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Making more synapses: a way to store information?
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Abstract. Although information may be stored in the lenges throughout the exposure period. These environ-
ments are thought to promote several forms of learn-brain as changes in the strength of existing synapses,
ing. Repeated exposure to such environments hasformation of new synapses has long been thought of
been shown to increase the density of spines and den-as an additional substrate for memory storage. The

identification of subcellular structural changes follow- dritic complexity in relevant brain structures. The
number of neurons has also been reported to increaseing learning in mammals poses a serious ‘needle-

in-the-haystack’ problem. In most attempts to demon- in some areas. It is not clear, however, whether the
strate structural plasticity during learning, animals new synapses emerging from these forms of plasticity

mediate specific information storage, or whether theyhave been exposed for prolonged periods to complex
reflect a more general sophistication of the excitedenvironments, where they are confronted with a
parts of the network.variety of sensory, motor and spatial chal-
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The problem of identifying structural changes in adult
mammals

It has long been assumed that the brain stores informa-
tion by changing the efficacy of connections within the
cellular network involved in the storage process [1–3].
Synaptic transmission may be facilitated by enhance-
ment of transmission across existing synapses, or by
formation of new synapses or new cells. These possibili-
ties are not mutually exclusive.
The search for structural changes following information
storage is difficult. Such changes are expected to be tiny
and distributed [2, 3], implying a serious ‘needle-in-the-
haystack’ problem. The problems can be overcome to
some extent in invertebrates, which have ganglia with
only a few thousand cells. In the marine snail Aplysia,
the cellular network responsible for certain types of
learning is well described and easily accessible. Nonas-
sociative modification of the gill-siphon withdrawal
reflex in this species is accompanied by structural
changes in the network mediating the reflex behaviour
[4, 5]. Following long-term habituation, in which the
snail learns to ignore a neutral stimulus, the number of

synapses between sensory and motor neurons decreases.
Following sensitization, in which the snail reacts
stronger to a noxious stimulus with repeated presenta-
tions, new synapses are formed between these neurons.
Is there structural plasticity also in the nervous system
of adult mammals? Several lines of evidence suggest
that synaptic and dendritic structure may be subject to
continuous modification. For example, it has been re-
ported that circulating hormones have huge effects on
spine density in CA1 pyramidal neurons of the adult
hippocampus. Dendritic spine density increases dramat-
ically (30%) when estradiol levels increase from estrus to
proestrus [6–8]. Exogenous administration of estradiol
causes a similar increase of spine density [8–10]. Mor-
phological changes induced by stress provide another
example of detectable structural plasticity in mammals.
Restraint stress and psychosocial stress both cause atro-
phy in dendrites of pyramidal neurons in CA3 [11, 12].
To identify structural changes associated with learning,
it would make sense to search in brain regions that are
known to be involved in mnemonic functions. The
hippocampus is such a structure [13, 14]. The
hippocampus has a role in spatial memory [15, 16],
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although its function may be broader [14, 17, 18]. The
hippocampus is probably responsible primarily for
fairly recent memory, as events acquired months or
years ago can be retrieved independently of
hippocampal circuits [19].
Several observations suggest that the hippocampus is
somehow involved in the storage of the acquired in-
formation for a certain length of time. Hippocampal
synapses are capable of long-lasting modifications [20,
21]. Blockade of such modifications interferes with
memory formation [22–24], suggesting that memory
formation is accompanied by modifications in
hippocampal synapses. It is not clear what is stored in
these synapses. The hippocampus may store specific
information [25], or it may store only pointers or in-
dexes to neocortical ensembles where the specific in-
formation is stored [26]. Structural plasticity may be
beneficial to both forms of information storage.

Neurogenesis in response to environmental demands

One form of structural change that may subserve in-
formation storage is neurogenesis. This is particularly
clear in the avian hippocampus. Food-storing birds
use spatial memory for the accurate retrieval of food
stored in numerous storage sites. As in mammals,
such spatial memory requires the integrity of the
hippocampus. Bilateral damage to the hippocampus
disrupts memory for the location of food caches, but
does not affect caching and feeding behaviour per se
[27, 28]. Food-storing birds have larger hippocampi
(relative to total brain size) with more neurons than
related nonstoring species [29, 30]. Similar differences
in hippocampal volume have been reported in mam-
mals. Polygamous voles have more dispersed home
ranges than a monogamous species, and home range
size correlates with the volume of the hippocampus
[31]. Scatter-hoarding kangaroo rats have larger
hippocampal volumes than closely related rats, which
cache all their food in one larder [32].
The increased hippocampal volume (and neuronal
number) in animals confronted with extensive spatial
challenge may either be an effect of natural selection
to fit environmental requirements or an effect of the
individual animal’s experience. In birds, hippocampal
growth seems to be experience dependent. The
hippocampal volume of hand-raised marsh tits al-
lowed to store and recover food catches at different
ages was compared with that of inexperienced age-
matched controls [33]. Experience with food storing
and retrieval resulted in hippocampal enlargement and
more neurons in the hippocampus. Inexperienced
birds had a higher proportion of apoptotic cells in the
hippocampus, suggesting that programmed cell death

was reduced in experienced birds. It has also been
reported that the rate of cell proliferation in the ven-
tricular zone adjacent to the hippocampus is elevated
in experienced birds [34]. Thus, the increase in
hippocampal volume may reflect an increase of both
birth and survival of neurons, triggered by environ-
mental demands.
In mammals, in contrast to birds, the final number of
nerve cells is generally reached before birth [35], sug-
gesting that hippocampal volume may not increase as
a function of birth of new neurons. One exception to
this rule is the neurogenesis of granule cells in the
dentate gyrus that occurs throughout life in rats [36–
38], although it decreases with increasing age [39]. The
neurogenesis is sensitive to environmental challenge.
Enriched housing leads to a larger granule cell layer
in the dentate gyrus and a 15% increase of the num-
ber of granule cells compared with controls housed in
standard cages [40]. Proliferation of progenitor cells
appears to be unaffected by environmental stimula-
tion. Thus, enriched housing seems to have a survival-
promoting effect on granule neurons.

Subcellular structural changes

To store information by increasing neuronal number
alone may not be adaptive. A more flexible mecha-
nism would be to increase the number of synapses.
Synapses are so tiny and so numerous that a huge
amount of information could be stored without affect-
ing the limited space of the brain. In order to maxi-
mize the chances to detect subcellular structural
changes following training, animals have often been
exposed to enriched environments, and then been
compared with animals housed alone or in groups in
stereotyped environments. The assumption is that ex-
posure to a changing, complex environment is accom-
panied by larger changes than acquisition of a single
learning task.
The choice of methods for detecting subcellular
changes is critical. The Golgi technique is not suitable
for quantitative comparisons, because it stains incom-
pletely. Estimates of spine density and dendritic length
based on Golgi-stained material are generally smaller
than estimates based on intracellular staining [41, 42].
The unknown factor interfering with the staining may
bias the selection of cells and spines in some of the
treatment groups. Due to these limitations, the major-
ity of attempts to identify environmentally induced
structural changes in the mammalian brain have em-
ployed light microscopy to detect large-scale changes
in dendritic morphology and electron microscopy to
detect smaller changes at the level of the synapse.
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Structural plasticity detected with light and electron
microscopy

Rearing from weaning in an enriched environment in-
creases higher-order branching of basal pyramidal-cell
dendrites in the visual and temporal cortex [43–45].
Such changes may be detectable after only 4 days of
differential experience [46]. The effect is expressed only
in selected cortical regions [45], implying that it may not
be due to nonspecific hormonal or nutritional variables
only.
Rearing also affects the density of synapses. It has been
reported that rearing in an enriched environment in-
creases the number of spines per neuron in the visual
cortex [47]. Spine density was increased in the dendrites
of occipital cortical neurons [48]. Mice trained in several
motor tasks, including swimming, rope climbing and
running wheel activity, had Purkinje cells with more
spines than mice reared in a small cage in which move-
ment was severely restricted [49]. Cats reared from 6
weeks to 8 months of age in an enriched environment
had more asymmetric (excitatory) synapses and fewer
symmetric (inhibitory) synapses than isolated cats [50].
The interpretation of these data is not straightforward.
There are two reasons for this. The first is that most of
the data were collected from young and immature ani-
mals. The development of the brain is not finished at
the time of birth. Although neurogenesis and apoptosis
are usually complete, the formation of connections be-
tween the cells continues postnatally. New synapses are
formed, and some existing synapses are retracted. In the
macaque striate cortex, between 10,000 and 40,000
synapses are formed per second during the first two
postnatal months [51]. During puberty, synaptic density
decreases rapidly to reach the adult level [51]. A longitu-
dinal study carried out in the cat suggests that the
period of plasticity in response to monocular depriva-
tion lasts longer than previously thought and actually
ends during puberty [52]. Thus, developmental struc-
tural changes may confound the detection of changes
induced by learning per se. In studies where differential
rearing started at adult age, the reported effects are
essentially limited to gross dendritic morphology. En-
riched housing caused increased dendritic branching of
basal dendrites in the visual and cerebellar cortex [53,
54], and extensive training in a Hebb-Williams maze led
to more extensively branched apical dendrites of pyra-
midal neurons in the visual cortex [55].
The second problem relates to the use of electron mi-
croscopy to detect changes in density of spines or
synapses. Although electron microscopy provides high
synaptic detail, it is an inconvenient method for whole
cell reconstruction. Dendritic length comparisons are
virtually impossible, implying that undetected differen-
tial shrinking or expansion of the tissue (e.g. altered

glia/neuron ratios) may account for observed increases
in spine density. Moreover, the parent dendrite can only
be identified if electron microscopy is combined with
serial reconstruction of the dendrite. This is time-con-
suming and results in very small sample sizes. Due to
small samples and limited whole-cell reconstruction, it
is difficult to separate changes caused by the treatment
from the normal variance.

Increased spine density in hippocampal pyramidal cells
after extensive spatial training

Confocal microscopy combined with intracellular stain-
ing with a fluorescent dye may be viewed as a compro-
mise between Golgi and electron-microscopic
techniques. The resolution is higher than in light micro-
scopes, and spines lying close to each other can be
detected by studying sections through the dendritic seg-
ment one by one. The three-dimensional reconstruction
obtained by the confocal method makes it possible to
measure dendritic length and identify the parental cell
and dendrite of each spine. The reconstruction process
is automated and less time-consuming than serial recon-
structions in electron microscopy, allowing measure-
ments on a higher number of cells. Thus, confocal
microscopy is well suited for detecting small structural
changes in relatively large samples of cells.
We have measured changes in dendritic morphology
and spine number following extensive spatial training in
a complex environment (fig. 1A) in adult rats with
confocal microscopy [56, 57]. To stimulate explorative
behaviour, a number of objects of different texture and
form were placed in the environment. The rats were
food-deprived to increase searching for hidden food and
water. The number, position and angle of the floors,
and the ladders that connected them, was changed
before each daily exposure. Over sessions, the difficulty
in reaching all the floors was increased by making the
ladders fewer, narrower and steeper, and by introducing
obstacles that had to be passed to reach a new floor.
The rats soon visited all floors within the first hour of
exposure, in spite of complete rearrangement of the
environment (fig. 1B). Nontrained rats were either
housed in pairs in transparent cages (paired group) or
individually in opaque cages in a quiet room (isolated
group). CA1 pyramidal cells from the hippocampus of
adult rats trained in these environments were stained
with Lucifer yellow. To achieve a homogenous sample,
only cells from the middle of CA1 (not close to CA3 or
subiculum) of the dorsal hippocampus were sampled for
analysis with the confocal microscope. For spine detec-
tion, dendritic segments were sampled only from the
mid-proximal parts of the basal and apical dendrites,
and explicit criteria for spine counting were used.
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Basal dendrites of CA1 pyramidal cells in the trained
group had 10% more spines per micrometer than corre-
sponding dendritic segments in the control groups (fig.
2). Total dendritic length was not different, suggesting
that the increased spine number on some of the seg-
ments was due to insertion of new spines. Excitatory
synapses are almost exclusively located on spines in
hippocampal pyramidal cells, whereas inhibitory
synapses are generally located on the dendrites them-
selves [58]. Thus, the increase in spine density probably
reflects an increased number of excitatory synapses per
neuron.

Relation between structural plasticity and learning

An important question is the extent to which changes in
spine density following exposure to complex environ-
ments are related to memory formation. A general
increase in spine number on all dendritic segments in
the trained group might indicate that general metabolic
factors led to the changes in the mean spine density.
However, in the confocal-microscopy study [57, 58],
spine density was changed only in the basal dendrites of

the CA1 pyramidal cells. There was no significant
change in spine density or dendritic features on the
apical side, even though apical dendrites are capable of
dramatic alterations in spine number in response to
changed estrogen concentrations [6–10]. The distribu-
tion of spine densities in the basal dendrites in the
trained group had an enlarged tail to the right (fig. 3),
suggesting a specific increase in the number of segments
with high spine density. Moreover, in animals with split
hemispheres, morphological (dendritic) changes in the
visual cortex following enriched housing were restricted
to the hemisphere that received visual input [59]. Acro-
batic learning induced synaptogenesis in the cerebellar
cortex of adult rats, whereas activity per se increased
only the density of the blood vessels [60]. Finally, train-
ing on a reaching task increased dendritic branching
selectively in neurons of the sensory-motor forelimb
cortex in the trained hemisphere [61]. Thus, structural
changes in the cortex may be causally related to the
training.
The question of causality in the hippocampus could be
addressed more specifically by selectively preventing
information storage during exposure to the enriched

Figure 1. Spatial training and rate of exploration in a complex environment. (A) Outline of the basic features of the complex
environment. In addition to floors and ladders, a variety of familiar and unfamiliar objects were placed on each of the floors. Floors
and ladders were moved between each exposure to the environment. (B, C) Development of exploration intensity during the first hour
of daily 4-hr exposures in the complex environment, expressed as the mean percentage of available floors visited during the first hour
by all rats (B) and the mean latency to visit all of these floors (C). If a rat failed to enter all floors during the first hour, it was assigned
a latency of 60 min. Adapted, with permission, from [56]: © (1994) National Academy of Sciences, USA.
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Figure 2. Examples of basal dendritic segments from CA1 pyra-
midal cells in a rat trained in the complex environment (A) and in
an isolated rat (B). The spine densities for these two segments
were 2.71 and 1.75 spines per micrometer, respectively. Spine
densities in isolated rats were usually B2.0 spines per micrometer
and never exceeded 2.4 spines per micrometer. Reprinted with
permission from [56]: © (1994) National Academy of Sciences,
USA.

Figure 3. The distribution of basal dendritic spine densities in the
rats that were trained in the complex environment and in rats that
were housed in pairs or in isolation. (A) The values from all
segments were divided into bins of 0.1 spine/mm. The number of
spine densities in each category is expressed as the percentage of
the total spine density count. (B) The probability density distribu-
tion of spine densities in the group that was trained in the complex
environment (solid line) and in the control groups, with paired and
isolated animals combined to a single group (dashed line).
Reprinted with permission from [57]: Wiley-Liss Inc., a subsidiary
of John Wiley and Sons, Inc. © (1997) John Wiley and Sons.

environment. This could most easily be done with con-
ditional targeted mutations [62], although repeated in-
trahippocampal infusions of, for example, blockers of
N-methyl-D-aspartate receptors are also feasible. If
similar structural changes are found in the enriched
group with synaptic plasticity blocked as in an enriched
control group, the changes in the hippocampus may not
be due to the spatial training but rather some nonspe-
cific effect of being in the enriched environment.
It is not clear whether spine formation following exten-
sive training mediates information storage specifically.
An alternative possibility is that selected hippocampal
synaptic populations, possibly restricted to specific seg-
ments of the principal cell dendrites, grow as a whole in
response to the increased complexity of the input. In
hippocampal cultures, the estradiol-induced increase of
spine number on pyramidal cells is likely to be mediated
through a reduction of inhibition by aspiny gamma-
aminobutyric acid (GABA)ergic interneurons [63–65].
This means that the estradiol-induced increase in spine
density probably correlates with a general increase in
excitatory drive. A similar effect, restricted to specific
segments innervated by specific interneurons, may be
responsible for the increase of spine density in rats
exposed for long periods to complex environments or
complex learning tasks.
A general increase in the number of available synapses
on segments of cells involved in memory formation
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Figure 4. Swim paths of enriched rats and rats housed in pairs or in isolation in a delayed-matching task in a water maze. One-trial
learning was enhanced in rats exposed to the complex environment, with 6/7 animals swimming directly to the new platform position
on the second trial with this position (escape latencies B5 s). Only 4/10 paired animals showed such behaviour. None of the isolated
animals swam directly to the new target position. Inset: Categories for slow, medium and fast learning. Adapted, with permission, from
[56]. Copyright (1994) National Academy of Sciences, USA.

would increase the capacity of the animal to cope with
a variety of new environmental challenges. Thus, we
investigated whether exposure leading to increased
spine density also improved new learning. Animals
trained in the complex environment (fig. 1A) showed
slightly faster acquisition of a water-maze task than
paired or isolated animals [56]. The effect was small and
consistent with previous results showing either moder-
ate enhancement or no change [66–68]. The weak ef-
fects may reflect a ceiling effect. The reference version
of the water-maze task may often be too simple to
detect an improvement of learning. Thus, we subse-
quently trained the differentially reared animals in a

more challenging delayed-matching version of the wa-
ter-maze task. The enriched animals were clearly supe-
rior and showed efficient one-trial learning [56]. On the
second trial with the platform in a new position, they
swam directly towards the target, whereas the control
rats had several detours (fig. 4).
These observations suggest that increased spine density
is associated with increased capacity for new learning. It
is conceivable that the new synapses do not primarily
store specific information from the complex environ-
ment, although such a role cannot be excluded. The
increased spine density may reflect a general sophistica-
tion of parts of the network, which after training in the
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complex environment may embody new or more elabo-
rated programmes that increase the general capacity of
hippocampal circuits to handle memory.

Conclusions

Information may be stored in the brain not only as
changes in the strength of existing synapses but also by
formation of new synapses. It is difficult to identify such
changes, and most attempts to demonstrate structural
plasticity as a substrate for memory storage are based
on correlations. Although structural changes have been
observed repeatedly in trained animals, it is not known
whether they are causally related to memory formation.
Assessment of learning following interventions that spe-
cifically block growth of new synapses or cells in rele-
vant neuronal populations will be important in this
respect.
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