
Marking synaptic activity in dendritic spines with a
calpain substrate exhibiting fluorescence
resonance energy transfer
Peter W. Vanderklish*, Leslie A. Krushel*†, Brent H. Holst*, Joseph A. Gally†, Kathryn L. Crossin*,
and Gerald M. Edelman*†‡

*Department of Neurobiology, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037; and †The Neurosciences Institute, 10640
John Jay Hopkins Drive, San Diego, CA 92121

Contributed by Gerald M. Edelman, December 22, 1999

Excitatory synaptic activity can evoke transient and substantial ele-
vations of postsynaptic calcium. Downstream effects of elevated
calcium include the activation of the calcium-dependent protease
calpain. We have developed a reagent that identifies dendritic spines
in which calpain has been activated. A fusion protein was expressed
that contained enhanced yellow and enhanced cyan fluorescent
protein (EYFP and ECFP, respectively) linked by a peptide that in-
cluded the m-calpain cleavage site from a-spectrin. A PDZ-binding site
fused to ECFP anchored this protein to postsynaptic densities. The
fusion protein exhibited fluorescence resonance energy transfer
(FRET), and diminution of FRET by proteolysis was used to localize
calpain activity in situ by fluorescence microscopy. Incubation of the
fusion protein with calpain in the presence of calcium resulted in the
separation of EYFP and ECFP into monomeric fluorophores. In tran-
siently transfected cell lines and dissociated hippocampal neurons,
FRET was diminished by raising intracellular calcium levels with an
ionophore or with glutamatergic agonists. Calpain inhibitors blocked
these changes. Under control conditions, FRET levels in different
dendritic spines of cultured neurons and in hippocampal slices were
heterogeneous but showed robust decreases upon treatment with
glutamatergic agonists. Immunostaining of cultured neurons with
antibodies to a spectrin epitope produced by calpain-mediated di-
gestion revealed an inverse correlation between the amount of FRET
present at postsynaptic elements and the concentration of spectrin
breakdown products. These results suggest that the FRET methodol-
ogy identifies sites of synaptically induced calpain activity and that it
may be useful in analyzing synapses undergoing changes in efficacy.

Activity-dependent increases in synaptic efficacy are thought
to be necessary for several forms of learning and memory

(for review, see refs. 1–3). A critical event for the induction of
stable changes in synaptic strength appears to be a large but
transient increase in intracellular calcium (4, 5). Attempts to
understand the molecular and cellular mechanisms underlying
synaptic plasticity have been limited by an inability to resolve
functional changes of individual synapses at a histological level.
Although recent reports have demonstrated biochemical and
morphological alterations in response to localized manipulations
of synaptic activity (6–8), most studies rely on sampling methods
that cannot discriminate between synaptic sites that have un-
dergone functional change and the majority of the population,
which remains unchanged. It therefore would be useful to have
an enzymatic reporter to mark individual synapses that have
undergone functional change. A useful marker enzyme should be
dependent on the levels of calcium required for synaptic plas-
ticity, have a low background activation, and have substrates that
are not equivalently modified by other enzymes. The calcium-
dependent protease m-calpain satisfies all the above criteria (9).
Calpain is activated in neurons in response to pharmacological
stimulation of glutamate receptors (10, 11) as well as after
patterns of afferent stimulation leading to long-term potentia-
tion (LTP; ref. 12). Moreover, calpain activity has been shown
to be required for LTP (13, 14).

To monitor calpain activity in situ, we measured fluorescence
resonance energy transfer (FRET) in a fusion protein containing
two green fluorescent protein (GFP) variants, enhanced cyan
fluorescent protein (ECFP), and enhanced yellow fluorescent
protein (EYFP), linked by a peptide that includes a m-calpain
cleavage site identical to one present in a-spectrin (see Fig. 1 A).
This site is cleaved by m-calpain but not by other mammalian
proteases tested (11, 15, 16). Transfer of energy from ECFP to
EYFP (FRET) occurs as the emission spectrum of ECFP
overlaps significantly with the excitation spectrum of ECFP. This
results in EYFP emission after excitation of ECFP and in a
partial quenching of ECYP. By virtue of the close proximity
required for FRET (,100 Angstroms), processes that increase
the distance between ECFP and EYFP, e.g., cleavage of the
linker peptide by calpain, abolish FRET. A PDZ-binding site was
fused to ECFP to anchor the fusion protein to postsynaptic
densities to better localize sites of synaptic calpain activation.
FRET methodology previously has been used to register the
activation of specific caspases (17, 18) and other proteases (19)
in situ. In the present study, we transfected a construct encoding
the fusion protein into dissociated neurons and hippocampal
slices. By measuring decreases in FRET, we identified individual
dendritic spines showing increased calpain activity in response to
glutamatergic agonists. This method may prove useful in anal-
yses of synaptically triggered protease activity in populations of
dendritic spines, particularly as it relates to LTP and other forms
of plasticity induced by large calcium transients.

Methods
Construction of the Calpain-Sensitive FRET Vector, pYSCS. A vector,
designated pYSCS, encoding the in-frame fusion of EYFP, the
m-calpain cleavage site of a-Spectrin, ECFP, and the cognate
sequence to PSD95 PDZ domains 1 and 2 from the Shaker 1.7
potassium channel, was assembled from CLONTECH vectors
pEYFP-C1, pECFP-N1, and pEGFP-C3 by using standard molec-
ular biological techniques. The encoded peptide sequence adjoin-
ing EYFP and ECFP consisted of 10 aa identical to the calpain-
sensitive site in the 11th spectrin repeat of a-spectrin and flanked
by glycine and serine residues [GSGSGQQEVYGMMPRDGSG;
(20)]. The Shaker PDZ cognate domain sequence, AGKHMVTEV
(21), was encoded to facilitate monitoring of YSCS cleavage at
synapses by retaining the donor fluorophore (ECFP) at postsyn-
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aptic densities. A version of pYSCS in which the m-calpain cleavage
site was mutated to GSGSGGMMPRDQQEVYGSG (YSCSmut)
served as a control.

In Vitro Cleavage Experiments and Western Blots. Extracts from
COS-7 and N2A cells transiently transfected with pYSCS were
combined on ice with purified m-calpain (Calbiochem) in the
presence of 25 mM 2-mercaptoethanoly25 mM Hepesy100 mM
NaCl. Some cocktails also contained either 4 mM EGTA or 50
mM calpain inhibitor 1 (Calbiochem). Reactions were started by
addition of 1 mM CaCl2, incubated at 30°C, and then terminated
by addition of 63 SDSyPAGE buffer. Western blots were
performed by using a monoclonal anti-GFP primary antibody
(CLONTECH), and results were visualized by chemilumines-
cence (Amersham Pharmacia).

Culture Methods, Transfections, and Pharmacological Treatments.
Transverse sections of hippocampus (350 m) from rats on postnatal
days 8–11 were prepared and maintained in culture as described
previously (12). Hippocampal neurons were prepared from E18 rat
embryos and maintained in culture for at least 3 weeks according
to methods described by Sporns and Jenkinson (22).

Introduction of pYSCS plasmid DNA into organotypic cul-
tures of hippocampus was carried out 2 days before treatment by
using the Bio-Rad biolistic (‘‘gene gun’’) transfection system
according to the manufacturer’s protocols. Cultured dissociated
embryonic hippocampal neurons were transfected with pYSCS
3–7 days before pharmacological treatments by using calcium

phosphate precipitation (Promega). Cos-7 and N2A cells were
transfected by using Superfect (Qiagen).

Agonist treatments consisted of either 100 mM glutamate or
100 mM NMDA in combination with 100 mM spermine, 85 mM
glycine, and 4 mM CaCl2. In cultures to be analyzed immediately,
treatment was terminated by rapid washing and fixation on ice.
For later time points, agonist cocktails were replaced after 3 min
with medium containing 100 mM AP5 and 20 mM 6-cyano-7-
nitroquinoxaline-2,3-dione, followed by regular medium until
fixation. Pretreatment with calpain inhibitors (25 mM calpeptin
or calpain inhibitor 1) was carried out for 1 hr before addition
of glutamatergic agonists or calcium ionophores to ensure
adequate membrane penetration. Samples were fixed with 4%
paraformaldehyde in PBS for 10 min (for dissociated cells) or 30
min (for slice cultures). To immunostain the spectrin breakdown
product, a polyclonal antibody (generously provided by T. C.
Saido, RIKEN Brain Science Institute, Tokyo) was used that
recognized the a-spectrin C-terminal epitope exposed by cal-
pain-mediated digestion (16).

Image Analysis and Calculation of FRET Ratios. Images were acquired
by using a Zeiss Axioplan 2 fluorescent microscope that was
fitted with a Cooke Sensicam charge-coupled device camera (12
bit) and controlled by the SLIDEBOOK software package from
Intelligent Imaging Innovations (Denver, CO). Filter cube spec-
ifications for the fluorescence channels used were as follows (for
excitation, emission, and beam splitter, respectively): ECFP
(436 6 20 nm, 480 6 40 nm, 455 nm); EYFP (500 6 20 nm, 535 6
30 nm, 515 nm); FRET (440 6 20 nm, 535 6 30 nm, 455 nm);
and Cy3 reference channel (545 6 25 nm, 605 6 75 nm, 565 nm).

Image analysis involved three basic operations: subtraction of
background autofluorescence and blurred light, quantitation of
fluorescence intensity, and calculation of FRETyECFP fluores-
cence ratios (acceptorydonor, or ‘‘FRET ratios’’). All of these
operations were done in SLIDEBOOK. In calculating FRET ratios,
two methods were used to minimize the contribution of
autofluorescence. For dissociated hippocampal neurons, the
average background signal derived from an area adjacent to the
object of interest where no specific EYFP signal could be
detected was subtracted from the entire image. In hippocampal
slice cultures, pixel-by-pixel adjustments were made by using a
reference channel similar to the method of Van De Lest (23).

Calculation of FRET ratios for large numbers of spines was

Fig. 1. Design of a calpain-sensitive marker, pYSCS. (A) Using the pEGFP-C3
vector (CLONTECH), EYFP and ECFP were fused in-frame with an intervening
sequence from the m-calpain cleavage site in a-spectrin. A PDZ cognate
sequence that binds to PSD95 was added at the 39 end to facilitate retention
of the expressed protein at postsynaptic sites. (B) Expression of pYSCS yielded
a fusion protein from which FRET could be visualized in situ after excitation of
the donor ECFP fluorophore. Separation of ECFP and EYFP by m-calpain
abolishes FRET, resulting in decreased EYFP fluorescence and a concomitant
increase of ECFP fluorescence.

Fig. 2. Sensitivity of the YSCS fusion protein to proteolysis by m-calpain in
vitro. Extracts of COS-7 cells transfected with pYSCS were incubated with
purified m-calpain and calcium. (A) A Western blot of samples harvested at the
indicated times was probed with an anti-GFP antibody that recognized both
the 54-kDa YSCS protein and a 27-kDa band corresponding to the molecular
mass of monomeric GFPs (27 kDa). (B) Inclusion of the calcium chelator EGTA
(lane 1) or the calpain inhibitor calpeptin (lane 3) to the reaction mixture
blocked formation of the breakdown product. Extracts from cells transfected
with pYSCSmut showed partial proteolysis of the protein (lane 2).
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achieved by segmenting the intensity histogram of the EYFP
channel so that a mask highlighting regions of stronger fluores-
cence was created that matched spine areas. The resulting masks
were gated by size to exclude areas not corresponding to
dendritic spines. Values of fluorescent intensity for the adjusted
channels then were used to calculate FRET ratios on a pixel-
by-pixel basis within the areas highlighted by the mask. A
drawing tool was used to create masks over individual features
that could not be discriminated by thresholding. For display
purposes, FRET-based fluorescence is shown throughout the
text in red and donor (ECFP) fluorescence is shown in green;
yellow indicates a superimposition of these signals.

Results
YSCS Protein Is a Calpain Substrate. A FRET construct designed to
yield a calpain-sensitive product, designated pYSCS, was assem-
bled as described in Methods (Fig. 1A). Substantial evidence
indicates that the amino acid sequence chosen as the EYFP-
ECFP linker is cleaved specifically by calpain (11, 15, 16). Thus,
the cleavage of YSCS, visualized as a decrease in FRET, is an
indication of a local elevation in calcium sufficient to activate
calpain (Fig. 1B).

The sensitivity of the YSCS protein to calpain-mediated
proteolysis was confirmed by Western blot studies. Lysates of
COS-7 cells transiently transfected with pYSCS were incubated
with m-calpain in the presence or absence of calcium and calpain
inhibitors. Incubation of the 54-kDa YSCS protein with calpain
and calcium for 5–35 min yielded 27-kDa cleavage products,

corresponding to the molecular masses of monomeric EYFP and
ECFP (Fig. 2A). Proteolytic separation of the GFP variants
occurred rapidly and completely, without the appearance of
lower-molecular-mass species. Amino acid substitution within
the calpain cleavage site (YSCSmut) attenuated this digestion
(Fig. 2B, lane 2). Proteolysis of the YSCS protein (Fig. 2B, lanes
1 and 3) was blocked by addition of the calcium chelator EGTA
or calpain inhibitor 1 to the reaction mixture.

YSCS Protein Exhibits FRET that Is Sensitive to Intracellular Calcium
Levels. To test the ability of the pYSCS construct to report
calpain activity in situ, we transfected COS-7 and N2A cells and
imaged them before and after treatment with ionomycin, a
calcium ionophore. Within a day of transfection, f luorescence
emitted by the YSCS fusion protein was sufficiently intense to
permit quantitative analysis in all channels based on brief
exposure times (50–400 msec). Images (Fig. 3) were collected
before and 10 min after treatment with 0.5 mM ionomycin and
6 mM CaCl2. The decrease in the relative proportions of
FRET-based fluorescence (red) to donor fluorescence (green)
can be seen in those images in which the two channels are
superimposed (compare Fig. 3 A and B). As a quantitative
indicator of pYSCS cleavage, FRET ratios are shown for se-
lected areas. Pretreatment with 25 mmolyliter calpeptin, a potent
and selective calpain inhibitor, blocked this effect (Fig. 3 C and
D). Decreases in FRET ratios under conditions that activate
calpain were also attenuated in cells expressing YSCS protein
with the mutated spectrin cleavage site (YSCSmut; Fig. 3 E and
F). These experiments indicate that cellular expression of the
YSCS fusion protein can be used as a marker of calpain
activation in situ.

Fig. 3. YSCS protein exhibits FRET, which is sensitive to calcium levels and
calpain activity. COS-7 cells transfected with pYSCS were imaged before (A, C,
and E) and 10 min after (B, D, and F) treatment with ionomycin and 6 mM
CaCl2. In untreated cells (A), addition of ionomycin (B) produced a conversion
of YSCS fluorescence from a mixture of FRET-based (red) and donor (green)
signals to an almost purely donor-generated signal. Pretreatment with cal-
peptin (C) 20 min before addition of ionomycin blocked reductions in FRET-
based fluorescence initiated by calcium influx (D). Treatment of N2A cells
expressing YSCSmut (E) with ionomycin demonstrated only minor changes in
the FRET ratio (F). FRET ratio values averaged over highlighted regions of the
cells are shown in white text.

Fig. 4. Expression of YSCS in neurons. Low-magnification images of YSCS
fluorescence after excitation of YFP in a neuron (A) from an organotypic
hippocampal culture. Images collected during CFP excitation reveal the oc-
currence of both donor (green) and FRET-based fluorescence (red) throughout
the dendritic processes of neurons in organotypic (B) and dissociated (C)
hippocampal preparations. Enlargement of a dendrite in slice culture (D)
demonstrates that YSCS is concentrated in spine heads.
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Sensitivity to Glutamatergic Agonists. Transfection of cultured
embryonic neurons and hippocampal slices with pYSCS resulted
in expression of the fluorescent fusion protein in pyramidal and
granule neurons. Fluorescence was observed throughout all
neuronal processes (Fig. 4A). The YSCS protein exhibited a 2-

to 5-fold higher concentration in spines relative to their parent
dendritic shafts (Fig. 4 B–D).

The utility of pYSCS as a reporter of glutamate receptor-
induced calpain activation was initially examined in real-time
imaging experiments in cultures of dissociated hippocampal

Fig. 5. Treatment of dissociated hippocampal neurons with glutamatergic agonists leads to a decrease in FRET. (A) A dendrite with numerous spines from a
pyramidal cell transfected with pYSCS and imaged live. FRET and ECFP fluorescence are shown in red and green, respectively. FRET ratios for spines indicated
by arrows are shown in white text. (B) The same cell imaged 3 min after addition of 100 mM glutamate. Most spines change from a predominantly FRET signal
to a greener donor signal and show reduced FRET ratios. Enlargements of selected spines pretreatment (C) and posttreatment (D) with glutamate are displayed.
Paired images are shown from experiments before (E) and after (F) treating dissociated neurons with 100 mM NMDA. Plots of FRET ratios of individual spines
are shown before and after treatment with glutamate (G) and NMDA (H). Comparable reductions in FRET ratios were observed in most spines, but some exhibited
only slight variations from starting FRET ratios. (I) Histograms of binned FRET ratios from spine populations imaged live showed significant (P , 0.0001) reductions
after NMDA treatments (black, pretreatment; gray, posttreatment) and after glutamate treatment (data not shown). (J) Dissociated cultures were fixed at
different time points after treatment with NMDA, and the FRET ratio was measured. n 5 30, 26, 133, and 100 spines for the time points 0, 1, 5, and 10 min,
respectively.

Fig. 6. Correlation between histochemical and FRET measures of calpain activation in spines. Dissociated hippocampal neurons were transfected with pYSCS
and immunolabeled with antibodies specific for calpain-mediated spectrin breakdown products (BDPs). (A) Correlation curve relating the relative intensities of
FRET and BDP immunofluorescence in individual spine heads (r 5 20.78). (B) Images of stained neurons in which FRET fluorescence is shown in green and anti-BDP
staining is shown in red. The majority of the dendrite displays both FRET fluorescence and anti-BDP staining and appears yellow.
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neurons. Images collected before and 3 to 5 min after exposure
of neurons to glutamate or NMDA revealed a substantial
decrease in the FRET ratio in dendritic spines (Fig. 5 A–F).
Plotting the responses of individual spines showed that, although
a majority of the spines underwent a decrease in FRET ratio,
they did not respond uniformly (Fig. 5 G and H). Overall, the
mean percent reduction in FRET ratios after NMDA treatment
was 46.4 6 13.3% (Fig. 5I), whereas glutamate treatment
induced a 38.1 6 12.1% reduction (data not shown). These
decreases in mean FRET ratios were statistically significant (P ,
0.0001) and were similar to those observed in COS-7 cells upon
calcium ionophore treatment. Decreases in FRET ratios were
also noted along the dendritic shafts between spines, although
these changes were smaller on average (26.2 6 5.2% in a
sampling from five dendritic segments in NMDA-treated cul-
tures). NMDA-treated cultures fixed after different time points
(Fig. 5J) showed a substantial decrease in the average FRET
ratio within the first minute, suggesting that calpain is rapidly
activated in response to glutamate receptor stimulation.

Decreases of FRET in Situ Are Correlated with the Appearance of a
Calpain-Generated Spectrin Epitope. To confirm that sites at which
FRET ratios were diminished by stimulation of glutamate
receptors were those at which calpain was activated, postfixation
immunohistochemistry with an antibody recognizing the car-
boxyl terminal epitope of a-spectrin generated by calpain-
mediated digestion was performed on dissociated hippocampal
neurons. Overlaying FRET (green) and antispectrin breakdown
product (red) fluorescence revealed spines that contained either

of the two markers or a combination of both (Fig. 6B, yellow).
Synapses with high FRET signals had lower levels of antibody
staining. A strong inverse correlation (r 5 20.78) was observed
between the intensity of FRET-based fluorescence and levels of
spectrin breakdown product quantified with a Cy3-labeled sec-
ondary antibody (Fig. 6A).

FRET in Hippocampal Slice Cultures. Agonist-induced diminution of
FRET-based fluorescence was also observed in slices that were
fixed after the pharmacological treatments, thus permitting
analysis of more extensive spine populations. Cultured hip-
pocampal slices were treated for 3 min with NMDA in the
presence of glycine, spermine, and high calcium, a pharmaco-
logical cocktail shown in previous studies to cause a form of
potentiation in slices resembling LTP (24). Histograms of FRET
ratios for populations of spines in control and NMDA-treated
slices fixed 30 min after treatment (Fig. 7 A and B) resembled
those obtained by quantifying fluorescence among spines of
dissociated neurons imaged in real time after similar treatments.
Pretreatment of slices with calpeptin blocked the agonist-
induced decreases and reduced the variance in FRET ratios (Fig.
7C) obtained with NMDA. The mean percent decrease in FRET
ratios observed 30 min after NMDA treatment was 43.0 6 7.1%
(n 5 919 spines, 4 experiments); similar changes were noted 1
and 4 hr posttreatment (data not shown). The reductions in
FRET ratios along portions of the dendritic shafts between
spines were small (#5%). Shortening the length of NMDA
treatment to 30 sec led to a 25% decrease in the mean spine
FRET ratio at 30 min (n 5 737 spines, 2 experiments), less than
that observed after treating the slices for 3 min with NMDA (see
above). This observation suggests that calpain-mediated prote-
olysis can be activated to varying extents by pharmacological
stimulation of glutamate receptors. Postfixation analyses of
dissociated neurons gave similar results.

Heterogeneity of FRET Ratios Among Spines. To examine whether
the mean FRET ratio and the degree of heterogeneity among
control spines was influenced by the occurrence of calpain-
mediated proteolysis linked to spontaneous glutamatergic activ-
ity, slices were incubated with either calpeptin or AP5yCNQX
for 2–3 days before analysis. Incubation with calpain inhibitors
caused a modest shift toward higher FRET ratios (13.4 6 6.6%;
n 5 1,022 spines from 4 experiments) and a substantial reduction
in the variance around the mean. Blocking ionotropic glutamate
receptors with competitive antagonists gave results similar to
those found after inhibiting calpain, increasing the mean FRET
ratio by 10% (n 5 238 spines from 2 experiments). These data
suggest that a substantial portion of the heterogeneity in control
FRET ratios might be due to calpain activation as a consequence
of spontaneous synaptic activity.

Discussion
We have designed and characterized a fusion protein construct
exhibiting FRET between two variants of GFP to assay calpain
activation in situ by fluorescence microscopy. Western blot
studies confirmed that the linker peptide between EYFP and
ECFP was cleaved by purified m-calpain in the presence of
calcium. Data collected in real-time imaging experiments of
transfected cell lines or hippocampal neurons demonstrated that
FRET was diminished after treatment with a calcium ionophore
or glutamatergic agonists; inhibition of calpain blocked these
effects. FRET ratios were comparable in various cell types and
were similar whether the cells were analyzed live or postfixation.
Immunostaining of spectrin epitopes produced by calpain-
mediated digestion revealed an inverse correlation between the
degree of FRET present at postsynaptic elements and the
concentration of spectrin breakdown products. Although allow-
ing measurements in real time of changes at dendritic spines

Fig. 7. Distributions of FRET ratios from dendritic spines in fixed hippocam-
pal slice cultures. (A and B) The effect of NMDA on spine FRET ratio distribu-
tions (bins of 100) from CA1 pyramidal neurons in a representative experi-
ment. A 3-min treatment with NMDA caused a significant reduction of spine
FRET ratios 30 min later that was blocked by pretreatment with calpeptin (C).
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induced by synaptic activity, the present method also provides a
stable marker for activity at postsynaptic densities. These prop-
erties should be useful in analyses of events involving changes in
synaptic efficacy such as LTP (13).

Other groups recently have used GFP and dye-based imaging
to study changes in spine density, shape, and motility in response
to manipulations of synaptic activity and of the actin cytoskel-
eton (6, 25, 26). However, these studies were unable to measure
the activity levels of individual spines. Calcium precipitation
techniques also have been used to identify synapses at which
NMDA receptor-mediated calcium currents were elicited during
LTP induction (7). This method requires analysis by electron
microscopy and, thus, does not permit examination of living
neurons. Tsien and colleagues (27) developed a tunable FRET-
based assay that is able to register dynamic calcium fluxes in the
range of those occurring in spines during LTP-inducing stimu-
lation. Although the transient nature of the signal does not leave
a tag for postfixation analysis, this method could provide infor-
mation complementary to that described here.

We observed heterogeneity in FRET ratios in the dendritic
spines of untreated neurons, with the largest variability occurring
in dissociated neurons. This was likely due to spontaneous
activity inasmuch as treatment with glutamate receptor antag-
onists and calpain inhibitors decreased the variability and in-
creased the mean of the FRET ratio. This result is in accord with
reports that spontaneous activity can elicit calcium elevations
and structural plasticity of dendritic spines (28–30).

Changes in FRET ratios after the addition of glutamatergic
agonists also varied among different dendritic spines. It is not
known which factors are responsible for this heterogeneity.
Differences in NMDA receptor and calpain distribution may
account for heterogeneity and differential synaptic responses or
the response of NMDA receptors to glutamate may vary as a
function of the history of a particular synapse (31, 32). Calcium

elevations initiated by activity (33) also may vary as a function
of the robustness of buffering mechanisms, spine architecture
(34), or of signaling mechanisms coupling receptor-mediated
calcium entry to release from intracellular pools (35).

The present method should make it possible to determine
whether calpain activation at synapses can be induced by afferent
stimulation patterns arranged to mimic the rhythmic bursts of
cell spiking—theta burst stimulation—that occur in the hip-
pocampus during learning (36). Coupling the FRET marker of
calpain activation with a physiologically realistic and efficient
paradigm for LTP induction would create additional applica-
tions. Among these are more stringent tests of the specificity of
correlations between LTP and the gross morphology of syn-
apses, the conversion of ‘‘silent synapses’’ (37, 38), and the
targeting or local synthesis of new gene products. Inasmuch as
calpain activity is known to be higher during brain development
(39, 40) and plays a role in cytoskeletal remodeling and process
extension in multiple cell types (41, 42), FRET assays employing
the calpain-sensitive construct may be applicable to phenomena
such as neurite extension, sprouting, and retraction. Overacti-
vation of calpain, a pathogenic event resulting from an extensive
list of neuronal insults (16, 43), also could be addressed with
pYSCS. In all these instances, the method may be particularly
useful in correlating information about levels of synaptic activity
with spatial information about changes in morphology, distri-
bution, and density in synaptic populations.
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