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present in mice that could be dependent on
another kinase, such as the ␤-isoform of
CaMKII. A significant difference in
input/output curves was also observed
between (−/−) ␣-CaMKII and (+/+) ␣-CaMKII
animals, suggesting that differences in
synaptic transmission may be contributing
to the LTP deficit in mutant mice. However,
tetani of increasing frequency (50, 100, and
200 Hz) did not reveal a higher threshold
for potentiation in (−/−) ␣-CaMKII mice
compared with (+/+) ␣-CaMKII controls.

Abstract
Previous work has shown that mice
missing the ␣-isoform of calcium–
calmodulin-dependent protein kinase II
(␣-CaMKII) have a deficiency in CA1
hippocampal long-term potentiation (LTP).
Follow-up studies on subsequent
generations of these mutant mice in a novel
inbred background by our laboratories have
shown that whereas a deficiency in CA1 LTP
is still present in ␣-CaMKII mutant mice, it
is different both quantitatively and
qualitatively from the deficiency first
described. Mice of a mixed 129SvOla/
SvJ;BALB/c;C57Bl/6 background derived
from brother/sister mating of the ␣-CaMKII
mutant line through multiple generations
(>10) were produced by use of in vitro
fertilization. Although LTP at 60 min
post-tetanus was clearly deficient in these
(−/−) ␣-CaMKII mice (42.6%, n = 33)
compared with (+/+) ␣-CaMKII control
animals (81.7%, n = 17), ␣-CaMKII mutant
mice did show a significant level of LTP. The
amount of LTP observed in ␣-CaMKII
mutants was normally distributed, blocked
by APV (2.7%, n = 8), and did not correlate
with age. Although this supports a role for
␣-CaMKII in CA1 LTP, it also suggests that a
form of ␣-CaMKII-independent LTP is

3

Introduction
Calcium–calmodulin-dependent protein kinase
II (CaMKII) is a serine/threonine protein kinase
that is highly expressed in the brain and is thought
to be involved in such diverse mechanisms as neurotransmitter synthesis and release, microtubule assembly and disassembly, ion channel modulation
and synaptic plasticity (Braun and Schulman 1995).
The unique ability of CaMKII to autophosphorylate
at Thr-286, producing a long-lasting calcium-independent form of the enzyme (Fong et al. 1989;
Hanson et al. 1989; Waldmann et al. 1990; Waxham et al. 1990; Meyer et al. 1992), has led to
proposals that CaMKII might serve as a memory
molecule of activity at synapses and may underlie
long-term changes in synaptic activity (Miller and
Kennedy 1986; Lisman and Goldring 1988; Giese et
al. 1998). Several lines of evidence indicate a role
for CaMKII in long-term potentiation (LTP) (Lisman
1994), a well-characterized mechanism for increas-
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␣-CaMKII AND LTP
et al. 1992b) and behavioral paradigms (Chen
et al. 1994), and to exhibit hyperexcitability in
multiple limbic structures (Butler et al. 1995). Recent recombinant mouse studies have further revealed that mutating the ␣-CaMKII autophosphorylation Thr-286 site alone (Thr-286-Ala) results in
deficits in both CA1 LTP and learning (Giese et al.
1998).
We re-examined LTP in the CA1 region of the
hippocampus of (−/−) ␣-CaMKII mice using field
recordings. Preliminary studies indicated that LTP
was diminished, but present, in hippocampal slices
from young (−/−) ␣-CaMKII animals (12–28 days),
ages that had not been examined in previous studies (Silva et al. 1992a; Stevens et al. 1994). Consequently, we extended our recordings to older adult
animals (up to 108 days) to determine whether a
developmentally dependent variable was affecting
the probability of eliciting LTP in these animals.
Basic characteristics of synaptic transmission were
also examined to address whether differences in
excitability may be contributing to the LTP deficits
in these CaMKII mutant mice.

ing synaptic efficacy that has been observed at a
number of excitatory synapses in the mammalian
central nervous system, and most carefully studied
at the CA3-CA1 hippocampal synapse (Bliss and
Collingridge 1993; Roberson et al. 1996). CaMKII is
highly expressed in the hippocampus, comprising
2% of total hippocampal protein (Erondu and
Kennedy 1985), and is localized in both the preand post-sides of the synapse (Ouimet et al. 1984;
Fukunaga et al. 1988). It is thought to be the major
protein component of the postsynaptic density
(PSD) (Kennedy et al. 1983; Goldenring et al. 1984;
Kelly et al. 1984; Miller and Kennedy 1985), in
which it is strategically located for the modification
of proteins that might be involved in the expression and maintenance of LTP. Such proteins include glutamate receptors in the postsynaptic cell
membrane and microtubule-associated protein 2
(MAP2), both of which are CaMKII substrates (Vallano et al. 1986; McGlade-McCulloh et al. 1993;
Omkumar et al. 1996; Barria et al. 1997; Hayashi et
al. 1997). CaMKII activation is dependent on the
initial binding of calcium-clmodulin (Hanson and
Schulman 1992), and it is known that calcium influx via the NMDA receptor is necessary for LTP
induction (Bliss and Collingridge 1993). Correspondingly, it is known that LTP induction leads to
an increase in CaMKII activity, an increase in autophosphorylated CaMKII, and an increase in the
phosphorylation of the CaMKII substrates, MAP-2,
synapsin I, and ␣-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA)-type glutamate receptors (Fukunaga et al. 1993, 1995; Barria et al.
1997; Ouyang et al. 1997). CaMKII inhibitors,
calmodulin inhibitors, and general kinase inhibitors have been shown to block LTP induction
(Malenka et al. 1989; Malinow et al. 1989; Ito et al.
1991; Otmakhov et al. 1997), whereas constitutively active CaMKII has been shown to mimic and
occlude LTP when introduced via a viral expression system (Pettit et al. 1994), as well as by direct
injection into the postsynaptic cell (Lledo et al.
1995; A.M. Shirke and R. Malinow, unpubl), and to
shift the LTP/LTD (long-term depression) modification threshold in transgenic animals (Mayford et
al. 1995). In addition, mice mutant in the ␣-isoform
of CaMKII are found to be deficient in hippocampal LTP, short-term potentiation (STP), and LTD
(Silva et al. 1992a; Stevens et al. 1994), deficient
in primary visual cortex (Gordon et al. 1996; A.
Kirkwood, A. Silva, and M.F. Bear, unpubl.) and
barrel cortex plasticity (Glazewski et al. 1996), to
perform poorly in an assortment of learning (Silva
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Materials and Methods
MICE

The mice used in the following electrophysiology experiments were of a mixed 129SvOla/
SvJ;BALB/c;C57Bl/6 genetic background, inbred
by brother/sister mating for over ten generations
before the present experiments began. Because
natural matings among heterozygous and homozygous ␣-CaMKII mutant animals were often found to
be unproductive, animals were produced by use of
in vitro fertilization. Hippocampal slices from mutant and wild-type animals were interleaved during
experiments, by use of wild-type littermates and/
or wild-type animals matched for background and
age as controls. No significant differences were
seen between those animals tested blindly and
those tested with knowledge of phenotype, so data
from these experiments were pooled. The genotypes of animals used were determined before, and
confirmed after, the experiments by use of a PCR
assay.
SLICE PREPARATION AND RECORDING

Transverse hippocampal slices (400 µm) were
prepared from 12- to 108-day-old mice by the tissue
chopper method (Malinow and Tsien 1990). CA3
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expressed as a relative change (percent) in the response amplitude.

and CA1 regions were surgically separated to prevent epileptiform activity. The slices were submerged and superfused with a bath solution containing 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2,
26.2 mM NaHCO3, 1.3 mM MgCl2, 1 mM NaH2PO4,
and 11 mM glucose, equilibrated with 95% O2 and
5% CO2. Picrotoxin (100 µM) was added to the bath
to block GABAA inhibitory postsynaptic currents.
The temperature of the recording chamber was
maintained at 30°C ± 0.5°C. Slices were allowed to
recover at least 1 hr before recording was initiated.
By use of visual guidance, a glass-stimulating
electrode filled with 2 M NaCl was placed in Schaffer collateral afferents to elicit field excitatory postsynaptic potentials (f-EPSPs) using a brief (<200
µsec) current pulse. An extracellular glass-recording electrode, filled with the above bath solution,
was placed in the CA1 stratum radiatum ∼150–200
µm from the stimulating electrode. Visual guidance
allowed specific and consistent placement of electrodes and rapid superficial assessment of the
health of the slice. Stimulus intensity was adjusted
to evoke base-line pretetanic responses of similar
sizes for all of the slices (0.2–0.3 mV). Base-line
stimulation frequency was 0.033 Hz and LTP was
typically induced by use of a 100-Hz tetanus (five
trains, 20 pulses per train, 10 sec between trains),
unless otherwise stated. To block NMDA receptors
in some experiments, 100 µM DL-aminophosphonovaleric acid (DL-APV) was added to the bath solution, as appropriate.
Individual f-EPSP peak amplitudes were determined by averaging the response size over a fixed
1- to 5-msec window encompassing the period of
negative slope just preceding the peak amplitude
of the signal, and subtracting a base-line estimate.
For each experiment, the same windows were
used on recorded sweeps in all experimental conditions. At the beginning of each experiment, the
stimulating intensity (input) was varied and the amplitude of the f-EPSP response was measured (output). The intensity of input stimulation began at a
level at which no responses were observed and
increased until responses were maximal. These
paired stimulation/response values were used to
plot input/output curves of representative experiments (Fig. 5, below).
For LTP experiments using the above tetanus
paradigm, the magnitude of LTP was measured by
comparing the average of responses over a 5-min
interval 60 min after the tetanus with the average
of responses over a 5-min interval preceding the
tetanus. Consequently, the magnitude of LTP was
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Results
We began by examining LTP in the CA1 region
of hippocampal slices from young (−/−) ␣-CaMKII
mice (12–28 days) from our mixed background inbred line. Synaptic transmission was monitored for
stable base-line periods of up to 30 min before LTP
was induced by use of a tetanus protocol (100 Hz,
five trains, 20 pulses per train, 10 sec between
trains). Surprisingly, LTP was observed in mutant
slices, although it appeared to be smaller in magnitude than that observed in wild-type control experiments (Fig. 1A,B). This was in contrast to previously published analysis of the original (−/−) ␣CaMKII line, in which 14 of 16 mutant slices
showed no LTP (−1% ± 3 at 30 min post-tetanus),
whereas the remaining 2 mutant slices showed significant LTP of a magnitude comparable with that
observed in (+/+) ␣-CaMKII animals (68% ± 32 at
30 min post-tetanus), under given experimental
conditions (Silva et al. 1992a). Subsequent studies
also concluded that ␣-CaMKII mutants show significantly diminished LTP (Stevens et al. 1994), suggesting that it may be completely absent in these
mice.
As the original analysis of (−/−) ␣-CaMKII mutant mice had been performed on animals primarily
1.5–3 months of age (Silva et al. 1992a), we considered that a developmentally dependent variable
could be affecting the probability of eliciting
LTP in young (−/−) ␣-CaMKII animals. To address
this, we examined LTP in older animals (28–108
days) and found that it was also diminished, but
present, in older (−/−) ␣-CaMKII mice compared
with (+/+) ␣-CaMKII control animals (Fig. 1A,C),
and there was no correlation between age and
the amount of potentiation post-tetanus in either
(−/−) ␣-CaMKII or (+/+) ␣-CaMKII mice (Fig. 2).
Cumulative data across all age groups showed that
whereas LTP at 60 min post-tetanus was clearly
deficient in (−/−) ␣-CaMKII mice (42.6% ± 5.5,
n = 33) compared with (+/+) ␣-CaMKII control
animals (81.7% ± 14.1, n = 17), ␣-CaMKII mutant
mice did show a significant level of LTP (Fig. 3).
This ␣-CaMKII independent LTP was blocked
when DL-APV (100 µM) was included in the bath
(2.7% ± 10, n = 8) (Fig. 3), indicating that the potentiation is NMDA receptor dependent. The
amount of potentiation observed in both (−/−) ␣CaMKII and (+/+) ␣-CaMKII slices followed a nor-
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It is possible that the LTP deficit observed in
(−/−) ␣-CaMKII mutant mice may reflect differences in the basic properties of synaptic transmission between mutant and wild-type mice, which
could consequently confound attempts to produce
LTP efficiently in mutant animals. To examine this,
we plotted input/output curves for data obtained
from (−/−) ␣-CaMKII and (+/+) ␣-CaMKII animals
(Fig. 5A). Synaptic input/output curves from agematched mutant and wild-type mice (1–3 months
old) are significantly different, with the mean
slope, calculated by linear regression, of wild-type
slices [n = 7; 34 ± 7.2 µV/V (microvolt response
per stimulus volt)] being over twice that observed
in mutant slices (n = 7; 16 ± 2.7 µV/V).
If differences in some aspect of depolarization
and/or cell excitability are present in the (−/−)

Figure 1: Tetanus-induced LTP of field EPSPs in the
CA1 region of the hippocampus is present, but diminished, in (−/−) ␣-CaMKII mutant mice. Field EPSP amplitude (mV) is plotted versus time (minutes), with the
arrow indicating the time of tetanus delivery (see Materials and Methods). Average field EPSP responses before
(10 consecutive trials, 5 min prior) and after tetanus (10
consecutive trials 60 min after) are shown, overlapping,
in the inset. Three representative experiments are
shown, demonstrating CA1 LTP in slices from a wildtype mouse (A), a young (16 days) mutant mouse (B),
and an adult (90 days) mutant mouse (C).
Figure 2: No correlation between age and percent potentiation post-tetanus was observed in (+/+) ␣-CaMKII
or (−/−) ␣-CaMKII mice. Potentiation of f-EPSP amplitude at 60 min post-tetanus is plotted vs. animal age
(days). Synaptic potentiation is not correlated with age in
either wild-type (n = 17, R = 0.28, P = 0.29, A) or mutant (n = 33, R = 0.27, P = 0.36, B) slices.

mal distribution around a mean value (Fig. 4). The
mean value for mutant slices is ∼50% of that observed in wild-type animals, with a comparable
standard deviation/mean for both groups of animals [S.D./mean: (+/+) = 0.71; (−/−) = 0.75].
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hippocampal slices from mice lacking the ␣-isoform of CaMKII and find that LTP is deficient in
these mutant mice. However, the deficiency is different from that first described (Silva et al. 1992b).
We find that there is a significant amount of potentiation in (−/−) ␣-CaMKII mutant mice, although it
is reduced to ∼50% of that observed in wild-type
animals. This ␣-CaMKII independent potentiation
is blocked by APV, suggesting that it is traditional
NMDA receptor-dependent LTP, and is consistent
in quantity and distribution (normal) across all ages

Figure 3: ␣-CaMKII-independent CA1 LTP is ∼50% of
that observed in (+/+) ␣-CaMKII mice and is blocked by
APV. Cumulative data from tetanus induced CA1 LTP of
f-EPSP responses in wild-type (␣-CaMKII +/+, 䊉, n = 17)
and mutant (␣-CaMKII −/−, 䊊, n = 33) slices, and in
mutant slices in the presence of 100 µM DL-APV (␣CaMKII −/− APV, 䉱, n = 8). The relative mean field
EPSP amplitudes ± S.E.M. (mV) are plotted versus time
(minutes), with the arrow indicating the time of tetanus
delivery. The mean values are indicated for time points
30 min, 15 min, and 5 min before tetanus, and 1 min, 5
min, 30 min, and 60 min after tetanus and are calculated
from f-EPSP amplitude values over a 5-min period, beginning at the time point indicated.

␣-CaMKII mutant mice, it might be possible to
overcome these deficits when trying to induce LTP
by use of stimuli of increasing strength. To address
this, stable base-line field, EPSP responses were recorded for 30 min in (−/−) ␣-CaMKII (n = 5) and
(+/+) ␣-CaMKII slices (n = 4), followed by successive tetani of 50, 100, and 200 Hz (each five trains,
10–20 pulses per train, 10 sec between trains),
with each tetanus separated by 30 min of recording (Fig. 5). The amount of potentiation at 30 min
following each tetanus was normalized to the
maximum level of potentiation obtained following
the 200 Hz tetanus. The resulting frequency—potentiation curves are shown, and they do not reveal
a higher threshold for potentiation in (−/−) ␣CaMKII mice compared with (+/+) ␣-CaMKII
mice. Although mutant mice show decreased responses following each tetanus when compared
with wild-type, these responses appear to be saturated with tetani of similar strengths in both mutant and wild-type slices.

Figure 4: Potentiation in (−/−) ␣-CaMKII and (+/+) ␣CaMKII slices 60 min post-tetanus follows a normal distribution. Histograms depicting the distribution of slices
with the indicated amount of potentiation 60 min posttetanus in mutant (A) and wild-type (B) slices.

Discussion
We have examined LTP in the CA1 region of
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␣-CaMKII AND LTP
not in opposition to the idea that the CaMKII holoenzyme does play a critical role in the induction
and maintenance of LTP, or that perhaps the ␣CaMKII isoform, specifically, is the dominant contributing molecule in wild-type mice. The residual
LTP observed in ␣-CaMKII mutant mice does suggest that some other molecule(s), such as other
isoforms of CaMKII or other implicated kinases, are
able to complement the CaMKII deficiency. In addition, it is possible that in the wild-type animal, it
is the ␣-CaMKII isoform alone that contributes, because of its high expression levels and optimal localization, and that only in its absence are the potential contributing functions of other molecules
revealed.
The ␣ isoform of CaMKII is the most abundant
subunit expressed in the adult mammalian hippocampus, in which it is found at a concentration
three times higher than the ␤ subunit, the next
most highly expressed brain isoform (McGuinness
et al. 1985; Miller and Kennedy 1985; Burgin et al.
1990). Previous results have shown that total
CaMKII activity in forebrain from (−/−) ␣-CaMKII
mutant mice is decreased to 45% ± 4, when measured by an in vitro assay, indicating that substantial CaMKII activity still remains in these mutant
mice (Silva et al. 1992a). Recent studies have also
shown that the ␤ isoform is able to target to synapses in the absence of the ␣ isoform, as it is observed to be present at normal levels in the postsynaptic densities of ␣-CaMKII mutant mice (M.
Kennedy, in prep.). These levels are low compared
with the wild-type levels of the ␣ isoform, as previous studies have also indicated that mRNA for the
␣ but not the ␤ isoform is localized in dendrites
(Burgin et al. 1990) and that the 3⬘-untranslated
region of the ␣ subunit mRNA is critical for dendritic targeting (Mayford et al. 1996). Consequently, the ␤ isoform may be positioned appropriately to receive an incoming calcium transient in
␣-CaMKII mutant animals, although its relative
lower abundance and perhaps lack of efficient
mRNA targeting would still lead to a less efficient
subsequent signaling response and decreased LTP.
The ␣ isoform of CaMKII is expressed postnatally in the hippocampus, initially at very low levels, increasing fivefold to high adult levels by 3
weeks of age (Kelly and Vernon 1985; Burgin et al.
1990). It contrast, the ␤-isoform is expressed at
moderate levels at birth and increases just slightly
during development. During the first week of postnatal development, tetanus-induced LTP is diminished, but present (Harris and Teyler 1984; Muller

Figure 5: (A) Synaptic input–output curves are steeper
in (+/+) ␣-CaMKII slices than in (−/−) ␣-CaMKII slices.
Elicited f-EPSPs (mV) as a function of stimulation
strength (V) are shown for a sampling of wild-type [␣CaMKII (+/+) broken lines, n = 7; 1–3 months old] and
mutant [␣-CaMKII (−/−) solid lines, n = 7; 1–2 months
old] slices. For each curve, a slope was calculated by
linear regression. The mean slope of the input–output
curves is greater in wild-type slices (34 ± 7.2 µV/V) than
in mutant slices (16 ± 2.7 µV/V) t test, P<0.05. (B) Successive tetani of increasing frequency do not reveal a
higher threshold for potentiation in (−/−) ␣-CaMKII mice
compared with (+/+) ␣-CaMKII mice. Following 30 min
of stable recording of base-line f-EPSPs, three successive
tetani of 50, 100, and 200 Hz (each five trains, 10–20
pulses per train, 10 sec between trains) were delivered to
the slice, each separated by 30 min of recording. The
amount of potentiation at 30 min following each tetanus
was normalized to the potentiation following the 200Hz tetanus and was plotted relative to the tetanus frequency for both wild-type (+/+, solid line, n = 4; 1–2
months old) and mutant (−/−, broken line, n = 5; 1–2
months old) slices.

examined. ␣-CaMKII is therefore not absolutely required for CA1 LTP, although it clearly may contribute and/or play a modifying role. This result is

L

E

A

R

N

I

N

G

&
349

M

E

M

O

R

Y

Hinds et al.
If ␣-CaMKII mutant mice have a deficit in LTPinduction mechanisms, then one may be able to
overcome this deficit by delivering stronger tetani.
Our results, however, indicate that increasing tetanic strength or number does not overcome the
mutant phenotype. Mutant mice appear to have a
similar threshold for LTP induction and their LTP
saturates with similar tetanic strengths as wild-type
mice. Although this implicates deficient expression mechanisms in ␣-CaMKII mutant mice, it is
possible that tetanus-delivered stimulation does
not produce effective maximal depolarization.
Whole cell experiments using a pairing protocol
for LTP induction would be useful to determine if
such a limit to effective postsynaptic membrane
depolarization exists in these animals.
The complete lack of LTP and/or bimodal distribution of LTP values observed in previous studies (Silva et al. 1992; Stevens et al. 1994) is in contrast to that observed in our present studies, in
which LTP was typically present in a normal distribution across mutant slices, but reduced compared
with wild-type values. The bimodal distribution
suggests that a variable at the level of the entire
slice or the entire animal may be working to affect
the probability of eliciting LTP in these experiments. A normal distribution of LTP would be expected if there is a large number of synapses acting
independently, some producing LTP and some not,
with the absence of ␣-CaMKII decreasing the likelihood or amount of LTP that can be obtained at
any synapse.
There are several factors that could be contributing to the contrasting results observed in our
present and previously reported CA1 LTP experiments. Two major variables are the precise experimental conditions used and the specific mutant
animals examined. First, it is possible that minor
differences in slice preparation and maintenance,
stimulating and recording electrode type and
placement, and specific recording conditions
could have various effects on either slice health,
effective stimulation, or postsynaptic cell depolarization, and subsequent LTP induction. It is also
possible that the differences between present and
past analyses of ␣-CaMKII mutant mice are caused
by the differences in the genetic background of the
mice used (Gerlai 1996a,b; Crawley 1996; Crusio
1996; Lathe 1996; Banbury Conference 1997). The
earlier study was carried out with F2 and F3 mice
produced between the 129Sv and BALB/c strains,
whereas the present study utilized progeny generated by repeated sister/brother mating of litters

et al. 1989; Dudek and Bear 1993; Bolshakov and
Siegelbaum 1995; Liao and Malinow 1996), and increases in a fashion that parallels the expression of
␣-CaMKII. Interestingly, in one study, the amount
of tetanus-induced LTP observed in the youngest
animals tested (postnatal day 4–9) was ∼50% of that
observed in older animals (postnatal day 10–14)
(Liao and Malinow 1996), comparable with the difference we observe between ␣-CaMKII mutant and
wild-type mice (Fig. 3). Because LTP, although reduced, is still attainable in young wild-type animals
when the ␣-isoform is known to be poorly expressed, it suggests that the ␤ isoform of CaMKII
(or other mediators) can partially complement the
absence of ␣-CaMKII.
Whereas tetanus-induced LTP is reduced in
very young rats, LTP induced by low frequency
stimulation paired with depolarization of the postsynaptic cell during whole cell recording produces
a robust potentiation similar to that observed in
older animals (Liao and Malinow 1996; Durand et
al. 1996; J.A. Cummings, J.T.R. Isaac, R.A. Nicoll,
and R.C. Malenka, unpubl.). This result, combined
with the observation that the majority of CA1 transmission in young animals acts through NMDA receptors, making them effectively silent at hyperpolarized potentials, led to the hypothesis that an insufficient depolarization during LTP induction is
responsible for the diminished LTP observed in immature animals. To address whether our deficiency
in LTP is attributable to similar problems with induction or with subsequent expression mechanisms, we examined other parameters of synaptic
transmission. Basal transmission, as indicated by
the slope of input-output curves, is diminished in
our mutant animals, compared with wild-type animals. This also parallels what was observed in
young wild-type rats, which show reduced inputoutput slopes when compared with older animals
(Liao and Malinow 1996). These similarities suggest that ineffective depolarization could be contributing to LTP induction deficits in ␣-CaMKII mutant mice. It will be interesting to examine in future studies whether ␣-CaMKII mutant mice have
increased numbers of silent synapses. Although a
high proportion of pure NMDA silent synapses
could be a barrier to eliciting LTP, it could also be
a reflection of deficient LTP during the development of ␣-CaMKII mutant mice, as it is thought
that an LTP-like process is necessary to convert
pure NMDA-receptor synapses to synapses with
mixed AMPA and NMDA receptor function (Isaac
et al. 1995; Liao et al. 1995; Wu et al. 1996).
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that included contributions from the C57Bl/6
strain. It is quite possible that each of these mouse
strains contains a unique assortment of alleles at
multiple loci, and that these alleles could play roles
directly in the LTP mechanism, peripherally as
modifiers of LTP, or indirectly by changing other
aspects of neurologic function that could affect
plasticity. In fact, it has been shown recently that
the amount of hippocampal LTP produced following -burst stimulation varies among different inbred strains of wild-type mice (T. Abel, P.V.
Nguyen, R. Bourtchouladz, M.E. Bach, I. Gaprindashvili, P. Jain, and E.R. Kandel, unpubl.). For example, a 129Sv inbred line has been shown to exhibit reduced levels of hippocampal LTP following
-burst stimulation (T. Abel, P.V. Nguyen, R.
Bourtchouladz, M.E. Bach, I. Gaprindashvili, P.
Jain, and E.R. Kandel, unpubl.). Because a 129Sv
embryonic stem (ES) cell line was used to create
the original ␣-CaMKII mutant mice, it is possible
that 129Sv gees that account for this reduction in
LTP could be closely linked to the mutated ␣CaMKII locus, and therefore more readily retained
in early generations of animals. For this reason, as
well as the numerous behavioral deficits that are
known to be associated with the 129Sv background (Gerlai 1996a), ES cells from the C57Bl/6J
line are being used in our laboratory for creating
future mutant mice.
It is possible that in the mice used in the earlier
LTP study, the combinations of the alleles of the
relevant genes fell into two classes: one in which
␣-CaMKII is essential for LTP and another in which
␣-CaMKII is entirely dispensable, explaining the bimodal distribution of LTP values. As the C57Bl/6
background was introduced and brother–sister
mating was repeated, a combination of alleles that
permits partial dependency on ␣-CaMKII may have
been established in the pedigree. Recently, a bimodal distribution of other phenotypes was also observed among the progeny of early crosses of the
original ␣-CaMKII mutant line that was repeatedly
crossed into C57Bl/6 (Gordon et al. 1996). Visual
cortical plasticity experiments revealed a severe
deficit following monocular occlusion in only
about one half of the ␣-CaMKII mutants of this line,
with a similar fraction of animals showing a deficit in
spatial learning in the Morris water maze following a
period of intensive training. Mapping the genetic loci
responsible for phenotypic differences both within,
and between, these strains could be a valuable tool
for identifying other genes that influence hippocampal LTP, and other ␣-CaMKII-associated phenotypes.
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In conclusion, we find that NMDA receptordependent CA1 LTP is present, but reduced in
mice lacking the ␣ subunit of CaMKII in the present background examined. Therefore, ␣-CaMKII is
not absolutely required for LTP. However, ␣CaMKII appears to play a role, and these results do
not preclude an absolute requirement for CaMKII
in LTP, as other isoforms of CaMKII could be
complementing the deficiency in the ␣-isoform. Although we cannot conclude whether the deficit is
in the induction or expression of LTP, future
whole cell recording experiments looking at silent
synapses and postsynaptic depolarization in ␣CaMKII mutant mice could be enlightening.
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