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Potentiated Transmission and Prevention of
Further LTP by Increased CaMKII Activity in
Postsynaptic Hippocampal Slice Neurons

D. L. Pettit, S. Periman, R. Malinow*

Calcium-calmodulin-dependent protein kinase Il (CaMKII) js a necessary component of
the cellular machinery underlying learning and memory. Here, a constitutively active form
of this enzyme, CaMKII(1-290), was introduced into neurons of hippocampal slices with
a recombinant vaccinia virus to test the hypothesis that increased postsynaptic activity
of this enzyme is sufficient to produce long-term synaptic potentiation (LTP), a prominent
cellular model of learning and memory. Postsynaptic expression of CaMKIi(1-290) in-
creased CaMKII activity, enhanced synaptic transmission, and prevented more poten-
tiation by an LTP-inducing protocol. These results, together with previous studies, sug-
gest that postsynaptic CaMKII activity is necessary and sufficient to generate LTP.

CaMKII mediates numerous physiological
processes triggered by a rise in intracellular
Ca?* jons (1). In the brain, its abundance
at excitatory synaptic contacts (2) makes it
strategically placed to respond to localized
Ca’* transients. Its molecular properties
suggest that this enzyme could convert a
transient signal to a long-lasting modifica-
tion (3). Particular attention has been paid
to the role of CaMKII in LTP, a form of
activity-dependent synaptic plasticity that
may underlie some forms of learning. LTP is
triggered by a conditioning protocol that
transiently activates postsynaptic N-meth-
yl-D-aspartate (NMDA) receptors (4) and
produces an increase in postsynaptic Ca?*
concentration (5). The biochemical steps
occurring after this increase in Ca?" have
not been established, although several pro-
tein kinases have been implicated (6-9). In
particular, inhibition of CaMKII activity in
neurons, either with peptide inhibitors (10)
or genetically (11), prevents LTP.

To test the hypothesis whether postsyn-
aptic CaMKII activity is sufficient to gener-
ate LTP, we used vaccinia virus (VV) infec-
tion to introduce recombinant products into
neurons of hippocampal slices. Slices were
prepared from 9- to 13-day-old rats by stan-
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dard methods (12). Under visual guidance,
the extracellular space of the CA1 pyramidal
cell body layer was injected with asolution
containing purified VV (13). Slices were
then incubated at 35°C for 4 to 16 hours to
allow for infection and expression of the
recombinant gene products. Initially, exper-
iments with a VV encoding B-galactosidase
(BGVV) were performed to test for neuronal
expression of recombinant virus product. In-
fected slices were fixed, stained with X-gal,
and cleared (Fig. 1, A, B, and C). Within 4
hours of infection, recombinant expression
could be detected (14). Overlapping injec-
tions, carefully controlled to ensure maximal
delivery of virus-rich solution to the tissue,
produced continuous staining of the injected
area (Fig. 1, A and B). Thin sections (40
wm) through slices indicate that such injec-
tions can infect 100% of cells in the injected
area (Fig. 1A). Injections can be restricted to
targeted regions, for example, the postsynap-
tic CAl region (Fig. 1B). Recombinant
products in such infections are not expressed
in presynaptic structures because to express
recombinant products VV requires transla-
tional machinery not found in presynaptic
axons or terminals (15). The cell bodies of
the presynaptic neurons show no expression
of recombinant products in infections of the
CA1 region (Fig. 1B). Electrophysiological
properties of cells infected with BGVV were
indistinguishable 6 hours after infections
compared with those of uninfected cells (in-
put resistance: 290 * 3 megohms for cells
from BGVV-infected slices, n = 22; 276 = 1
megohms for uninfected cells, n = 8, P >
0.5, t test; resting membrane potential: 54 *
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0.8 mV for cells from BGVV-infected slices,
n = 28; 54 * 1 mV for uninfected cells, n =
13, P > 0.5, t test). In some experiments,
recordings from infected cells were con-
firmed by inclusion of the B-galactosidase
substrate CMFDG (Fig. 1D) in the recording
pipette.

We designed a recombinant VV to pro-
duce a constitutively active form of CaMKII
(16). We expressed amino acids 1 to 290 of
a-CaMKII [CaMKII(1-290)], corresponding
to its catalytic domain (17). This protein
shows constitutive CaMKII activity (17, 18),
with no observed effects on other signal
transduction pathways (18). To confirm that
the virus [CaMKII(1-290)VV] made a func-
tional product, we measured CaMKII ac-
tivity in a cell line cotransfection assay
system. GH3 pituitary cells were trans-
fected by electroporation with a luciferase
reporter plasmid under control of a rat
prolactin promoter (2.5 kb). In this assay
(18), CaMKII phosphorylates transactiva-
tors of the prolactin promoter resulting in
an increase in luciferase production. Cells
infected with CaMKII(1-290)VV showed
increased luciferase activity compared
with cells infected with BGVV (Fig. 2A).
To determine the effects of these viruses
on CaMKII activity in hippocampal slices,
we infected slices with  either

CaMKII(1-290)VV or BGVV and al-
lowed them to incubate for 6 hours. The
infected CAl region was dissected, and
homogenates were tested for constitutive

Fig. 1. Anatomically restricted expression
of recombinant products with microappli-
cation of vaccinia virus to hippocampal
slices. (A) Photomicrograph of hippocam-
pal slice injected with B-galactosidase—
producing recombinant vaccinia virus
(BGWV) into the extracellular CA3 cell body
region. Infected slices were incubated (at
35°C for 8 hours) and fixed. Thin sections
(40 wm) were prepared, stained with X-gal,
and counter stained with neutral red (orig-
inal magnification x10). (B) Photomicro-
graph of hippocampal slice injected with
BGWV into the extracellular CA1 cell body
region, incubated, and stained with X-Gal

(Ca’*-independent) CaMKII activity,
constitutive protein kinase A (PKA) ac-
tivity, or constitutive protein kinase C
(PKC) activity (19). Slices infected with
CaMKII(1-290)VV showed an increase of
14% in constitutive CaMKII activity com-
pared with BGVV-infected controls (n =
7, P < 0.025, paired ¢ test; Fig. 2, B and
C). This increase is comparable with ac-
tivity levels that have been measured dur-
ing LTP (20). Constitutive PKA and PKC
activities were not significantly changed
in CaMKII(1-290)VV-infected slices
compared with BGVV-infected slices (P
> 0.3, n = 6 for each enzyme assay).
We then measured the effects of
CaMKII(1-290)VV on synaptic transmis-
sion 4 to 8 hours after infection. At this
time, whole-cell recordings were obtained
from neurons in the regions injected with
CaMKII(1-290)VV or BGVV. In prelimi-
nary experiments, increasing stimulus
strength from a value yielding no transmis-
sion to a value just producing transmission
(21, 22) gave larger transmission in slices

‘infected with CaMKII(1-290)VV (9.3 + 2.3

pA, n = 8) compared with slices infected
with BGVV (5.5 = 3 pA, n = 4). These
results from minimal stimulation suggested
that transmission per fiber was greater in
slices infected with CaMKII(1-290)VV. To
test this more rigorously, we randomized the
two viruses, and experiments were conduct-
ed and the data analyzed in a blind manner.
There were no significant differences be-

(original magnification x 10). (C) High magnification (original magnification x40) shows an individual CA1
pyramidal cell expressing B-galactosidase. (D) Fluorescence photomicrograph of a pyramidal cell filled
with 200 .M CMFDG (Molecular Probes) by whole-cell pipette. CMFDG reacts with B-galactosidase to

produce a fluorescent product.
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tween the two groups with respect to resting
membrane potential [CaMKII(1-290)VV-
infected: —53 = 0.81 mV, n = 24; BGVV-
infected: =53 * 0.83 mV, n = 28; P > 0.5]
or input resistance [CaMKII(1-290)VV-in-
fected: 266 * 24 megohms, n = 20; BGVV-
infected: 289 * 30 megohms, n = 22; P >
0.5]. Synaptic transmission was elicited by a
bipolar stimulating electrode placed outside
the injected region. An input-output curve
was obtained for each recording by measur-
ing the average response at each of several

g
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Syntide-2 phosphorylation (% of BGVV)

Fig. 2. Recombinant vaccinia virus makes func-
tional CaMKII(1-290). (A) Lysates from GH3 cells
infected with CaMKII(1-290)VWV or BGWV (multiplic-
ity of infection, 10:1) were assayed for CaMKII-
dependent luciferase activity (18) at 0, 6, 12, and 24
hours after infection. (B) Phosphorylation of syn-
thetic CaMKIl-substrate peptide, syntide-2, by
CA1 homogenates from slices infected with BGW
(O) or CaMKII(1-290)WV (@). Each point is the av-
erage (= SEM) of triplicates obtained for different
amounts of homogenate protein. (C) Mean (=
SEM) of syntide-2 phosphorylation as a percent of
syntide-2 phosphorylation by BGWV-infected slic-
es. The (*) indicates statistically significant differ-
ence of P < 0.025,n = 7, paired t test.



stimulus strengths (23). As more fibers were
recruited by enhancing the stimulus
strength, mean transmission increased more
in the group injected with CaMKII(1-
290)VV than in the group of slices injected
with BGVV (Fig. 3B). The fourfold differ-
ence in transmission is unlikely to be due to
differences in fiber excitability at the stimu-
lation site because stimulating electrodes
were placed well outside (>500 wm) the
injected regions. Thus, these results are con-
sistent with those obtained with minimal
stimulation and indicate that the amount of
transmission per fiber was greater in the
group injected with CaMKII(1-290)VV.
Increased CaMKII activity could affect
voltage-dependent ion channel function
(24) and enhance neuronal excitability. If
this occurred, spontaneous activity during
the incubation period could generate con-
ventional LTP, complicating interpreta-

Fig. 3. Postsynaptic in-
fection with virus encod-
ing CaMKII(1-290) po-
tentiates  transmission.
(A) Responses to sub-
threshold and minimal
stimuli (stimulus voltage
indicated) in slices infect-
ed with indicated virus

tions. To address this possibility, we repeated
the experiments described above in the pres-
ence of the NMDA antagonist DL-2-amino-
5-phosphonovaleric acid (APV, 100 uM)
during the preparation, virus injection, incu-
bation, and recording period. Input-output
curves for slices injected with either
CaMKII(1-290)VV or BGVV were ob-
tained and analyzed in a blind manner. Slic-
es injected with CaMKII(1-290)VV showed
a fourfold increase in transmission compared
with slices injected with the control virus
BGVV (Fig. 3C). Indeed, the results in the
presence or absence of APV were indistin-
guishable. These results indicate that the
enhanced transmission produced by in-
creased CaMKII activity is not due to the
generation of NMDA-dependent LTP dur-
ing the incubation period.

We tested whether the enhanced trans-
mission in slices infected with CaMKII(1-

A
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prepared, incubated, and
recordings obtained in

Stimulus strength (V)

Intensity change (V)

the presence of 100 uM APV. The average slope of the curves was significantly greater in slices infected
with CaMKII(1-290)WV (14.2 * 3.6 pA/V; n = 7) compared with slices infected with BGVV (3.4 * 0.9 pA/V,
n = 8; P <0.01, Mann-Whitney U test). In these experiments (A, B, and C) the CA1 region was infected with
either BGWV or CaMKII(1-290)VV and incubated for 4 to 8 hours. Stimulus electrodes were placed in the
stratum radiatum outside injected regions, and whole-cell recordings were obtained from CA1 neurons. The
identity of the virus was not revealed until after all of the data had been collected and analyzed.
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290)VV was related to LTP. Because LTP
can show saturation (25), if increased
postsynaptic CaMKII activity produces max-
imum LTP, no more LTP should be possible
in cells infected with CaMKII(1-290)VV.
This type of occlusion experiment has been
used to test if two phenomena share com-
mon underlying mechanisms (26, 27). We
infected slices with either CaMKII(1-
290)VV or BGVV and conducted and ana-
lyzed experiments in a blind manner.
Whole-cell recordings were obtained from
injected CAL1 cell body regions. After a short
baseline period (28), an LTP-inducing pro-
tocol pairing presynaptic activity with
postsynaptic depolarization (see Fig. 4 leg-
end) was delivered, and its effect on trans-
mission was monitored for 15 to 60 min. The
pairing protocol produced potentiation in
the group of slices injected with BGVV (n =
13) (Fig. 4A). However, in the group of
slices injected with CaMKII(1-290)VV,
transmission returned to baseline levels
within 3 to 5 min after the pairing protocol
(n = 12) (Fig. 4B). This prevention of fur-
ther LTP required new viral transcription
because the effect was not observed if
CaMKII(1-290)VV was injected into slices
bathed in actinomycin D, an inhibitor of
RNA synthesis (Fig. 4C). This result also
argues against the possibility that co-injec-
tiori of a compound generated during the
production of CaMKII(1-290)VV was re-
sponsible for the effect on LTP. These find-
ings support the hypothesis that increased
CaMKII activity in postsynaptic cells triggers
LTP maximally, preventing more LTP.

In this study we have used vaccinia virus
infection to introduce recombinant products
into selected neuronal populations in brain
slices. The resulting expression is robust, can
be restricted to selected populations of cells,
and has no observed effect on synaptic trans-
mission or plasticity. The virus is not trans-
ported transynaptically during the 4 to 16
hours of our experiments. This technique
should be applicable to studies of any cloned
protein and may prove useful as a means to
rescue function in tissue from ‘“knock-out”
transgenic mice. This method of introducing
proteins into neurons is preferable to deliv-
ery of proteins through a whole-cell pipette
because it avoids the washout of cytosolic
components necessary for cellular processes
(for example, LTP).

We have generated a virus that produces
constitutive CaMKII activity and used it to
test whether postsynaptic expression of this
protein mimics and prevents further LTP.
The increase in constitutive CaMKII activ-
ity in slices induced by infection with
CaMKII(1-290)VV is comparable with the
increase seen after LTP induction (20, 29).
Neurons infected with CaMKII(1-290)VV
showed increased responses to minimal stim-
ulation as well as steeper input-output curves
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Fig. 4. Postsynaptic expression of CaMKII(1-290)
prevents potentiation by LTP-inducing protocol. (A
and B) Ensemble average amplitude of the excita-
tory postsynaptic current (EPSC) plotted as a func-
tion of time for transmission elicited 4 to 8 hours
after slices were injected with either BGW (A) (n =
13) or CaMKII(1-290)WV (B) (n = 12). CA1 regions
of slices were infected with either BGW or
CaMKII(1-290)WV and incubated for 4 to 8 hours.
The identity of the virus was not revealed until after
all of the data had been collected and analyzed.
Forty baseline EPSCs were recorded at a constant
holding potential of —55 to —65 mV. A pairing
protocol (the postsynaptic cell was depolarized to
~—15 mV while afferent stimuli were continued for
25 trials) was delivered (bar), and transmission was
monitored at the original holding potential for 15 to
60 min. For each experiment, transmission is nor-
malized to average response obtained before pair-
ing. Ensemble averages are computed from these
normalized data. Each point in the graph is a five-
point average (= SEM) from ensemble averages.
(C) Potentiation of transmission and prevention of
LTP by postsynaptic infection with virus encoding
CaMKII(1-290) are not observed in actinomycin D.
The graph shows the mean (= SEM) of EPSC am-
plitude elicited before and 10 min after a pairing
protocol in slices infected with BGVV (filled bars, n
= 11), CaMKII(1-290)WV (white bars, n = 10), and
CaMKII(1-290)WV in the presence of actinomycin D
(10 wg/ml) (shaded bars, n = 7). In each experi-
ment, stimulus strength was set to a level ~10%
above a maximal stimulus that elicited no transmis-
sion. Note that in actinomycin D, slices infected
with CaMKII(1-290)VV, transmission is not elevat-
ed before pairing and shows normal potentiation
after pairing protocol. In all conditions larger re-
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(30), supporting the hypothesis that postsyn-
aptic CaMKII activity potentiates synaptic
transmission.

Slices perfused with the NMDA receptor
antagonist APV and infected with
CaMKII(1-290)VV also had a fourfold syn-
aptic enhancement, showing that the synap-
tic potentiation produced by CaMKII does
not require NMDA activity and suggesting
that CaMKII is part of the pathway leading
to LTP downstream of the NMDA receptor.
This result also suggests that increased
postsynaptic CaMKII mediates LTP rather
than just lowering the threshold for obtain-
ing LTP (that is, low levels of NMDA ac-
tivity during the incubation of slices infected
with CaMKII(1-290)VV producing LTP).

If the ‘CaMKII(1-290)-induced synaptic
enhancement is LTP, then subsequent pro-
tocols that normally induce LTP should
yield no further synaptic potentiation. In-
deed, a protocol that generated robust poten-
tiation in BGVV-infected slices resulted in
no persistent potentiation in slices infected
with CaMKII(1-290)VV, suggesting that in-
creased postsynaptic CaMKII activity satu-
rates a process normally used to express LTP.

The absence of LTP in CaMKII(1-
290)VV-infected slices could be due to a
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block rather than occlusion of LTP. We
think this is not likely because (i) an in-
crease in CaMKII activity similar to that
observed in the CaMKII(1-290)VV-infect-
ed slices is observed during LTP (20) and (ii)
block of CaMKII activity prevents LTP (10).
Thus, the simplest interpretation of our re-
sults is that the absence of LTP in
CaMKII(1-290)VV-infected slices indicates
a prior maximal activation rather than a
block of LTP.

Our results support a model in which
postsynaptic CaMKII activity is necessary
and sufficient to generate LTP in CA1 hip-
pocampus (31). These results, however, are
not inconsistent with important roles for
other kinases in the generation of LTP (6—
9). CaMKII could increase quantal size by
phosphorylation of postsynaptic GluR1
(32) or increase quantal content by activa-
tion of GluR1 receptors at synapses with no
active GluR1 receptors or by modification
of presynaptic function mediated by a ret-
rograde message.
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Seasonal Precipitation Timing and Ice Core Records

C. D. Charles et al. performed global circu-
lation model experiments of moisture source
changes in Greenland (1). Their results
speak to the risk of interpreting records of
isotopic shifts strictly as “temperature,” be-
cause changes in the location of dominant
moisture sources for Greenland precipita-
tion probably changed the effective §'80-
temperature relationship temporally and
spatially between the last glacial maximum
(LGM) and the present. In light of our
preliminary findings from the GISP2 core,
we would like to comment on the interpre-
tation of the results of Charles et al. and urge
caution in how they are applied because
they have important implications for paleo-
climate reconstruction from ice cores.

Local temperature does play an impor-
tant role in 380 variations in polar ice
cores (2). Such changes are usually inter-
preted as indicative of global climate
change. The validity of this approach is
borne out by the good agreement among
paleotemperature records derived from ice
cores, ocean sediments, terrestrial pollen
records, and so forth. Yet, local isotope
values may change as a result of factors
other than temperature. Moisture source
variability is undoubtedly one of these fac-
tors, but of potentially comparable impor-
tance is'the seasonal variation in the timing
of precipitation events, regardless of the
source region. Unfortunately, the necessary
sensitivity tests have not been run on the
global circulation model to examine the
importance of this factor (3).
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Any atmospheric constituent that ex-
hibits large seasonal changes and relatively
small long-term changes will be sensitive to
the seasonal timing of precipitation (4).
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Fig. 1. Trends of mean annual temperature (T,,),
accumulation-weighted temperature (T,gightea), at
Jakobshavn, and 8'80 at Summit, Greenland,
187410 1970. (A) T,,, (dashed line) compared with
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