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Summary

Calcium-phospholipid-dependent protein kinase (PKC)
has long been suggested to play an important role in
modulating synaptic efficacy. We have created a strain
of mice that lacks the y subtype of PKC to evaluate
the significance of this brain-specific PKC isozyme In
synaptic plasticity. Mutant mice are viable, develop
normally, and have synaptic transmission that is indis-
tinguishable from wild-type mice. Long-term potentia-
tion (LTP), however, Is greatly diminished in mutant
animals, while two other forms of synaptic plasticity,
long-term depression and paired-pulse facilitation, are
normal. Surprisingly, when tetanus to evoke LTP was
preceded by a low frequency stimulation, mutant ani-
mals displayed apparently normal LTP. We propose
that PKCy is not part of the molecular machinery that
produces LTP but is a key regulatory component,

Introduction

Kinases have repeatedly been implicated in the mecha-
nism of long-term potentiation (LTFP), the most intensively
studied cellular mode! for memory (see Bliss and Collin-
gridge, 1993). Recently, phosphatases have been found
to participate in the inverse mechanism for the regulation
of synaptic strength, hippocampal long-term depression
(LTD) of the sort defined by Dudek and Bear (Mulkey at
al.. 1993; Dudek and Bear, 1882). Although the addition
and removal of phosphate groups on unidentified proteins
is widely believed to be important in the regulation of syn-
aptic strength, very little avidence relates to the precise
mechanisms. One possibility is that phosphorylation of
some special protein(s) is an integral step in the pathway
for LTP, but an alternative is that phosphorylation of this
protein(s) is simply regulatory, so that the level of phos-
phorylation controls the likelihood, threshold, or magni-
tude of LTP.

Mutant mice produced by embryonic stem (ES) cell gene
targeting technique to be defective in a particular gene
product provide an attractive model system in which to
study synaptic plasticity. We can obviate the lack of highly
specific pharmacological tools to study various protein ki-
nases with this approach; furthermore, we can investigate

consequences of the mutation for behavior (for examples
see Silva et al,, 1992a, 1952b; Grant &t al., 1982). Hippo-
campal LTP in particular has been suggested to play an
important role in certain types of learning and memory
and has attracted considerable attention (Bliss and Collin-
gridge, 1993). The availability of knockout mice thys pro-

vides a unique opportunity to address the speacific role of
kinases in LTP and LTD and the relationship aen
these forms of synaptic plasticity and the learning and

memory processes,

In an earlier study, Silva et al. (1992a) demonsgtrated
that a null mutation in one of the kinases frequenthy impli-
cated in LTP, a-CaM kinase Il (aCaMKll), greatly dimin-
ishes the magnitude of LTP but seems not to eliminate it

that lack the y isoform of Ca®-phospholipid-de
protein kinase (PKC). PKC constitutes a family of
zymes involved in signal transduction pathways in diversa
systems. This enzyme was chosen for study betause
pharmacological studies have repeatedly implicated PKC

1989; Malinow et al., 1989; Reymann et al., 1988;
and Feng, 1952). PKC may also play a role in mainte
of LTP (Klann etal., 1991; Sacktor etal., 1993). In addition,
redistribution of subcellular PKC in hippocampal neurons
appears to coincide with LTP (Akers et al., 1988). The ¥
iscform was selected because it is brain specific, is richly
represented in hippocampus where LTP and LTD are ro-
bustly expressed (Nishizuka, 1988), and appears fto be
present primarily in the dendrites and cell body of neurons
(Huang et al., 1988). Moreover, the v iscform appears late
in development, so that brain defects that simply reflect
abnormal neural development are less likely.
PKCy-mutant mice are viable; their behavior in psual
situations is not noticeably impaired; the brain anatomy
is not apparently disturbed; and synaptic transmissign ap-
pears normal. LTD is intact, but LTP is aberrant. L
induced by the commeonly used high frequency sti
tion, is greatly diminished. When this high freque
ulation is given after a low frequency stimulation
sort used to produce LTD, however, LTP of approxi

does not depend on LTD actually appearing, but j
the prior stimulation history of the synapses; we th
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Results

Generation of PKCy-Mutant Mice
ES cell technology was used to generate PKCy-mutant
mice by homologous recombination into the garmline. A
homologous recombination vector was constructed con-
taining PKCy sequences harboring a 2.5 kb deletion. Inte-
gration of this vector would result in the loss of an exon
containing the nucleotide-binding domain required for ca-
talytic activity (Figure 1A). This vector was transtected into
E14 ES cells (Thompson at al., 1989), and clones con-
taining the desired homologous integration were identified
by G418 selection and Southern blot hybridization. Five
positive clones were identified, and these were injected
into blastocysts to produce chimeric animals. Chimeric
males were mated to C57BL/G females and three chimeric
animals transmitted the mutation through the germline.
Heterozygote progeny were intercrossed, and the off-
spring were typed by Southern blot analysis for the PKCy
mutation (Figure 1B). PKCy-mutant progeny are viable and
can only be distinguished from wild-type littermates in the
normal cage environment by mild uncoordination (Abelio-
vich et al., 1983 [this issue of Call]).

MNorthern blot analysis of RNA from wild-type and PKCy-
mutant mice (Figure 1C) demonstrated that PKCy-mutant
mice lack normal PKCy RMA transcripts. Western blot
analysis of total brain protein with a rabbit polyclonal anti-
serum specific to PKCy indicated that no PKCy protein
could be detected in brains of mutant mice (Figure 1D).
Additionally, we did not detect up-regulation of PKCR, the
major PKC isotype in the brain. Analysis of PKC activity
in homogenates of mutant and wild-type brains indicated
that mutant mice possess a 29% = 4% decrease in total
PKC activity (data not shown), consistent with the known
distribution of PKCy in the brain (Sae et al., 1988). Further-
maore, immunoprecipitation of PKCy activity with a mouse
monoclonal antibody indicated that mutant mice were de-
void of immunoprecipitable PKCy activity (data not
shown).

Histochemical analyses of PKCy-mutant mice did not
reveal any gross anatomical abnormalities in the hippo-
campus or elsewhere (n = 3; Figure 2). This is consistent
with the late onset of PKCy expression (Mishizuka, 1988)

Synaptic Transmission Is Unimpaired
We have examined the amplitude and time course of syn

aptic responses, the functioning of NMDA receptors, ang
paired-pulse facilitation. The only difference we could dar
[
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Figure 3. Amplitude Histogram of Responses to Minimal Stimulation

Responses ward recorded in wild-type (solid line) and mutant shces
(dashed ling) in whole-cell patch clamp configuration. Stimulus inten-
sity was adjusted such that failure rate of responses elicited was
~ &0%,. The histogram shows the probability of cbserving a response
as a function of response size (excitatory postsynaptic current ampli-
tuda). Bin size is 3 pA. Distributions of evoked responses are virtually
ingistinguishable batwean the wild-type (B64 trials; n = 7 cells, seven
slicas from five mica) and the mutant (8594 trials, n = 7 cells, seven
slices from five mice) cells. This indicates that mutant slices display
normal postsynaplic rSponsivensss.

The time course and magnitude of the NMDA receptor
components, and the ratios of non-NMDA to NMDA recep-
tor components of synaptic currents do not differ between
wild-type and mutant slices (data not shown). Further, the
voltage sensitivity of the NMDA receptor that is critical
for its activity, and consequently for synaptic plasticity, is
unchanged by the absence of PKCy (Figure 4).

Paired-pulse facilitation is a potentiation of the postsyn-
aptic response 1o the second stimulus of the pair. It is
caused by enhanced transmitter release from the presyn-
aptic terminals (Mallart and Martin, 1968). Figure 5 pre-
sents data from experiments in which pairs of pulses were
applied at varying interpulse intervals between 20-160
ms. The mutant slices showed paired-pulse facilitation that
is slightly, but consistently, above that of the wild-type
slices.

LTD Is Unimpaired

LTD is an important form of synaptic plasticity that shares
steps with LTP; bath require the initial influx of Ca* ions
through NMDA receptor channels. We have examined this
form of synaptic plasticity and find it to be unimpaired in
induction, maintenance, and magnitude.

LTD was produced by the Dudek-Bear protocol (Dudek
and Bear, 1992). Figure & presents histograms of the am-
plitude of LTD produced in 26 wild-type slices and 29 mu-
tant slices with field potential recording. As with LTP (see
below), the magnitude of the effect is quite variable from
slice to slice. The mean size, shape of the distribution
function, and variance of the distribution function are not
significantly different for the wild-type and mutant animals.
Thus, LTD is present in the mutant animals that lack FKCy.

LTP Is Abnormal
The usual test for LTP is to examine the increass in synap-
tic strength produced by tetanic stimulation. We have car-
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Figure 4. Voltage Dependence of NMDA Receptors

The perfusate contained 10 pM of CNQX to block non-NMDA recaptor
componant of synaptic currents. Fraction (F) of the maximum conduc-
tance through the NMDA receptor channeis is plotted as a function
of holding membrane potentials. Data from four wild-type calls (top;
four slices from two mice) and five mutant cells (bottom; five shces
from three mice) are shown. Error bars display SEM. Insets show
sampie traces of synaptic currents at various holding potentials (mVv).
from 1op to bottom, +50, +40, +30, +20, =70, =50, 0, and =20 for the
wild-type call ang +40, +30, +20, —60, —40, 0, and —20 for the mutant
cell. Calibration bars are 10 ms and 100 pA (wild-type trace) or 200
pA (mutant trace). The smooth curves were fitted with the following
equation: g{V) = 11 + exp{ — 0.062V)(C/3.57)], where g is conduc-
tance in picosiemens, V is membrane potential in millivolts, and C is
the sxtracellular magnesium concantration in millimodes/|iter (Jahr and
Stevens, 1990).

ried out field potential experiments in 14 mutant slices to
compare with 17 control slices. LTP was clearly deficient
in mutant slices (Figures 7 and BA). Identical results were
obtained by an independent set of fiseld potential re-
cordings comparing LTP in ten mutant and four wild-type
slices. Whele-cell recording is a more effective method
for producing LTP than field potential recording since it
allows a direct control of the postsynaptic membrane po-
tential that is crucial for LTP induction. To test whether
LTP deficiency in mutant slices can be overcome by con-
trolling the postsynaptic membrane potential, whole-cell
recordings have been carried out (7 contrel and 12 mutant
slices). LTP clearly was attenuated or absent in the mu-
tants (averaged trace not shown). To compare this effect
quantitatively, we have made amplitude histograms (Fig-
ure 8). As-usual, the amount of LTP produced follows a
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Figure 5, Paired-Pulse Facilitation in Wild-Type and Mutant Slices

Fiald patential responses to pairs of stimuli were menitored in wild-typa
(solid line; 11 slices from two mice) and mutant (dashed line; 12 slices
from four mice) animals. The second response, expressed as parcent-
age of responsa to the first pulse, is plotted as function of interpulse
intervals, The ermor bars display SEM. Ca™/Mg* ratio of the parfusing
medium was optimized for evoking paired-pulse facilitation and was
decreased 1o 1 mM Ca™, 2.4 mM Mg (from 2.5 mM Ca®™, 1.3 mM
Mog™).

probability distribution with a standard deviation of about
8%-30% (when LTP is expressed as percentage of the
baseling). The mutant animals are clearly deficientin LTP,
but the relatively large standard deviations make it difficult
1o decide whether LTP is entirely absent (although the
mean of the distribution clearly is different betwesn the
mutant and control slices in both field potential and whole-
cell recordings; for example see Figure 7).
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Figure 8. Cumulative Histogram of LTD

Low frequency stimulation consisting of 800 pulses at 1 Hz elicited
LTD in both wild-type and mutant slices. Cumulative probability is
shown as a function of mean LTD responses measured ~ 20=30 min
after the low frequency stimulation. Response size is expressed as
percentage of baseling response prior to low frequency stimulation.
Field potential recordings from 26 wild-type (solid line; ten mice) and
28 mutant slices (dotted line; nine mice) are presented. Standard devia-
tions for wild-type and mutant slices were 15.7 and 18.4, respectivaly.
Mean LTD responses were 30% = 3% (wild-type) and 87% = 3%
(mutant).
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Figure 7. LTP Is Abnormal in Mutant Slices
Summary of fisld potential recordings from 15 wild-type (A; n = &
mice) and 13 mutant (B; n = 5 mice) slicas are shown. Initial
of -EPSPs is expressed as percentage of the mean baseline SR
slope before tetanic stimulation (armow). The ermor bars display SEM.
Tetlanus 1o evoke LTP consisied of five trains of 100 Hz stimulation,
each lasting 200 ms at an intertrain interval of 10 5. Taa'tlng stimuli
wara given avery 20 s.

In an attempt to see whether LTP is present in
cases, we determined the probability distributions of UTP
amplitude for mutant and wild-type slices in the presence
of 2-amino-5-phosphonopentancate (AP5), an antagonist

that, if some LTP is present in the mutant slices, the p
bility distribution should be shifted to the left {to sm
values). Also, when LTP is inhibited by APS tre:
distribution of synaptic responses 1o tatanic stimul
should be indistinguishable between the mutant and

no difference can be detected between untreated m
slices (n = 14), AP5-treated mutant slices (n = 10,
APS-treated wild-type slices (n = 8).

ished under the conditions of these experiments.
LTP is a saturable phenomenon: repeated appli
of tetanus cannot increase the magnitude of synapt
sponse after a plateau is reached (Bliss and Collingrjdge,
1993). Because one form of synaptic plasticity (LTO) ap-
pears normal in the mutant animals, while another appears
to be absent, we sought to test the hypothesis thal LTP
fails to appear because it is saturated in the slices when
we obtain them from the animals. Under this hypothesis,

PKCy would perhaps regulate the relative balance be-
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Figure 8. Cumulative Histograms of LTP

Cumulative probability is shown as a function of mean LTP response
$ize measured betwean - 20-30 min after taetanus. Response size is
exprassad as parcentage of the baseline response prior to tetanus.

(A) Figld potential recordings from 17 wild-type (sciid line; six mice)
and 14 mutant slices (dotied line; six mice). Mean LTP responses
are 124% = 5% and 101% = 2% for wild-type and mutant slices,
respectively. Standard deviations of probability distributions are 21%
{wild-lype) and 8% (mutant).

(B) Whote-cell recordings from seven wild-type (solid line; three mice)
and 12 mutant slices (dotted line; four mice) are shown. Mean LTP
responses are 141% = 13% for wild-type and 83% = 4% for mutant
slices. Standard deviations of probabslity distributions are 31% and
1495 for wilg-type and mutant slices, respectively.

tween LTP and LTD. Were this true, the mutants should
reveal LTP if preceded by the production of LTD: if we
unsaturated LTP, we should then be able to elicit it.
Figure 10A displays the summary of recordings in which
LTD was elicited prior to the production of LTP. After the
LTD stimulation protocol, as is clear from this set of experi-
ments, normal appearing LTP can be elicited in the mutant
slices, Cumulative histograms from 21 mutant and 8 con-
trol slices (Figure 10B) reveal that significant LTP can be
consistently produced in the mutant slices. When LTP was
elicited in the presence of 50 uM of AP5 after the LTD
stimulation protocol no potentiation was obsarved in the
mutant slices; the mean response after the tetanus
(81% = 6%; m = 9) was not significantly different from
the mean LTD response (87% =+ 3%; n = 29).
Although the prior LTD stimulation protocol does enable
the subsequent production of LTP, the mechanistic expla-
nation appears not to be that LTP was saturated: the mag-
nitude of LTP is unrelated to the magnitude of the preced-
ing LTD, whereas the saturation hypothesis would require
that greater LTD would permit greater LTP. Throughout
this paper, LTD and LTP responsas have been calculated
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Figure 5. LTP Is Either Absent or Greatly Diminished in Mutant Slices
(A) Comparison of cumulative probability distributions of LTP ampli-
tude between untreated mutant slices (solid line; n = 14 from six mige)
and mutant slices treated with 50 uM of APS (dotied Ene, n = 10 frgm
two mica). Mean responses are 101% = 2% and 85% = 58 for
mutant slices without or with APS treaiment, réspectively, Cumulati
distribution of LTP responses in mutant slices is indistinguishable

the distribution of responsas measwred in the prasance of LTP inhil
(B) Cumulative distributions of nine wild-type (solid ling; two mice)
wen mutant slices (dotted fine; two mice) that have been treated with
50 uM of APS. Mean responses are 96% = 3% (wild-type plus
and 95% = 5% (mutant plus APS). When LTP induction is disabl
both mutant and wild-type shices display indistinguishable cumaul
probability distributions.

as percentage of the very initial baseline before applicatio
of tetanus or low frequency stimulation, with the exceptio
of Figure 11A. In Figura 11A, LTP response subseque
to LTD is displayed as percent potentiation relative to th
mean response after LTD, and is compared with LTD r
sponse expressed as percent depression relative to t
initial baseline to test the following prediction: if the magni
tude of subsequent LTP correlates with the magnitude o
prior LTD then data points should fall on a line with slope
of +1. Our results demonstrate that there is no correlation
between the two magnitudes. Thus, the quantity of LTP
produced appears independent of the extent of LTD.

To test further the possible role of pricr LTD in enabling
LTP production, we applied 50 uM of APS during the LTD
stimulation protocol, and then washed out the APS for 30
min before using the standard tetanic stimulus to produce
LTP. In these experiments, the LTD was, as we would
expect, effectively blocked by APS (Figure 11B, compare
lanes a and c), but the amount of LTP produced was not
significantly different from that of control slices subjected
to the same procedures in the absence of APS (Figure
11B, compare lanes b and d).
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Figure 10. LTP Can Ba Elicited in Mutant Slices after the LTD Protocol
{A) Summary of field potential recordings from 8 wild-type (five mice)
and 15 mutant shces (nine mica) in which LTD protocol (solid bar) was
followed by a tetanus to evoke LTP (arrow). Responsas are axpressed
as pearcentage of the bassline response (-EFSP slope) prior 1o low
frequency stimulaticn. The error bars display SEM.

(B) Cumnulative probability distributions of LTP responses from nine
wild-type (sofid line; five mice) and 21 mutan! slices (dotted ling; nine
mica) in which LTD protocol was given prior to tetanus 1o elicit LTP.
Average LTP responses measured between — 20-30 min after tetanus
is sxpressec as percentage of the average baseline response oblained
before the application of LTD protocol, Wild-type and mutant slices
disptayed mean LTP responses of 1204 + 10% and 113% = 8%,
respectively.

We conclude, then, that the history of low frequency
stimulation somehow does enable the slices from mutant
animals to express LTP, but that the mechanism by which
this priming effect works is not through the actual produc-
tion of LTD.
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Figure 11. LTP Produced in Mutant Shices Doss Not Depend|on the
Actual LTD but on the Prior Stimulation History of Synapses
{A) Extant of LTP produced (percentage of potentiation of the rekponse
to LTP tetanus relative to response ater the LTD protocol) is platied
as a function of sxtent of initial LTD (percemage of depression felative
12 the baseline responsa). If amplituge of LTP is proportiondl 1o the
extant of initial LTD then dala points should fall on & line wi
of +1. Our results (n = 21) demonstrate that there is no

sion of data points yields the line shown with a slope of
cormelation coefficient of —0.23.

whaere LTD protocol was followed by a tetanus (lanes a
compared 1o APS-treated mutant slices (n = 10 from six mi
¢ and d), AP5 (50 uM) was applied 30 min before and durin
protocol and washed out for 30 min belore the subseguent
of tetanus. Control experiments in wild-type slices demonst
50 uM of APS was sufficiently washed out in 30 min 1o 8n
production (data not shown). Mean parcent change in
tive to mean baseling response (FEPSP slopa) befora the LTO protocol
are shown, Lanes a and ¢ display LTD produced in the
or in the presence (c) of APS. Lanes b and d are mean patentiation
observed when tetanus was given after the LTD protocol in the ab-
sence (b) or in the presence of APS (d).

Discussion

The absence of the y isoform of PKC has little table
effect on baseline synaptic transmission. We could find
only & very slight increase in paired-pulse facilitatjion. Syn-
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aptic plasticity, however, is modified but not eliminated
because LTD is apparently normal, and LTP, which is ab-
sent under the usual test circumstances, can be elicited
it preceded by a period of low frequency stimulation.

Clearly, the action of PKCy is not necessary for the pro-
duction of LTP. We propose that this kinase is reguired
for some regulatory role in LTP, although we cannot ex-
clude the possibility that PKCy action in fact is essential
for LTP, but that some other Kinase is replacing it. This
nypothesis may be tested by making multiple deletions.
For example, it is now possible to produce mice that are
doubly deficient in PKCy and aCaMEKIl. In such mutant
animals would LTP be completely abolished? If kinases
are regulatory then we should observe occasional LTP,
albeit less frequently.

The fact that LTF i1s enabled by low frequency stimula-
tion, but that the appearance of LTD or calcium influx
through NMDA receptor channels seems irrelevant for this
effect, surprised us. This observation indicates a complex-
ity in the control of LTP-inducing mechanisms that, as far
as we are aware, has not been revealed in earlier studies,
although descriptions of similar etfects have appeared
earlier (Huang et al., 1992; Coan et al., 1989; Fujii et al,,
1991). Interestingly, howewver, the earlier investigations re-
ported what seems to be, on the surface at least, an effect
in the opposite direction: in several studies, low frequency
sumulation or weak tetani that elicit short-lasting potentia-
tion have been found to inhibit the subsequent triggering of
LTP for a period of ime. Perhaps this inhibition is mediated
through FKCy action, and removing this regulatory path-
way unmasks another priming mechanism. In any case,
we propose that the use history of a synapse modifies the
state of LTP regulatory systems in ways that have not
previously been apparent, Presumably, such mechanisms
nave tunctional significance, but our study reveals too little
apout the properties of the postulated regulation to permit
speculation about what these functional consequences
might be

An interesting observation is that the usual protocol for
LTP production doés not, in every circumstance, accu-
rately assass the potential for a slice to produce LTP. In
our PKCy-mutant mice one would conclude from the usual
methods that the slices lack the capacity to produce LTP;
our study, however, demonstrates that the hippocampal
slices from the mutant mice retain the capacity to express
LTP of approximately normal magnitude when an alterna-
tive stimulation protocol is used. It remains to be seen
whether such a stimulation protocol and LTP induced by
it have any physiological relevance in an intact animal,

Experimental Procedures

Mapping and Cloning of Mouse PKCy

PKCy was cloned from 2 129/08a mouse genomic cosmid library (Stra-
tagena) with a rat PHCy cDMA probe. The axon structure was deber-
muned in & region of PKCy that encodes the adencsine Iriphosphate-
binding mell, a required componant of the kinase catalylic doman
[Freisewinkal af al., 18981). Exon A corresponds 1o amino acids 3863
426 of ihe ra1 protein (Knopt et al., 1986). The homologous recombina-
tion vector p21 was assembled in a tetramalecular ligation reaction,
using & 4.5 kb Psil fragment of cosmid 3C 5 of exon A (subcloned
into Blusscript |l [Stratagena] and excised with BamH| and Xhol), a

" B hrat 4*C and then soaked overnight in phosphate butier containi

1.8 kb Xhol-EcoRl fragment containing neo driven by the PGKI pro-
mater (& gitt frorm Dr. M. Rudnick), 8 5.5 ki fragment of cosmid 3C 3
of axon A (subcloned into Bluescript |l and excised with EcoRl anc
Xbal), and Xbal-BamH| restriction-digested Bluescnpt il vector. This
consiruct was designed 1o dedete a 2 kb fragment of the PKCy gene
including axon A.

Homologous Recombination in Mouse ES Celis

and Introduction of the Deletion into the Germline
E14 ES cells (Thampsan @ al., 1989) ware transfected with 50 ug of
plasmid P21 (linearized with Matl restriction @nZyme) Dy eleciropara-
tion. (Biorad gene pulser set at BOD V and 3 uF). G218 selecton
(150 woiml) was applied 24 hr after transfection, and G418-resistant
colonies were isolated on days 5-7 of setection. Genomic DNA1solalec
from apprecimately 200 colonies was digested with BamH| restriction
enzyme, Southern blotted, and hybridized with & 1.2 kb BamHI-Pstl
fragment of cosmid 3C 5 of the flanking region in p21 (Figure 1)
Six clones were identified thal harbored the predicted homologous
integration. These clones were confirmed by digestion with a BamHi-
Pwull probe within the 3" flanking region of p21 (Figure 1). or an Neoi-
EcoRI fragment of cosmid 3C 3 of the flanking sequénces in plasmid
p21 (data not shown). Chimeric mice were generated as gescrived by
Bradiey (Bradiey, 1887). Germiine lransmissicn of the deletion was
datermingd Dy Southern blotting of tail DNA a5 described above. Later,
mice were typed by PCR analysis with a set of neo primers (5-CTT-
GOETEEAGAGGCTATTC- and 5-AGGTGAGATGACAGGAGATC-
3, a 280 bp fragment) and a set of primers to exon A (5-GGATGACGA-
TGTAGACTGCA-Y and 5-CTCTTACCACTGGTCACATC-3, a 200 bp
fragment).

Analysis of PKCy RNA
RMNA was isolated from total brain by extraction with guanidine HCI
followed by cesium chioride gradient centrifugation. ANA (200 ug) was
electrophoresed in the presence of formaldehyde, Northern blotied
and probed with a 200 bp potymerase chain reaction product within
axon A of PKCy (see above) or a human glyceraldehyde 3-phosphate
dehydrogenase (#G3P0DH, Clonglech) control probe. Human G3PDH
1% a housekeeping gene thal cross-hybridizes with the mouse gens
and serves 1o control for AMNA guantity

Western Blot
Partially purified brain gxtract (5 pg) (Yasuda et al., 1980) was deng-
tured in sodium dodecyl sulfate loading butier and Separaled by sg-
dium dodecyl sullate-polyacrimide gel electrophoresis, Gels were
then transferrec to Hybond-enhanced chemiluminescence nylon
membranes [(Amersham), and memoranes were incubaled with anti-
PHCy or anti-PHC[ antipody (rabbit anti-ral pegtide antiodies a1 02
ug'mi, GIBCO BRL). Membranes were subsequently incubated wifh
a goal anti-rabbit horseradish peroxidase-labeled antibody (Southefn
Biotechnology Associates, Incorporated) Antigen—antibody complexgs
were detected by enhanced chemiluminescence (ECL, Amersham).

Histochemistry

Mice ware perfused with 2% paratormaldenyde in PIPES buffer un
deap sodium pentobarbitol anesthesia (anesthes:a performed u v
the guidelines of the Massachusetts Institute of Technology Divisi
of Comparative Medicing), and their brains were postfixed for up

30% sucrose and 2 mM MgCl; at 4°C. Horizontal sections were
at 30 um or 40 uM on a sliding microtome or with a cryostal and were
stained with cresyl violet

Electrophysiclogy
Standarg procedures were used 1o prepare iransverse hippoca
slices from wild-type of mulanl mice (male or female, mostly
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wara performed in the presence of 50 uM of picrotoxin, Experiments
wera carried out at room temperature (23°=25°C).

Schatter collateral-commissural fibers were stimulated by bipolar
tlungsten electrodes that delivered 100 ms pulses. Fislg potentals
ware recorded in field CA1 with glass electrodes filled with perfusing
medium. Whole-cell patch clamp recordings wade cartied oul ac-
cording 10 standard techniques. Excitatory postsynaplic currents were
recorded with glass elecirodes [ —4aM0) filled with 130 mM cesium
gluconate, 5 mh CsCl, 5 mM NaCl. 10 mM HEPES-CsOH (pH 7.2),
0.5 mM EGTA, 1 mM MgCl, 2 mM Mg-agenosine triphosphate and
0.2 mM Li-guanosine triphosphate. Stimulus inlensity was adjusted
1o evoke baseline responses of similar sizes for all recordings. For
minimal stimulabhon recordings in whalg-cell mode, stimulus intensity
was adjusted such that failure rale of responses elicited was — 209,
Tetanus to evoke LTP consisted of 5 trains of 100 Hz stmulation. gach
lasting 200 ms at an intertrain interval of 10 5. In whole-cell recordings,
the memborane potential of postsynaplic cell was held al — 70 mV excepl
during tetanus, when il was =30 mV, LTD protocol was 800 pulses of
1 Hz stimulation as descrived (Dudek and Bear, 18982). Recordings
ware parformed with axopatch 200 (Axon Instruments, Incorporated).
Signals were filtered at 2 kHz, digitized al § kHz, and analyzed with
programs written in AXQBASIC. The initial slopes of field excitatory
postsynaptic potentials (FEPSPs) and the peak amplitudes of excit-
atory postsynaptic currents were measured for field potential and
whole-call recordings, respectvely. CNOX was from Cambridge Fe-
swarch Biochermicals and D=)-AP35 was from Rlesearch Biochemicals,
Incorporated.

Time coursé and magnilude of the NMDA receplor components,
and the ratios of non-NMDA to NMDA receptor component of synagptic
Currenls were oDlained from whole-Cell palch clamp fecordang expari-
mants in which excitatory postsynaptic currents were monitored belore
and aher apphication of 10 uM of CHOX from the same cell a1 holding
potential of =50 mV in 1.3 mM Mg*". Charge carried by NMDA receptor
component measured in the presence of CNOX was compared 1o the
charge of synaptic current before CMOX application that represants
et nan-NMDA ang NMDA components. The ratios of NMDA compo-
nent to the sum of NMDA and non-MMDA components did not differ
bélwean 1hg wild-type and mutant neurons: for ten wild-type neurans
in = 10 shces, four MeCe) 1is ralio was 40% = 4% | = SEM), and
fof 1en mutant newrans (no= 10 slices, four mice) it was 38% = %
| = SEM) Conseguentty, ine ratos of non-MMDA o NMDA compo-
nients ol SyRaplc CUMents are also NQBLNguighabie Delween 1ng My
tant and thé wild-lype cells

Mot all the Sata used 10 prepare cumulative RSIOQrams Shown n
Figures BA and 108 were included in the averaged traces displayed
in Figures 7 and 104, since a lew of the data files were nol compatible
with the analysis program thal was used for averageng cata. Cumula-
tive histograms of responses obtained only from those data used forthe
averaged trate arg indistinguishable from the cumulative histograms
presented in the paper (dala not shown).
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