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This series of columns has reviewed how experience and repe-
tition are critical to learning. Exactly how learning occurs at a
molecular level within the central nervous system has interested
neuroscientists for decades, and several important concepts have
emerged. First, the basic pattern of neuronal organization appears
to be largely intrinsic to the developing brain. At birth, the
human brain already contains the majority of neurons it will

A.

have in adulthood. In fact, there are many more neurons pre-
sent at birth than are actually needed, and approximately half
will die through the process of programmed cell death due to
lack of use. The axiom “use them or lose them” applies.

A second, related concept is that neuronal activity strength-
ens immature synaptic connections between neurons, whereas
inactive synapses weaken and die away. This process, termed

Dendritic Spine Morphologies

[(fﬁtiv_._v_]

o

% Total # of Spines

Immature Mature

[J FraX
1 Control

60

40

30

15 _‘ |7

0 | e e—
A+B  C+D E F+G H

Spine Morphology Type

Fig. 1 A: Example of typical spine morphologies on Golgi-impregnated dendrites from a fragile X subject (left) and an unaffected control
subject (right). B: Morphology of spines changes with maturation from long and spindly to shorter and broader spines. C: Percentages of dif-
ferent spine shapes seen in fragile X patients compared to normal control brains. Adapted from Irwin SA et al. (2001), Abnormal dendritic
spine characteristics in the temporal and visual cortices of patients with fragile-X syndrome: a quantitative examination. Am | Med Genet
98:161-167. Copyright © 2001 Wiley-Liss, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley and Sons, Inc.
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activity-dependent synaptic plasticity, is thought to underlie learn-
ing. It requires structural modifications to existing synaptic
connections. During development, activity-dependent synap-
tic plasticity is based on competition for limited amounts of
growth factors released by target neurons. More active synapses
mature and strengthen. Those that are less active receive insuf-
ficient levels of trophic factors and undergo apoptosis.

The external environment exerts its effects on the brain
through neuronal activity. Persistent or repetitive neuronal
activity leads to structural modifications at exactly those synapses
that are being used. Moreover, in regions of the brain that are
devoted to learning and memory, repetitive firing at a synapse
leads to a striking change in a neuron’s ability to respond to
action potentials. The synapse becomes more responsive to
future action potentials, as the amount of neurotransmitter
required to generate a postsynaptic action potential is reduced.
This response, called long-term potentiation, is thought to
underlie learning and memory in brain regions including the
hippocampus, striatum, amygdala, and nucleus accumbens.

Thus two events occur over time with repetitive neuronal
activity. The number of synaptic connections between a neu-
ron and its targets increases, and the sensitivity of the indi-
vidual synapse to neurotransmitters becomes stronger. Both
phenomena are thought to underlie the process by which we
learn and become fluent in various skills, and both phenom-
ena require new protein synthesis.

This column will review aspects of learning and memory
over the next several months. It will cover different forms of
memory including declarative, nondeclarative, and working
memory. Experts in the field will summarize evidence indi-
cating that different brain regions are responsible for different
types of memory. Future columns will outline the molecular
events that take place within neurons that lead to the creation,
storage, and retrieval of memory. In addition, we will discuss
what happens to cognitive processes when mutations occur in
genes encoding proteins important for memory formation.

Hundreds of proteins take part in these events, making it likely
that many developmental disorders and mental retardation syn-
dromes result from mutations that disrupt one or more of these
proteins. Itis also possible, although this is more speculative, that
certain psychiatric disorders are due to disrupted signaling events
involved in the formation and acquisition of memory and its stor-
age and retrieval. Specific phobias and anxiety disorders, and the
spectrum of stress disorders, are likely to involve abnormal pro-
cessing of memories. In the present column, we focus on one
aspect of this field, fragile X syndrome, and how discoveries of
the genetic basis for this disease have once again linked basic neu-
roscience with developmental neurobiology.

As mentioned above, activity-dependent synaptic plasticity
involves modification to existing synapses. Structural changes
occur at both the pre- and postsynaptic sites. For example,
where before there was one synapse, two or more synapses form
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as the neuronal connection responds to synaptic activity. This
and additional changes at the postsynaptic site mediate a stronger
response to the incoming signal.

How exactly do these structural changes occur? An indi-
vidual neuron can make contact with 1,000 other neurons,
while many additional neurons may synapse on that initial
neuron. How does a postsynaptic neuron distinguish among
the thousands of potential sites on its dendritic arbor those
that require structural modification? This puzzle was partially
solved when it was shown that synaptic modification requires
new protein synthesis.

Several events are required for new protein synthesis. A sig-
nal needs to arrive at the neuron’s nucleus. This signal must be
transmitted to the nucleus after proteins called transcription fac-
tors have been activated. Transcription factors must bind to pro-
moters, which are the regulatory regions on individual genes.
Depending on which transcription factors are activated, the pro-
moter region either represses or enhances transcription of that
gene. When transcription is enhanced, messenger RNAs (mRNAs)
are rapidly transported to the cytoplasm for translation.

Earlier dogma suggested that translation occurred at ribo-
somes in the cytoplasm around the nucleus, and therefore a
considerable distance from the dendritic spine where the ini-
tial synaptic input arrived, and where synaptic modification
was needed. But how would the newly synthesized synapse-
related proteins “know” where to go once synthesized? How
are they transported to the correct synapse where modifica-
tions are needed?

A new hypothesis was needed, and one soon emerged. Perhaps
the idea that new protein synthesis occurred only in the cell body
of neurons, close to the nucleus, was incomplete. If the mRNAs
themselves were transported to all the spines in the dendritic
arbor, then they would be positioned at all postsynaptic termi-
nals, poised, as it were, to be translated into protein after the
arrival of the appropriate signal. This hypothesis offered a solu-
tion to the problem of getting the newly synthesized proteins
back to only the specific spines where they were required.

Over the past several years, considerable data have accu-
mulated in support the idea that mRNAs are themselves trans-
ported to spines throughout the dendritic arbor. This allows
rapid, local, and selective translation of proteins only at the
spines where they are needed, so only a subset of neuron’s
synapses are modified in response to activation. Once again,
however, new questions emerged. How do mRNAs travel to
the spines, and how are they regulated? This is where the pro-
tein that is mutated in fragile X syndrome comes in.

To understand the molecular biology of fragile X syndrome,
it is useful to review the changes in the brains of affected indi-
viduals. Overall, autopsy analyses reveal few light microscopic
changes. Higher-resolution analysis with electron microscopy
shows that the dendritic spines from fragile X patients are abnor-
mal. They are morphologically similar to the spines of imma-
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ture, developing brains. The dendritic spines in fragile X indi-
viduals are long and thin compared with the short and broad
spines of mature cortical neurons (Fig. 1).

We know that neurogenesis and neuronal migration pro-
ceed normally in fragile X individuals, suggesting that the
pathology occurs later, during synaptic maturation. Apparently,
the protein affected by fragile X syndrome or proteins that
depend on this protein are necessary for proper synaptic growth
and maturation. We now turn to how this story unfolded over
the past decade through advances in molecular biology.

Fragile X syndrome is the most common form of inherited
mental retardation. It occurs with a frequency of approximately
1:4,000 in males and 1:8,000 in females. The fragile X men-
tal retardation-1 (FMRI) gene was cloned more than a decade
ago—a major accomplishment. Characterization of the muta-
tion revealed a novel type of genetic mutation called a triplet
repeat expansion. This type of mutation was originally iden-
tified in Huntington chorea. When the FMRI gene was sequenced,
and proved to be second example of a triplet repeat expansion,
genetic researchers realized that they had discovered a new type
of mutation. Since then, triplet repeat expansions have been
described in approximately a dozen neuropsychiatric disorders.

These mutations have in common the expansion of an unsta-
ble series of nucleotides. In fragile X syndrome, three nucleotides
(CGG, cytosine-guanine-guanine) are abnormally repeated over
and over again, and they may reach several thousands of nucleotides
in length in the most severely affected individuals. The pres-
ence of a small number (between 5 and 50) of these triplet
repeats is normally present in the FMRI gene. In some indi-
viduals, however, the trinucleotide repeat expands to 200 repeated
CGGs. When this happens, the affected individual is a carrier
of a premutation. Then, in the next generation, a dramatic
expansion of the repeated sequence among the offspring results
in the full-blown clinical syndrome. It is not clear how this
expansion occurs or how the premutation in the parent arises.

The consequences of this expansion, however, are dramatic.
A chemical modification called methylation occurs through-
out the expanded region. In addition, a complex folding to the
secondary structure of the DNA molecule occurs. These changes
interfere with normal gene transcription. The enzyme that
needs to gain access to the DNA molecule to initiate tran-
scription is unable to do so. The net effect is that no message
is made and no functional fragile X mental retardation protein
(FMRP) is translated.

The next question to interest researchers was how the absence
of FMRP leads to mental retardation. Once the gene for frag-
ile X syndrome had been cloned, researchers were able to sequence
it and translate the nucleotide sequence into its predicted amino
acid sequence. They were then able to determine whether there
were any regions within FMRP that were homologous to known
proteins. The presence of preserved motifs with known func-
tion could suggest a similar function for FMRP that could be
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tested in the laboratory. Indeed, several amino acid domains
were found that were highly homologous to known motifs
within other proteins. Three of these domains had previously
been shown to bind to RNA molecules, and the proteins that
contain them are therefore called RNA-binding proteins.

RNA has several functions within cells. The messages tran-
scribed from DNA consist of mRNA molecules. In addition,
the ribosomal factories in the cytoplasm that translate mRNA
into protein contain RNA. These RNA populations do not exist
by themselves. In the case of mRNAs, a number of proteins bind
to them to chaperone them from one compartment to another,
and to facilitate their translation into protein. In the case of the
ribosomes themselves, RNA-binding proteins provide an orga-
nized structure for the protein translation apparatus. In fact,
ribosomes contain up to 80 different proteins that come together
in a complex that give the ribosomes their form and function.
Once again, these proteins have RNA-binding motifs that allow
them to associate with RNA molecules destined to be incorpo-
rated into ribosomes, and form the scaffold that will accept
mRNA molecules and translate them into proteins.

A new series of experiments were designed to test whether
EMRP could bind to RNA and, if so, which type of RNA.
Researchers showed that FMRP is able to bind to synthetic
polymers of RNA in vitro. Immunocytochemical analyses
showed that FMRP is predominantly cytoplasmic. Moreover,
the protein has two additional amino acid sequences that pro-
vide additional clues as to its function. One is a nuclear local-
ization signal present on proteins that are at some point
transported into the nucleus. A second amino acid sequence,
called a nuclear export signal, has the opposite effect. The pres-
ence of both of these signals raised the intriguing possibility
that FMRP shuttles RNA messages from the nucleus to the
cytoplasm, and then returns to the nucleus to pick up a new
RNA message.

At approximately the same time that this work was being
done, a patient with a very severe form of fragile X syndrome
was discovered. Careful analysis of his FA/RI gene revealed no
triplet repeat expansion. Instead, researchers found a point
mutation that changed a single amino acid within one of the
putative RNA-binding domains. This mutation resulted in a
protein that was unable to bind with RNA molecules. This was
strong evidence that the ability of FMRP to bind to RNA was
critical to its proper function. Together, these observations sug-
gested that FMRP normally binds to a subset of mRNAs. The
absence of FMRP disrupts normal translation of these target
messages. Subsequent experiments attempted to test this hypoth-
esis by identifying the subset of messages that bind with FMRP,

With a combination of biochemistry and a newer technol-
ogy—microarray analysis—two groups have now identified a
series of mRNAs that associate with FMRP. Their experimen-
tal approach was elegant and worth reviewing. An antibody
that recognizes FMRP had already been generated. It could be
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used to pull-down, or immunoprecipitate, FMRP from a mix-
ture of brain proteins where FMRP normally resides. Under
the right buffer conditions, any proteins or mRNAs bound to
FMRP would co-immunoprecipitate. Such experiments revealed
a number of messages that co-immunoprecipitated with FMRP,
Exactly how these messages were subsequently identified requires
a brief description of microarrays.

Microarrays are small chips to which thousands of known
DNA sequences have been robotically attached. The DNA
sequences are complementary to the mRNAs (thus called
c¢DNAEs). Chips are now available onto which 10,000 or more
cDNAs have been placed. Researchers can obtain chips for any
tissue, including brain-enriched microarrays. The exact loca-
tion of each cDNA on the chip is known and can be distin-
guished from any of the other attached sequences.

Researchers investigating the molecular basis of fragile X
labeled immunoprecipitated material containing the unknown
mRNAs that were associated with the FMRP complex. The
mRNAs were labeled with fluorescent tags to make them vis-
ible probes, and they were placed (in solution) over the microar-
ray. Because complementary nucleic acid sequences bind very
tightly to each other, mRNAs immunoprecipitated from the
brain would bind to their complementary cDNAs on the
microarray. The cDNAs could now be fluorescently identified
by their position on the array. At this point, it becomes straight-
forward to determine which of the thousands of brain-enriched
messages were capable of binding to FMRP. In this manner, a
handful of mRNAs were identified. A particularly interesting
finding was that the bound messages all had a specific sequence
(called a G quartet) that was absolutely required for the mes-
sage to bind to FMRP.

One of the messages that was identified in this way encodes
for a protein called microtubule-associated protein MAP1B.
One of the known functions of this protein is to provide struc-
tural organization for the synapse. For this reason, current
thinking has it that the absence of FMRP leads to a dysregu-
lation of MAP1B expression at the synapse. The absence of
MAP1B at the synapse in turn is believed now to contribute
to the structural abnormalities seen with electron microscopy
in individuals with fragile X syndrome. Their inability to reor-
ganize their synaptic architecture is now believed to be the
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underlying basis for the cognitive abnormalities characterizing
this disorder.
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htep://www3.ncbi.nlm.nih.gov/htbin-post/Omim/dispmim?309550
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