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Abstract
Recent work has added strong support to the long-standing hypothesis that stabilization of both long-
term potentiation and memory require rapid reorganization of the spine actin cytoskeleton. This
development has led to new insights into the origins of cognitive disorders, and raised the possibility
that a diverse array of memory problems, including those associated with diabetes, reflect
disturbances to various components of the same mechanism. In accord with this argument,
impairments to long-term potentiation in mouse models of Huntington's disease and in middle-aged
rats have both been linked to problems with modulatory factors that control actin polymerization in
spine heads. Complementary to the common mechanism hypothesis is the idea of a single treatment
for addressing seemingly unrelated memory diseases. First tests of the point were positive: Brain-
Derived Neurotrophic Factor (BDNF), a potent activator of actin signaling cascades in adult spines,
rescued potentiation in Huntington's disease mutant mice, middle-aged rats, and a mouse model of
Fragile-X syndrome. A similar reversal impairments to long-term potentiation was obtained in the
middle-aged animals by up-regulating BDNF production with brief exposures to ampakines, a class
of drugs that positively modulate AMPA-type glutamate receptors. Work now in progress will test
if chronic elevation of BDNF enhances memory in normal animals.
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1. Introduction
Well over a hundred years ago Ribot proposed that memory is encoded by changes in
connections between the brain's ‘nervous elements’ and becomes stabilized (resistant to
disruption) during the first several minutes following its acquisition (Ribot, 1882).
Confirmation of the first point, and descriptions of how the second might be accomplished,
did not come quickly. It was not until 1973, and the advent of long-term potentiation (LTP)
(Bliss and Lomo, 1973), that synapses were shown to possess the expected capability for rapid
and persistent changes in efficacy. The subsequent discovery that potentiation is vulnerable to
disruption for several minutes after induction (Arai et al., 1990; Barrionuevo et al., 1980)
endowed LTP with the third member of an unlikely combination of properties required of a
memory substrate: synapse specificity, extraordinary stability, and a rapid onset consolidation
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process. The links to memory were further strengthened by evidence that LTP occurs during
learning (Roman et al., 1987) and that agents which block the effect cause amnesia (Morris et
al., 1986). As evidence of these types gradually accumulated, a sizeable group of investigators
began to use LTP as a surrogate in the search for the cellular processes that encode and
consolidate memory.

Efforts to isolate the synaptic events responsible for various aspects of LTP have accelerated
in recent years, in part because of new technologies and in part because of past successes in
sharpening the focus of the search. Increasing attention is now being given to the possibility
of using the growing body of information about LTP to investigate the causes of, and potential
treatments for, various memory and cognitive disorders. Related to this are LTP-based projects
concerned with the design of memory enhancing drugs (Lynch, 2002). In the following sections
we will consider these developments beginning with new evidence on the synaptic processes
that express and stabilize LTP.

2. Substrates of LTP
Experiments showing that induction of LTP requires increases in dendritic calcium
concentrations (Lynch et al., 1983) led to the early assumption that potentiation is expressed
by a post-synaptic change, most probably to the number of glutamate receptors (Lynch and
Baudry, 1984). That LTP is accompanied by ultrastructural changes to the post-synaptic density
(Chang and Greenough, 1984; Desmond and Levy, 1986; Geinisman et al., 1993; Harris et al.,
2003; Lee et al., 1980; Yuste and Bonhoeffer, 2001) also pointed to increased numbers of
receptors as a likely expression mechanism. These observations and hypotheses prompted
efforts to identify cellular processes that could rapidly reorganize a dendritic spine and its
specialized post-synaptic membrane.

2.1 Reorganization of the spine cytoskeleton stabilizes LTP
Changes in the structure of small processes on various kinds of cells are accomplished through
reorganization of the actin cytoskeleton and it was accordingly of interest to ask if such an
effect occurs in individual, adult spines following LTP-inducing afferent stimulation (Fischer
et al., 1998; Fukazawa et al., 2003; Lisman, 2003; Matus, 2000; Okamoto et al., 2004). Because
LTP appears in less than 1 min (Gustafsson and Wigstrom, 1990), and undergoes considerable
stabilization in the subsequent 10-15 min (Abraham and Williams, 2003; Lynch et al.,
2007b), the hypothesized LTP-related actin changes would need to be reasonably rapid. Tests
of these points became possible when it was found that phalloidin, a toxin that binds selectively
to filamentous (F)-actin, discretely labeled spines when applied to adult hippocampal slices in
situ during the course of routine physiological experiments (Lin et al., 2005). Using this
technique, we found that theta burst stimulation produces a several-fold increase in the number
of spines with dense concentrations of polymerized actin in the target dendritic lamina (Fig.
1).

Subsequent experiments confirmed that spine actin polymerization is essential for LTP
stabilization. Latrunculin A at concentrations sufficient to block polymerization within spines
(Krucker et al., 2000) completely eliminated LTP stabilization (Rex et al., 2007), while post-
theta stimulation treatments that block consolidation (e.g., adenosine) also disrupted
polymerization (Kramár et al., 2006). Moreover, the actin effect had a threshold (number of
theta bursts) comparable to that for inducing LTP and developed quickly enough (∼2 min) to
participate in LTP consolidation. Notably, the different manipulations used to disrupt newly
formed actin filaments become progressively less effective during the first 10-15 min following
LTP induction. Low frequency stimulation, for example, completely eliminates actin
polymerization and LTP when applied 1 min, but not 15 min, after theta burst stimulation
(Kramár et al., 2006). These results suggest that the filaments formed in response to theta
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stimulation are initially dynamic, with a high level of actin turnover, but are then stabilized by
end-capping, crosslinking, and bundling. We propose that the transition from the dynamic to
the stable configuration is the event that consolidates LTP.

2.2. Increases in synapse size express LTP
The above results suggested a means for testing, across very large numbers of synapses,
whether LTP is associated with an increase in synapse size. The F-actin effect, closely linked
to LTP as it is, could be used as a marker for potentiated spines, while immunostaining for
post-synaptic density proteins would provide a means for estimating synapse size. Combining
the two methods (double labeling) would permit comparisons of synapses situated on labeled
(potentiated) vs. non-labeled spines. We attempted experiments of this type using rhodamine-
phalloidin to label spines containing dense F-actin but found that the phalloidin labeling method
does not work well in conjunction with conventional immunocytochemistry (Rex et al.,
2007). This led us to investigate signaling cascades leading from the membrane to the actin
cytoskeleton with the goal of finding a marker for recently potentiated synapses appropriate
for co-immunostaining.

The p21-activated kinase (PAK) ≫ LIM-kinase ≫ Cofilin signaling pathway regulates actin
assembly under a variety of conditions (Carlisle and Kennedy, 2005; Meng et al., 2003) and
its activity can be assessed by measuring the phosphorylation levels of its component proteins.
While immunostaining for total (phosphorylated and unphosphorylated) PAK and Cofilin
shows that these proteins are present in a large percentage of the spine population in field CA1
of the adult rat hippocampus (Chen et al., 2007; Racz and Weinberg, 2006; Rex et al., 2007),
spines containing dense concentrations of the phosphorylated (p-) proteins were uncommon
(Fig. 2A-D). Since Cofilin, which promotes the disassembly of actin filaments, is inactivated
by phosphorylation (Bamburg et al., 1999), this is consonant with the relative absence of spines
with high concentrations of F-actin. Theta burst stimulation of the Schaffer collateral afferents
of field CA1 stratum radiatum produced a marked increase in the number of pPAK and pCofilin
positive spines; the effect was present at 2 min, but not 30 seconds, after stimulation, reached
its peak at about 7 min, and then declined (Fig. 2E)(Chen et al., 2007). As might be expected,
the phosphorylation events show none of the persistence found for actin polymerization, which
was unchanged at 2 hours after theta stimulation (Rex et al., 2007).

No difficulties were encountered in using pPAK or pCofilin antibodies in conjunction with
those against PSD-95, an integral synaptic scaffold protein, to identify spine synapses (Hunt
et al., 1996), that were or were not associated with phosphoproteins (Fig. 3A). Therefore,
double labeling for these antigens was used to evaluate the effects of theta burst stimulation
on the size of PSD-95+ synapses associated with recently activated (e.g., pCofilin containing)
spines in adult rat hippocampal slices. In parallel analyses, images of immunolabeled profiles
were collected using either (i) confocal microscopy and flattened Z-stacks or (ii) wide field
microscopy coupled with restorative deconvolution to generate 3-D images of spines and
PSD-95+ synapses; counts and measures of PSD size were done with locally developed
software (Chen et al., 2007; Rex et al., 2007). The results were unambiguous: after theta
stimulation, synapses situated on densely pPAK or pCofilin immunolabeled spines were about
60% larger than surrounding synapses that were not associated with these phosphoproteins
(Fig. 3B).

Electron microscopic work from different laboratories has shown that the number of AMPA-
type glutamate receptors found in a synapse scales linearly with the size of the synapse
(Ganeshina et al., 2004; Nusser et al., 1998b; Racca et al., 2000; Takumi et al., 1999). The
effects just described thus provide a simple explanation for the expression of LTP: theta
stimulation causes a rapid increase in the area of the synapse, most likely as a result of altering
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the synapse shape (Chen et al., 2007), and thereby presents a larger pool of receptors opposite
the transmitter release zone.

3. LTP-related changes to spines and synapses occur during learning
The above results describe mechanisms that could potentially encode and stabilize memory:
they are associated with a change in synaptic strength, occur quickly in a synapse-specific
fashion, and contribute to a structural modification. We tested for their occurrence during
learning using an unsupervised paradigm in which young adult rats gain familiarity with a
complex environment (Fedulov et al., 2007). The animals were handled extensively over a five
day period and then placed into one of three groups: a) transported from the home cage but not
placed in the novel environment; b) pretreated with the NMDA receptor antagonist (±)-3-(2-
carboxypiperzain-4-yl)propyl-1-phosphonic acid (CPP) to block LTP and then allowed to
explore for 30 min; or c) pretreated with vehicle and allowed to explore. All animals were
sacrificed promptly at the end of the 30 min test period and tissue sections through hippocampus
were immunostained for pCofilin and the synaptic marker PSD-95. A defined zone in the apical
dendritic field of hippocampal field CA1 (stratum radiatum) was analyzed in detail using the
same computerized microscopic and image analysis systems and software employed in LTP
experiments described above. This analysis demonstrated that numbers of spines densely
labeled for pCofilin were increased by approximately 30% in the vehicle/exploration group
relative to either the home-cage controls or the NMDA receptor antagonist/exploration group.

Spines with high concentrations of pCofilin were uncommon in the in vivo study, just as was
the case for the slice experiments. It follows from this that the increases observed in the vehicle/
exploration rats, while substantial in a relative sense, in fact involved a very small percentage
of the total spine population. This accords with the view that a learning mechanism can only
engage small fractions of the encoding elements if it is to satisfy the capacity requirements
imposed by memory (Furber et al., 2004; Granger et al., 1994).

Having found that learning produces an NMDA-receptor dependent, LTP-like increase in
pCofilin-positive spines, we next asked if it also changes the size of synapses. Restorative
deconvolution was used to generate 3-D images of double-labeled profiles in the CA1 sample
field from the three treatment groups. As with the LTP studies (Chen et al., 2007), PSD-95
immunolabeled synapses located on pCofilin positive spines were significantly larger than the
much more numerous PSD-95+ synapses that were not situated on such spines (Fedulov et al.,
2007). Thus, it appears from these results that a 30-min period of intense learning produces
the same effects on synapse size as LTP, at least in apical field CA1 of hippocampus.
Provisionally, then, we suggest that the observed effects are the physical substrates of memory.

4. A common target for diseases of memory?
The above results, combined with other findings not discussed here, can be assembled into a
reasonably specific hypothesis about the formation of memory (Fig. 4). The argument begins
with the presence of three quite different classes of receptors in the synapse: a) transmitter, b)
adhesion, and c) modulatory. A very substantial body of work indicates that LTP consolidation
(but not induction and expression) requires signaling from adhesion receptors belonging to the
integrin family (Gall and Lynch, 2004;2005). It is assumed in the model that the integrins are
engaged by appropriate activation of the transmitter receptors. Integrins exert a profound
influence over the actin cytoskeleton in all types of cells and neutralizing antibodies against
hippocampal integrins completely block theta stimulation-induced actin polymerization and
LTP consolidation (Kramár et al., 2006). Building on this, and on observations common to
much of cell biology, the model assumes that integrins engage multiple pathways, including
the PAK ≫ Cofilin cascade, leading to actin polymerization. As discussed earlier, there is
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ample evidence indicating that the theta stimulation-induced actin networks are initially
dynamic but then are stabilized; it is here assumed that conventional events (capping,
crosslinking, etc.) produce this effect. Finally, we include receptors belonging to a class that
is modulatory in the sense that its members either accelerate or depress the links leading to
cytoskeletal reorganization. The two most prominent examples are the adenosine A1 receptor,
which blocks polymerization and LTP consolidation (Gall and Lynch, 2005), and Brain-
Derived Neurotrophic Factor's TrkB receptor, which potently facilitates both effects (Rex et
al., 2007).

There are multiple reasons for suspecting that various memory disorders involve defects to one
or more aspects of the vastly complicated machinery that links patterned afferent activity to
the spine cytoskeleton. Both syndromic and non-syndromic forms of mental retardation are
reportedly accompanied by unusual spine morphologies (Newey et al., 2005; Purpura, 1974;
Purpura, 1975; Segal et al., 2003), something that is highly suggestive of cytoskeletal defects.
Related to this, there are disturbances to Rho GTPase signaling (Newey et al., 2005; Ramakers,
2002); and PAK protein levels (Boda et al., 2006) in patients suffering from certain cognitive
disorders; these enzymes play a critical role in linking integrins and modulatory receptors to
filament assembly and stabilization. The above described methods for assessing activity-
induced actin signaling and polymerization within individual, adult spines has opened the way
to testing for defects in cytoskeletal reorganization in animal models of psychiatric diseases
involving memory and cognition. The following sections describe the first results from efforts
of this kind.

4.1. Plasticity deficits in mouse models of Huntington's Disease
Asymptomatic carriers of the Huntington's disease mutation commonly exhibit problems with
memory and cognition (Ho et al., 2003). Mouse models of the disease also exhibit learning
deficits well in advance of the onset of locomotor problems (Van Raamsdonk et al., 2005).
Both patients and the mice are reported to have reduced BDNF levels (Duan et al., 2003; Ferrer
et al., 2000; Zuccato et al., 2001), something that could lead to deficits in spine actin
polymerization and thus LTP consolidation (see Fig 4). We tested these ideas using
hippocampal slices prepared from different full-length knock-in models of Huntington's
disease (i.e., HdhQ92, HdhQ111 and CAG 140); the physiological analyses were conducted in
young adult animals, months in advance of the onset of movement disorders. LTP was severely
impaired in the mutants (Lynch et al., 2007a), in accord with earlier reports (Murphy et al.,
2000a; Usdin et al., 1999). Theta burst stimulation produced a strong initial potentiation that
rapidly decayed back to baseline, indicating that the consolidation processes were either
defective or not properly set in motion in the minutes following induction. As expected from
the recordings, theta-induced polymerization of spine actin was also markedly reduced in the
Huntington's disease mutant mice relative to paired wild-type controls (Fig. 5A).

If the subnormal levels of BDNF found in the mutants were largely responsible for the failure
of theta stimulation to trigger actin polymerization, then infusion of the neurotrophin should
rescue both the activity-induced skeletal changes and LTP consolidation. These predictions
were confirmed. Pretreating the Huntington's disease mutant hippocampal slices with 2 nM
BDNF completely restored both the increase in spines densely labeled for F-actin normally
found after a train of theta bursts (Fig. 5B) and the consolidation of LTP (Lynch et al.,
2007a). These effects represented a true rescue of structural and physiological plasticity
because BDNF at these low concentrations did not detectably affect LTP in wild-type mice. It
thus appears that the Huntington's disease-associated synaptic impairments can be traced to
reduced levels of a factor that positively modulates cytoskeletal changes needed to stabilize
potentiation.
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4.2. Age-related deficits in LTP
A substantial body of evidence indicates that memory losses occur as part of normal aging and
thus can be detected by middle age in rat (Deupree et al., 1993) and in man (Davis et al.,
2003). This prompted us to ask if LTP deficits appear in rat hippocampus during the transition
from young adulthood to early middle age. A conventional train of theta bursts produced about
the same degree of potentiation, with no evident differences in stability, in the apical dendrites
of field CA1 in slices prepared from 7-9 month old rats as was found in slices from 2-3 month
old animals (Rex et al., 2005). Memory impairments in middle-aged animals thus appear not
to be due to global losses of LTP. We then shifted the search to the basal dendrites of the CA1
pyramidal neurons, a zone not previously investigated in aging studies but one in which
plasticity differs in a number of regards from that found in the apical fields (Kramár and Lynch,
2003; Leung and Shen, 1999; Roth and Leung, 1995). LTP in the basal dendrites was clearly
impaired in slices from middle-age rats relative to those from young adults; while the degree
of potentiation in the older slices was equivalent in the two age groups immediately after theta
stimulation, it was reduced by 2/3rds in the older vs. younger slices one hour later (Rex et al.,
2005).

The above pattern of results suggests that normal aging affects plasticity in a highly
differentiated fashion: in this example, it affects some but not all populations of synapses on
a neuron, and disrupts the consolidation but not the induction and initial expression of LTP.
Given these conclusions, we asked if the observed impairments could be attributed to a defect
in some aspect of the model described in figure 4. Work described in the literature suggests
that processing of the negative modulator adenosine changes with age (Murillo-Rodriguez et
al., 2004;Sperlagh et al., 1997). This suggested the possibility that enhanced adenosine
signaling may have prevented the stabilization of potentiation in the older group. Tests with
the adenosine A1 receptor antagonist DPCPX reinforced this view: basal dendritic LTP was
equal to young adult levels in middle aged slices treated with the antagonist (Rex et al.,
2005). Moreover, rescue was obtained when the antagonist was applied shortly after theta
stimulation and therefore was not due to drug effects on induction and initial expression of
potentiation. Further study showed that the effects of adenosine on transmission in the basal
dendrites of middle-aged slices are more pronounced than is the case for their younger
counterparts. As there was no evident difference in A1 receptor density between the groups, it
is likely that adenosine clearance, either through uptake or breakdown, slows with aging in the
basal dendrites. In all, age-related impairments to LTP consolidation likely arise from excessive
activity of a negative modulator of actin assembly.

4.3. LTP deficits in Fragile-X mental retardation syndrome
Spine abnormalities are a characteristic feature of Fragile-X syndrome and are found, albeit in
a seemingly less pronounced form, in mouse models of the disease (Comery et al., 1997; Segal
et al., 2003). The condition thus seems to be one in which disturbances in the regulation of the
spine cytoskeleton and LTP consolidation would likely be present. Surprisingly, however,
hippocampal LTP is not reported to be impaired in the mouse model of Fragile-X (Godfraind
et al., 1996; Larson et al., 2005). We re-examined the issue and found that potentiation elicited
by a conventional train of ten theta bursts is indeed not detectably different from that obtained
in wild-type mice (Lauterborn et al., 2007). However, a pronounced deficit became evident
when the theta train was reduced to five bursts, a stimulation pattern that more closely
approximates the firing patterns of pyramidal neurons during learning (Otto et al., 1991). There
were no evident differences between wild-types and mutants in the composite responses to the
theta bursts, NMDA receptor mediated responses, or in the amount of potentiation recorded in
the first minutes after theta stimulation. The Fragile-X deficit is thus largely in the stability of
potentiation (Lauterborn et al., 2007), as was the case for Huntington's disease mutant mice
and middle-aged rats.
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Efforts to pin down the nature of the defect in LTP consolidation have not been successful,
although the number of possibilities has been somewhat narrowed. BDNF levels are not
reduced in the mutants, and there is no evidence of excessive adenosine activity. Moreover,
theta burst stimulation-induced increases in polymerization of spine actin appear to occur
normally (Lauterborn et al., 2007). A statistical difference in percent potentiation was present
at about 5 min after stimulation, a time period that seems short for the mobilization of protein
synthesis. In any event, it appears that the impairment occurs at a consolidation step that follows
filament assembly—if so, defective capping or crosslinking would be the most likely
explanations for why LTP decays in the mutant if indeed actin mechanisms are involved.

5. Treating learning-related defects in cytoskeletal plasticity
The above sections described evidence that changes to the spine cytoskeleton consolidate LTP
and that similar events occur during the formation of stable memory. Results were also
summarized suggesting that defects in these LTP/learning processes are found in mouse models
of three different human conditions involving disturbances to memory and cognition. The
question now arises as to whether it will be possible to use this information to design novel
therapeutics. One possibility in this direction would be to enhance positive, or reduce negative,
modulation. As described, infusions of BDNF produced a complete restoration of actin
polymerization and LTP consolidation in the mouse model of Huntington's disease. However,
this could represent a special case because the Huntington mutation reduces BDNF production:
the results obtained with the Huntington's disease mutant mice may not generalize to situations
in which neurotrophin levels are normal. We addressed the issue by measuring the effects of
BDNF infusion on LTP impairments in middle-aged rats and Fragile-X mice.

5.1. BDNF rescues LTP in the presence of normal neurotrophin levels
As noted, the stability of LTP in the basal dendrites of hippocampal field CA1 is impaired at
relatively early stages of normal aging. This deficit was eliminated by infusion of low (2 nM)
concentrations of BDNF (Rex et al., 2007). BDNF at this dosage has no measurable effect on
the size or shape of synaptic responses, or on levels of spine F-actin, but did activate signaling
through the PAK/Cofilin pathway (Rex et al., 2007). It remains now to determine if this is the
route over which the neurotrophin restores the stability of LTP to middle-aged hippocampus.
But the results so far collected are sufficient to demonstrate that BDNF has a potent, positive
effect on plasticity under conditions in which its levels are not reduced.

Comparable results were obtained in experiments using Fragile-X mice. The amount and
stability of potentiation induced by a single train of five theta bursts were the same in mutant
and wild-type slices exposed to 2 nM BDNF. The neurotrophin had no effect on input/output
curves, the post-synaptic responses to an individual theta burst, or the degree to which burst
responses changed during a train (Lauterborn et al., 2007).

5.2. Up-regulating BDNF as a strategy for treating memory disorders
While the above results are highly suggestive, it seems unlikely that BDNF protein can be used
as a therapeutic for psychiatric diseases: there are difficulties with passage across the blood
brain barrier and earlier trials elicited negative side effects. Moreover, bulk infusion would
undoubtedly elicit undesirable effects due to aphysiological presentation of the compound. An
alternative approach would be to find a clinically plausible means for increasing the production
of endogenous BDNF and then counting on activity-dependent release (Balkowiec and Katz,
2000) to produce the same types of effects found with infusions. It has been known for more
than a decade that neuronal activity regulates BDNF expression (Gall, 1992; Gall and
Lauterborn, 2000), which raises the possibility that increased excitatory transmission could
have the effect of increasing BDNF concentrations. Tests of this idea became possible with
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the development of positive allosteric modulators of AMPA receptors that enhance fast,
excitatory transmission at central synapses (Staubli et al., 1994b; Staubli et al., 1994a). These
‘ampakine’ drugs produce a variety of acute effects, including lowered thresholds for LTP and
accelerated learning, with surprisingly few side-effects (Lynch, 2006; Lynch and Gall, 2006).
Subsequent work found that the drugs can be used to increase BDNF production both in
vitro and in vivo (Lauterborn et al., 2000). Additional studies led to the discovery that brief,
even very brief, ampakine treatments can produce elevated BDNF protein levels lasting for
surprisingly long periods (i.e., for 2 to 3 days following a pulse ampakine exposure)
(Lauterborn et al., 2003). With these latter findings, the way was open to asking if up-regulating
BDNF expression can be used to treat deficits in LTP and learning.

We chose the LTP deficits that emerge in early middle age as a test case. Middle aged (8-10
month old) rats were injected I.P. with an ampakine variant that has a half-life of about 15
min and then placed in a social, complex environment for 30 min. This procedure was repeated
twice daily for four days; animals were sacrificed and hippocampal slices were prepared 18
hours after the last drug (or vehicle) injection. There were no detectable differences between
the behaviors of the ampakine- vs. vehicle-treated rats during their sessions in the complex
environment. Nonetheless, BDNF protein levels in parietal neocortex and hippocampus were
elevated 50-100% above vehicle control levels at the time of slice preparation (Rex et al.,
2006). It bears repeating that the physiological tests began almost a day after the last
administration of a drug with a 15-min half-life.

Elevating endogenous hippocampal BDNF levels produced the same effects as infusion of the
neurotrophin: LTP in the middle-aged slices was restored to the same levels found in young
adult slices. The rescue was selective in that the daily ampakine treatments did not affect input/
output curves, theta burst responses, or within-train changes in theta burst responses (Rex et
al., 2006). Taken together, these results constitute a first demonstration that chronic increases
in BDNF can produce a selective, by both behavioral and physiological measures, restoration
of synaptic plasticity. Whether it accomplishes this effect via its established action on the actin
assembly machinery, as proposed by the general model being advanced here, is a critical next
question.

6. Discussion
Consolidation

The idea that the extreme persistence of LTP reflects changes to spine anatomy, and thus to
the spine cytoskeleton, was advanced during the early years of LTP research (Lee et al.,
1980; Lynch and Baudry, 1984; Matus, 2000). The recent work described here provides strong
evidence in support of the hypothesis. Threshold levels of theta burst stimulation, an
experimental treatment that produces the type of synapse–specific potentiation assumed to be
responsible for memory in big-brained mammals, triggered actin polymerization in spines
located in the dendritic zone containing potentiated synapses (Kramár et al., 2006). The effect
had the same activation threshold (number of theta bursts) as LTP and emerged in the time
frame expected for an LTP stabilization process. Blocking polymerization within the spine
heads thoroughly and selectively blocked LTP consolidation (Rex et al., 2007), while
treatments known to erase recently induced potentiation produced the same effect on
polymerization (Kramár et al., 2006). Finally, and perhaps most critically, the newly formed
actin filaments undergo an, as yet, poorly understood transformation such that they become
resistant to disruption. This effect occurs over the same post-stimulation period that LTP is
stabilized. Combined, these points make a strong case for reorganization of the spine
cytoskeleton as being the event that consolidates LTP.
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These arguments take on added significance with the recent demonstration that the same spine
cytoskeletal changes found after induction of LTP occur during learning (Fedulov et al.,
2007). Critically, the same increase in synapse size found in the LTP experiments was also
obtained in the learning studies. Experiments using immunogold electron-microscopy have
confirmed the intuitive idea that synapse area dictates receptor number (Nusser et al., 1998a;
Racca et al., 2000). The expanded synapses sitting on top of potentiated spines, in either LTP
or behavioral experiments, are therefore likely to have more receptors and therefore greater
potency. Greater synaptic potency, as shown in modeling studies, is sufficient to provide for
the encoding of memory (Granger et al., 1994).

Defects
The above points lead inevitably to the question of whether memory disorders arise from
defects in the incredibly complicated pathways controlling the spine cytoskeleton and synapse
configuration. Results from initial tests of the question have been intriguing. Pre-symptomatic
Huntington's disease mutant mice have substantial LTP impairments and are reported to have
below normal scores on various learning tasks (Murphy et al., 2000b; Van Raamsdonk et al.,
2005). These effects are not unexpected given the memory and cognition problems described
for human subjects during the very early stages of Huntington's disease. The work described
here indicates that theta-driven polymerization of spine actin is defective in the mouse models
(Lynch et al., 2007a); this observation explains the failure of LTP consolidation in the mutants
and suggests that memory problems in early Huntington's disease do in fact originate with
disturbances to the sub-synaptic cytoskeleton. A likely explanation for the synaptic defect in
Huntington's disease arose when it was discovered that BDNF released from axon terminals
promotes theta stimulation-induced actin polymerization in mature spines (Rex et al., 2007).
The reduced neurotrophin levels could thus make it impossible for conventional theta burst
trains to trigger the assembly of spine actin filaments and thus to stabilize recently induced
potentiation. In agreement with this, infusion of low concentrations of BDNF rescued both
actin polymerization and stable LTP in the Huntington's disease mutant mice.

Other attempts to test if problems in reorganizing the spine cytoskeleton are a common cause
of memory disorders have not advanced as far as has the work with Huntington's disease. The
age-related loss of LTP consolidation in certain lamina of hippocampus appears to involve
aberrant processing of adenosine, a negative modulator of theta-induced actin polymerization
(Rex et al., 2005). Moreover, infusions of the positive modulator BDNF restored LTP in
middle-aged slices (Rex et al., 2005). However, there appear to have been no direct tests of
whether aging affects spine cytoskeletal changes, and whether this can be corrected by
appropriate manipulations to positive or negative modulators. Results from studies on mouse
models of Fragile-X syndrome are even more ambiguous with regard to the spine cytoskeleton
hypothesis of memory disorders. Consolidation of hippocampal LTP was impaired in the
mutants but this was not accompanied by evidence for cytoskeletal abnormalities up to the
stage of actin polymerization (Lauterborn et al., 2007). Tests are needed of whether the
mutation affects processes that transfer the assembled actin filaments from a dynamic to a
stable state; unfortunately, very little is known about this event at mature dendritic spines, a
point which illustrates how further information on the spine actin networks will gradually fill
in the many blanks in the cytoskeletal hypothesis for memory disorders.

Treatment
Whether it will be possible to overcome diverse defects in cytoskeletal reorganization with a
single treatment is a key question for future research. That BDNF fully reversed deficits in
LTP consolidation arising from three completely unrelated causes (middle-aging, Fragile-X,
Huntington's Disease) is highly encouraging in this regard because it suggests that the events
controlling filament assembly and stabilization are, to a significant degree, redundant. This
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would mean that failures or excessive activity in one signaling pathway can be compensated
for by manipulating activity in other cascades. Explicit tests of this idea should become possible
as more is learned about the actin regulatory processes set in motion by patterned afferent
activity.

The broad corrective effects of low BDNF concentrations emphasize the potential therapeutic
utility of treatments that up-regulate production of the neurotrophin without producing
unacceptable side effects. Efforts in this direction have already been prompted by the possibility
of using elevated BDNF levels to treat degenerative conditions (O'Neill et al., 2005) or
depression (Duman, 2004; Li et al., 2003). The discovery that brief exposures to ampakines
produce significant and long-lasting increases in BDNF levels is encouraging in this regard.
Notably, the effects were obtained in animals engaged in exploration and social interactions
(Rex et al., 2006), and thus may be applicable to circumstances in which animals, including
humans, normally find themselves. It is also the case that ampakines have been extensively
tested in clinical trials.

The idea of using up-regulation of BDNF expression to treat impairments in synaptic plasticity
has so far only been tested in middle-aged rats. In that case, daily treatments with a short (15
min) half-life ampakine elevated BDNF concentrations and rescued LTP in tests carried out
18 hours after the last drug treatment. These findings indicate that the general strategy of
chronically increasing BDNF expression with minimal disruption is feasible and can produce
a desired outcome. It remains to be seen if restoring plasticity corrects learning impairments
in middle-aged rats and if ampakines are equally effective in counteracting other conditions
that disrupt LTP and memory consolidation. Success along these lines would have significant
impact on emerging strategies for treating diseases of memory and cognition.

Enhancement
New results showing that learning triggers LTP-related changes in spines and associated
synapses have important implications for attempts at accelerating learning or increasing the
strength of memory. For one, they provide a biological marker to use in conjunction with
behavior in evaluating the effects of potential enhancers. The search for such compounds
logically begins with the modulators described in figure 4 because of evidence that these can
affect structural and functional plasticity in the normal hippocampus. BDNF, for example,
reduces the number of theta bursts needed to trigger actin polymerization in spines and to
induce stable LTP in normal rat hippocampal slices (Rex et al., 2007). It also nearly doubles
the maximum potentiation produced by full-length trains (Kramár et al., 2004). Based on these
results it seems reasonable to ask if chronic increases in BDNF expression reduce the amount
of training needed to produce evidence of modified spines and synapses in the cortical
telencephalon.

Similarly, the LTP-related spine and synapse changes are obvious markers for investigations
into the mode of action of a diverse array of agents reported to acutely enhance memory
encoding (Diaz Brinton, 1998; Harvey et al., 2005; Riedel and Jolles, 1996). It will be
particularly interesting to determine if various hormones and peptides (e.g., estrogen, insulin,
vasopressin) reported to influence learning should be added to the list of positive and negative
modulators of spine cytoskeletal plasticity.

The ability to visualize LTP-like changes during learning may also make it possible to ask how
potential cognitive enhancers affect the distribution of memory-related changes across the
cortical telencephalon. The time needed to map labeled spines and measure synapses on brain
sections can be expected to decrease drastically with time; if so, then it may become feasible
to describe ‘engrams’ for particular learning problems and to ask whether they are modified
or expanded by putative cognitive enhancers. This would allow for distinctions between agents
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that accelerate learning (reduce the number of training trials) vs. those that affect the strength
and/or nature of encoding. Candidates for each hypothetical class have already been identified.
Ampakines act acutely to enhance AMPA receptor mediated synaptic currents, an effect that
serves to increase the depolarization needed to unblock co-localized NMDA receptors and, as
expected, promote the induction of LTP. Some of the drugs simply increase the amplitude of
the EPSC while others both increase and prolong post-synaptic responses (Arai and Kessler,
2007; Lynch, 2006; Lynch and Gall, 2006). Members of the first of these categories acutely
reduce the number of theta bursts needed to induce LTP but have no effect on the magnitude
of potentiation elicited by full-length theta trains; in other words, they lower LTP's threshold
but do not affect its ceiling. The other ampakines markedly raise the ceiling as well as lowering
the threshold (Arai et al., 2004), an effect that may involve inducing LTP in synapses that
normally cannot be potentiated by the stimulated group of afferents.

Increasing the number of potentiated synapses would happen if many dendritic branches
targeted by the stimulated afferents do not receive a sufficient number of synapses to produce
the depth of depolarization required to engage NMDA receptors at individual synapses. By
prolonging the duration of AMPA receptor mediated depolarization, the second group of
ampakines would generate greater temporal summation in the target dendrites and hence
compensate for the insufficient number of activated synapses. This analysis predicts that
amapkines which prolong excitatory currents will a) substantially increase the number of spines
in which actin polymerization occurs after a conventional theta burst train and b) cause
modified spines and synapses to appear in regions where they are not normally found after a
given type of learning. A result of the latter type would indicate that some drugs will not only
affect the ease of storage but also the quality and relationships of the resultant memory. In
some instances this would likely be a negative effect, but in others it would allow for cognitive
architectures that are normally precluded by the design of cortical networks and the strictures
imposed by LTP-based synaptic learning rules. Expanded encoding could, in other words, bring
us closer to true cognitive enhancement.
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Figure 1. Theta burst stimulation induces actin polymerization in hippocampal dendritic spines
Long-term potentiation was induced in adult hippocampal slices by theta burst stimulation
(TBS) of Schaffer-collateral afferents to field CA1. F-actin was labeled in situ by application
of rhodamine-phalloidin to identify stimulation effects on levels of polymerized actin in
dendritic spines within the zone of potentiated synapses. (A) Photomicrograph shows labeling
of F-actin by rhodamine-phalloidin applied through a patch-clamp electrode in a slice receiving
theta stimulation. Numerous densely labeled spines are observed along the lengths of labeled
dendrites (arrow). Calibration bar: 2 μm. (B) Plot shows the numbers of spines densely labeled
with intracellular application of phalloidin to cells in control slices (con) and those receiving
theta stimulation. Slices receiving theta stimulation showed nearly 3-fold greater numbers of
densely labeled spines (*p<0.0001). (C) Low-power photomicrograph shows typical labeling
of F-actin rich spines after extracellular application of fluorescent-tagged phalloidin at 20 min
after theta stimulation. Calibration bar: 10 μm. Inset shows examples of isolated spines
(arrowhead) and those with a clear head and neck attached to its parent dendrite (arrow).
Calibration bar: 5 μm.
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Figure 2. Theta burst stimulation increases numbers of spines containing dense pPAK and pCofilin
(A-D) Laser confocal micrographs show spine-like profiles containing immunoreactivity for
PAK3 (A), pPAK (B), Cofilin (C) and pCofilin (D) in CA1 str. radiatum of control hippocampal
slices receiving only baseline stimulation. Note that elements containing dense PAK3 and
Cofilin immunoreactivity are more numerous than those containing pPAK and pCofilin.
Calibration bar: 5 μm. (E) Plot shows numbers of pCofilin-positive spines in proximal str.
radiatum of hippocampal slices receiving control stimulation (cont, gray bar) or theta burst
stimulation (TBS, white bars) with harvest at 0.5, 2-7, or 15-30 min after stimulation. The
number of pCofilin-positive spines was significantly increased at 2-7 min post-theta
stimulation (**p=0.008 vs cont, ANOVA followed by Tukey's HSD, n=8/group).
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Figure 3. Synapses on spines containing phosphoproteins (pPAK, pCofilin) are larger then their
neighbors
Hippocampal slices received theta burst or control stimulation, were harvested at 7 min, and
then tissue was processed for double immunofluorescence for PSD-95 and pCofilin or pPAK.
(A) Micrographs show that PSD-95 is colocalized with pCofilin and pPAK in spine-like puncta
within CA1 str. radiatum. Micrographs show the individual localization of the phosphoprotein
(red, left) and PSD-95 (green, middle) and the overlay of these images (“Merge”, right). In the
merged images double labeling appears yellow; arrows indicate individual double-labeled
elements. Calibration Bar: 1μm. (B) Plot shows the size frequency distribution of PSD-95
immunoreactive synapses that were associated with pCofilin (“pCof(+)PSDs”, gray line) and
those not associated with pCofilin (“pCof(-)PSDs”, black line) in str. radiatum of theta
stimulated slices. Note that the size distribution for PSDs associated with pCofilin is shifted
toward the right, denoting larger sizes, and has a more normal distribution. A similar rightward
shift in the size frequency distribution was found for PSDs associated with pPAK.
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Figure 4. Proposed signaling pathways through which synaptic activity controls spine actin
polymerization in association with LTP and memory
As shown, polymerization is controlled by three receptor classes including the neurotransmitter
receptors (labeled ‘receptors’ here), adhesion receptors represented by the integrins, and
modulatory receptors including those that facilitate and inhibit polymerization and LTP (prime
examples here being the TrkB receptor for BDNF and the A1 adenosine receptor, respectively).
In this model, neurotransmitter/glutamate receptor activity leads to integrin activation. The
integrins then signal through multiple pathways, including the PAK > LIM Kinase > Cofilin
path discussed in the text, to control actin polymerization. Signaling from the modulatory
receptors converges on integrin signaling to facilitate or inhibit polymerization.
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Figure 5. Huntington Disease mutant mice exhibit deficits in LTP-related actin polymerization
Hippocampal slices prepared from HdhQ111 mice were labeled in situ by extracellular
application of fluorescent-tagged phalloidin following theta burst stimulation and
electrophysiological recording. (A) Plot shows labeling intensity distributions for phalloidin-
labeled spines in the region of theta burst afferent stimulation for wild type (WT, open symbols)
and mutant (Hdh, black symbols) mice. As shown, in slices from Hdh mice there were
significantly fewer intensely labeled (150 - ≥180 pixel intensity units) spines as compared to
measures from WT controls (*p<0.05); the profile shown for HdhQ111 mice receiving theta
stimulation was not significantly different from HdhQ111 slices receiving control stimulation
(not shown). (B) Photomicrograph shows abundant phalloidin-labeled spines (arrow) in a slice
from HdhQ11 mouse receiving theta stimulation following 1 hr treatment with 2 nM BDNF.
The neurotrophin restored theta-induced actin polymerization in the HdhQ111 to WT levels.
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