large data
sets. It is likely that just this sort of computational tool
will also be needed to handle and define the even more
complex, but now approachable, issues that are intrinsic
to the interactions between genetics and environment, or
nature and nurture.

&) Links

DATABASE LINKS FGF-2 | BDNF | IGF-1 | serotonin 1A
receptor
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