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Background: Calcium influx into postsynaptic
dendritic spines can, depending on circumstances,
activate three forms of synaptic plasticity: long-term
potentiation (LTP), short-term potentation (STP) and
long-term depression (LTD). The increased postsynaptic
caleium concentrations thar trigger all three forms
of plasticity should activate the a isoform of
calcium—calmodulin kinase type II {@CaMEKII), which s
present at high levels just below the postsynapric
membrane. Earlier experiments have implicated
aCaMEKII in the regulation or induction of LTP, but no
information is available on the possible role of this

enzyme in the rwo other forms of synapric plasticity,
STP and LTD.
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Background

Of the three related forms of synaptic plasticity that have
been described at hippocampal synapses — long-term
potentiation (LTP), short-term potentiation (STP) and
long-term depression (LTD) — LTP has received the
most attention. This interest in LTP derives, at least in
part, from the recognition that it is a potential substrate
for certain forms of learning and memory [1]. In
addition, LTD has recently been attracting considerable
attention [2], because it also has properties that could
suit it for a role in memory. STE which lasts for only
about five to thirty minutes (an average of about
five minutes under the conditions of our experiments),
is the least well understood of the three [3], and could
also be involved in the more short-term forms of
information storage,

All three types of plasticity share a common trigger step:
the influx of calcium through N-methyl-D-aspartate
(MMDA) recepror channels (although other calcium
sources can substitute under some experimental condi-
tions). LTP can be selectively blocked by a variety of
kinase inhibitors [4=6] and some other pharmacological
agents, and LTD is selectively blocked by certain phos-
phatase inhibitors [7,8]. STP remains the least well
defined of the phenomena, in part because no pharma-
cological treatments are available that block it selectively,
leaving the other forms of plasticity intact. In fact, such a
blocking agent might not exist: it is possible that STPisa

Results: We used mice that lack the gene for aCaMI{lr
to investigate the role of this enzyme in synaptic plastict
ity. Field potential recordings from hippocampal sliceg
taken from mutant mice show that STP and LTD are|
like LTP, absent or markedly atwcenuated in the absence of
aCaMEKIL. A brief form of synapric modification —
post-tetanic potentiation (PTP) — is, however, intact ir
the absence of this enzyme.
Conclusions: It appears likely that «CaMEII is involved
in the production or global regulation of all three formg
of synaptic plasticity. We propose that the activation of
this enzyme is a common step in the induction of LTH
and STP, and that aCaMEKII activiry is required for the
normal production of LTD.

necessary step in the pathway to LTE and if this
true, any drug that blocked 5TP would also block LTPE

Mice lacking the o isoform of calcium—calmo

spatial tasks, dtspu:t the fact that no auammlcal
ahnﬂtmahtlts are apparent, rhc Schaﬁ‘er colla:eral

NMDA receptor ﬁmcrinn is normal [9,10]. The infl
calcium through NMDA receptor channels — a tri
for all three forms of plasticity — must, at least under
some circumstances, activate the aCaMEKII char is
present very close to the postsynaptic membrane bea mg
the NMDA receptors [11-13]. Are the other forms of
plasticity affected by the absence of this kinase? The goal
of our experiments has been to determine whether STP
and LTD are also altered by the absence of aCaMKII

Our general strategy in these and related experiments is
to identify proteins that are thought likely, on the basis of
pharmacological and other types of information, to| be
involved in the network of second messenger pathways
that participate in the various forms of synaptic plastigity.
We hope to define this network by systematically eli
ating such proteins. More specifically, our goals are
define which second messenger systems participate| i
each form of synaptic plasticity, to determine whether
the role is essential or modulatory, and to establish the
location of a particular signaling pathway in the overall
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network of second messenger systems that are important
for the various synaptic plasticity mechanisms.

Clearly no one experiment will be sufficient to define
the role of a particular protein, but the results from each
knockout mouse suggest hypotheses about the function
of the protein that can be tested in subsequent experi-
ments. Although one must always be careful when
interpreting experiments on mutant animals that lack
specific enzymes or other proteins involved in signaling
systems, this approach can potentially identify the regula-
tory cascades that are responsible for the synapric
processes underlying learning and memory.

Results

We shall describe our studies of LTD and STP and some
observations on LTP in mice that lack aCaMEII We
shall also present data indicating that post-tetanic poten-
tiation (PTP), a very short-lived form of synaptic
plasticiry, is intact in the mutant mice.

LTD is deficient in the cCaMK Il mutant mice

Figure 1 presents the CAl response size, averaged across
rwenty hippocampal slices, as a function of time during
the experiment for both wild-type mice (Fig. 1a) and
mice lacking functional aCaMEKI1I (Fig. 1b); the ordinate
plots the slope of the imitial phase of the field potental
evoked by the stimulation of Schaffer collaterals. After a
period of stimulation to establish the baseline, the
Schaffer collateral pathway was stimulated once per
second for fifteen minutes to produce LTD; the amount
of LTD was estimated by measuring the response size
about thirty minutes after the induction period (to ensure
that the effect we were studving s persistent, as genuine
LTD must be). The wild-type mice showed, on average, a
substantial LTD, whereas the mutant mice exhibited sig-
nificantly less, if any, LTD; this can be seen by comparing
the averaged data in Figures la and 1b. All of the hippo-
campal slices from the mutant mice showed an inital
depression following the low-frequency stimulation thar,
on average, was as large as the initial depression exhibited
by the wild-type mice, and some of the slices from
mutant mice showed a persistent depression of 10=20%.

Is the initial depression a sign of LTD, and is the 10-20%
depression that is seen in some mutant slices genuine
LTD or simply a non-specific decline in synaptic
strength that occurs in some experiments? To decide
between these alternatives, we carried out LTD experi-
ments on six hippocampal slices from a mutant mouse,
firstly in the presence of »-2-amino-5-phosphonovaleric
acid (AP-5, 50 uM; an antagonist of the NMDA
receptor), and then we repeated the low-frequency stim-
ulation in the same slices after the AP-5 had been
washed out. The average synaptic strength as a function
of time is presented for two slices in Figure 1¢, and the
LTD magnitude for six slices in the presence and then
the absence of the AP-5 is shown in the inset bar graph.

The transient depression that follows the low-frequency
stimulation was not obviously altered by the presence of
AP-5 (Fig. 1c), so this transient depression is presumably
distinet from LTD, which is blocked by AP-5. The per-
sistent depression observed in some slices appeared to be
blocked by AP-5 (see Fig. 1c and the inset), although the
cumulative histograms of LTD magnitude with and
without AP-3 were not significantly different
(Kolmogorov=Smirnoft test, P> 0.1; histograms not
shown). This observation suggests that hippocampal
slices from mutant animals may be capable of exhibiting
some, albeit reduced, LTD. We shall return to this issue
in the discussion.

LTP after priming by low-frequency stimulation

Mice that lack the v isoform of protein kinase C (vPK.C)
are, like the aCaMEK II mutanes, deficient in LTE, but do
exhibit substantially normal LTP after a priming period
of low-frequency stimulation [14]. This priming|phe-
nomenaon was not, however, observed in aCaMEKII
mutant mice (Fig. 1b). The response size was followed
for thirty minutes after the low-frequency stimulation
had been applied to produce LTD, and then the Schaffer
collateral pathway was presented with a tetanic stimulus
that produced LTP in the slices from wild-type mice. No
LTP resulted, however, in the hippocampal shees raken
from the mutant animals (Fig. 1b).

Cumulative histograms of data from the hippocampal
slices from wild-type (n =22} and a«CaMK Il mutant
(mn=21) mice are presented in Figure 2, where the
cumulative probability is plotted as 2 function of response
size. The slices from wild-tvpe mice clearly have more
LTD than the slices from the aCaMEKII mutant mice
(Fig. 2a), although a persistent depression did ocgur in
some of the mutant mice, as noted above. The hippo-
campal slices from mutant mice also exhibit little or no
LTP following the period of low-frequency stimulation
(Fig. 1b), whereas the slices from the wild-type mice
reveal clear LTP under the same circumstances (Fig. |1a).

Mice that lack yPEC exhibit apparently normal LTR after
LTI is induced, and the size of the LTP is independent of
the size of the preceding LTD [14]. That is, the amount of
LTP elicited cannot be explained by supposing that the
size of LTP reflects how far the synapses are from a
saturated level of potentiation. This decoupling of
LTD/LTPE size is illustrated for wild-type mice (Fig. 3a):
the size of LTP is uncorrelated with the magnitude of the
preceding LTD. The same is true for the aCaMKII
mutant mice (Fig. 3b), although no LTF is seen,|even
when a persistent depression in synaptic strength of
approximately 20% precedes the tetanic stimulation.

These observations are summarized in Figure 3¢, where
the magnitudes of LTD, LTP following LTD, and| LTP
alone (without preceding LTD) are plotted for hippo-
campal slices from wild-type and e CaMK Il mutant mice,
We conclude that the @ CaMEKII mutant mice completely
lack or exhibit significantly diminished LTP and LTD, and
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Fig. 1. LTD and LTP in hippocampal
slices from (a) wild-type anc]glb} rmiutant
mice, The initial slope of the field exci-
tatory postsynaptic potential (f-EPSP),
expressed as 2 percent deviation from
the average baseline level, is plotted as
a function of time during the experi-
rment, Both data sets are means (£ 5.E.)
of 20 slices. A period of stimulation to
establish the haseline response size
precedes the red bar marked LFS. LFS
indicates an episode of low-frequency
stimulation (1 Hz} to induce LTI, and
the red arrow indicates the time of a
tetanic stimulation to induce LTP. The
insets show sample traces taken from
the control period, after stable LTD had
been achieved, and after LTP had
reached a steady level, The calibration
marks in (b) apply to both wild-type and
mutant slices. {c) Use of the specific
inhibitor AP-5 to investigate whether
the persistent depression exhibifed by
the slices from mutant mice is NMDA-
receptor dependent, and thus a sign of
true LTD. Synaptic strength is measured
as a percent change in the field EPSP
slope, as a function of time during the
experiment, AP-5 (50 pM) was present
as indicated by the blug bar, and two
periods of low frequency stimulation,
one in the presence of AP-5 and one
after the AP-5 was washed out, are
indicated by the red horizontal lires just
above the time axis, This figure shows
the mean of two slices for which the
experimental procedures were identical;
data from four other slices were not
included in the mean hecause| AP-3
application was for a different dyration
or the washout period was different.
The inset bar graph presents the| mean
(= 5.E.} for LTD magnitude in the
presence of AP-5 (blue bar) and after
washout of AP-3 {open bar) fram six
slices.
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