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Summary

We are undertaking a genetic approach to investigate
the role that synaptic modulation in the mammalian
central nervous system plays in learning and memory
and to identify relevant molecular components. We
have generated mice deficient in the y isoform of pro-
tein kinase C (PKCy), an enzyme that has previously
been implicated in both long-term potentiation (LTP)
and learning and memory. These mice have a modified
LTP of synaptic transmission in the hippocampus. We
demonstrate that PKCy-mutant mice can learn to carry
out hippocampus-dependent tasks, although mild def-
icits are evident. Thus, hippocampal CA1LTP induced
by the conventional tetanic stimulation is not essential
for the mice to exhibit spatial and contextual learning.
Furthermore, the modification of hippocampal synap-
tic plasticity correlates with the learning deficits we
observe.

Introduction

Donald Hebb thecrized that the physiclogical basis of
learning and memory involves the long-term strengthening
of synapses amaong neurons that are coincidentally active
(Hebb, 1949). Subsequently, long-term potentiation (LTP),
a form of synaptic strengthening that exhibits the proper-
ties Hebb initially postulated (Bliss and Gardner-Medwin,
1973; Bliss and L¢mo, 1973) was identified: coincident
presynaptic and postsynaptic neuronal activity is required
for its induction; the modulation is specific for the activated
synapse, and it is long lasting. Long-term depression
(LTD), a second form of synaptic change or plasticity that
also conforms to these rules, except it involves the weak-
ening of synaptic connections, has recently been defined
in the hippocampus (Dudek and Bear, 1992; Mulkey and
Malenka, 1992). Both forms of synaptic plasticity are pres-

O'Keefe and MNadel, 1978). Hippocampus-depende:

learning tasks commonly involve associations among mul-
fiple sets of cues, whereas hippocampus-independent
tasks commonly involve a simple association. In roden
configural leaming is often evaluated in the hidden-
platform Morris water maze navigation task. This task ip-
volves the association of multiple spatial cues, a proce
termed spatial learning, that is a subclass of configu

hippocampal-dependent learning and memory (Bliss
Leémo, 1973). To test this hypothesis, Morris and
examined the spatial learning capability of rats whosa
pocampal LTP had been blocked by APS, an antagoni
glutamate receptors of the N-methyl-D-aspartate (NM
class (Morris et al.,, 1986, 1991). Since these rats
defective in both LTP and spatial learning, at least u

hippocampal LTP and are severely impaired in
learning. Thus, the aCaMKIll mutant study suppo
hypothesis that LTP is the cellular mechanism for
learning. A similar conclusion (Grant et al., 1992) was

, S8V

in vivo computational ability of hippocampal circuits (see
Bekkers and Stevens, 1980). Therefore, perhaps the fail-
ure of learning results not from the deficitin LTP but/simply
from incorrect operation of hippocampal circuits) In the
fyn mutants, a clear defect was found in the arrangement
of the granule cells and the pyramidal cells of the CA3

ant in the hippocampus, a structure implicated in learning
and memory by lesion experiments (Squire, 1987).
Hippocampus lesions have served to define two class
of associative learning: a complex class of learning
termed declarative or configural, that is sensitive to hippo
campal lesions, and a simple class of learning, term
procedural, that is insensitive to hippocampal lesion
(Squire, 1987, 1992; Eichenbaum et al., 1991, 1992; Suthf
erland and Rudy, 1989; Jarrard, 1993; Hirsh, 19?:rf
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region. Thus, a developmental abnormality, rather than
the LTP blunting, could be the cause of the observed im-
pairment in spatial leaming. Furthermore, in the three
studies cited, LTD was neither examined nor considered
as a candidate cellular mechanism for learning and mem-
ory. It is now known that the NMDA receptor antagonist
APS blocks the induction of hippocampal LTD (Dudek and
Bear, 1992; Mulkey and Malenka, 1992) as well as LTP,
and, furthermore, hippocampal LTD is impaired in aCaM-
Kll-mutant mice (C. F. Stevens, 5. T.,and Y. Wang, unpub-
lished data).

Thus, itis necessary to examine further the relationship
between LTP (or LTD) and learning and memory. To this
end, we have generated a strain of mouse mutant with a
deletion in the gene encoding the ¥ isoform of protein ki-
nase C (PKC). We choss to mutate PKC because PKC
inhibitors have been shown to block LTP (Malinow et al.,
15988, 1989), indicating that PKC activity is required for
LTP. Furthermore, several experiments have correlated
hippocampal PKC with performance in learning tasks
(Bank et al., 1989; Qlds and Alkon, 1991), although no
causal role for PKC has been established in learning and
memaory. For example, classical conditioning of the nicti-
tating membrane response in rabbits has been correlated
with increased phorbol ester binding in the hippocampus
(Bank et al., 1988), and spatial learning performance of
rats (Olds et al, 1990; Paylor et al., 1982) and mice
(Wehner et al., 1990; Fordyce and Wehner, 1993) in the
hidden-platform Morris water maze task have been corre-
lated with hippocampal PKC activity.

PKC is composed of a family of at least ten isoforms
encoded by at least nine genes (Mishizuka, 1988). In none
of the LTP or learning experiments cited above has the
specific functional role of the various isoforms been deter-
mined. In the present study, we chose 1o focus on the ¥
isoform because it is specific for neurons in the central
nervous system (CNS) and is expressed postnatally
(Hashimoto et al., 1988), in contrast with several other
isoforms. Furthermore, an increase in the measured v iso-
form in the hippocampus has been associated with spatial
learning (Van der Zee et al., 1982), although the invole-
ment of other isoforms cannot be excluded. An accompa-
nying paper (Abeliovich et al., 1993 [this issue of Celfl)
shows that LTP in the CA1 hippocampal region of PKCy-
mutant mice is abnormal: it can rarely be induced after
conventional high frequency stimulation (tetanus), al-
though apparently normal LTP can be observed if the teta-
nus is preceded by a low frequency (1 Hz) stimulation.
Abeliovich et al. (1993) also show that the CA1 hippocam-
pal region of mutant mice is normal in the induction of
LTD as well as in ordinary synaptic transmission. In this
paper, we analyze PKCy-mutant mice in two different
leamning tasks, both of which require an intact hippocam-
pus in rodents, but differ in their parformance require-
ments and allow for the assessment of nonspecific behav-
ioral impairments.

Results

PKCy-mutant mice are viable and display normal groom-
ing, feeding, circadian activity, and mating behaviors.

However, PKCy-mutant mice have an abnormal gait. For
example, when walking on a floor made of round steel
rods 1 cm apart, PKCy-mutant mice often misplace their
limbs between rods. In addition, mutant mice are more
prone to falling off an inclined pole (3 cm diameter) than
wild-type mice are. The observed coordination deficits ap-
pear to ameliorate with practice. This phenotype is typi-
cally observed in cerebellum-lesioned animals (Flourens,
1824) and, although mild, suggests a role for PKCy in
cerebellar physiology consistent with its high level of ex-
pression in cerebellar Purkinje cells (Nishizuka, 1988),

LTP is modified in PKCy-mutant mice in that it can rarely
be induced by conventional stimulation (Abeliovich et al.,
1993). To test the correlation between hippocampal LTP
and learning and memory, we subjected PKCy-mutant
mice to two learning and memaory tasks, the performance
of which is reported to require the hippocampus in rodents:
a hidden-platform Morris water maze task that tests spatial
learning and context-dependent fear conditioning, a task
that tests contextual learning. Additionally, we investi-
gated the performance of mutant mice in two tasks that,
in rodents, do not require the hippocampus: a visible-
platform water maze task (Morris et al., 1982, Sutherland
et al., 1982) and tone-dependent fear conditioning (Kim
and Fanselow, 1992; Phillips and LeDoux, 1992).

Morris Water Maze

The Marris water maze (Morris, 1981) consists of a circular
pool filled with opaque water that contains an escape plat-
form submerged approximately 1 cm below the surface
of the water. In the hidden-platform version of the Morris
water maze task, mice are placed in the pool at 1 of 4 start
sites and the platform location is kept constant throughout
training. To escape the water, mice must learn to navigate
to the hidden platform by mapping its position relative to
visual cues outside of the pool, a process defined as spatial
learning. In the visible-platform Morris water maze task,
a cylindrical landmark is placed on the escape platform,
indicating its position. Mice are placed in the pool at 1 of
4 start sites but, unlike the hidden platform, the visible
platform is relocated to new quadrants of the pool between
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Figure 1, Average Time Taken 1o Locate the Visible Platform (Mean
Escape Latency) for Wild-Type and PKCy Mutant Mice

Mice were trained using a massed trial (12 trials per day) procedure.
These data are from mice previously trained on the hicden-platform
task. Parformance improved for each genotype (F[8, 104] = 15.547,
p < .0001) and there was no significant difference batween wild-type
and mutant mice (F[1, 13] = 2.737, p = .122).
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trials per day) procedure.

‘ Figure 2. Performance of Wild-Type and PHCy

Performance of wilc-type and mutant mige im-
proved during training (F[8, 152] = 34.585,
P« .0001) and thera was no differance between

the two genotypes (F|1, 19] = 0.286,|p =
J508T).
[B) Average time suojects spent in each guad-
rant of the pool during the probe test,
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b trial. Wild-type mice spent more time ig the
training quadrant than in the other quadranis
(F[3, 24] = 44,777, p< .0001; Newman-Keuls
post hoc comparison: trained > all other quad-
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more time in the training guadrant than mutant mice did (1{19] = 1.145, p > 0.26), but did cross the corract site more often than the mutan

(t[19] = 2,337, p < 0.031).

fant mice spent more time in the training
rant than in the other guadrants (F[3,

(D) Parfarmance an the random platform test. Both wild-type and mutant mice located the platform mare rapidiy when it was in its origingl traiping
site compared with when it was located in a new site (F[1, 19] = 114.045, p < .0001), and there was no difference between the two genotypes

{F[1. 18] = 0.001, p = 0.9848).

trials. Therefore, mice must learm to associate the land-
mark with the location of the platform, and spatial informa-
tion ig irrelevant. In rodents, disruption of NMDA receptor
function appears to impair LTP induction as well as perfor-
mance on the hidden-platform Morris water maze task
(Morris at al., 1986), whereas performance on the visible-
platform task is unimpaired (Morris et al., 1991). Because
the two tasks are similar in terms of motivation and the
requirement for swimming ability, the visible-platform task
serves as an important control for these factors,

Visible-Platform Morris Water Maze Task
PKCy-mutant mice were tested in the visible-platform ver-
sion of the Morris water maze, a nonspatial learning task,
following training on the hidden-platform task. The perfor-
mance of PKCy-mutant mice (n = 8) was not significantly
different (p = .122) from that of wild-type mice (n = 7),
although mutant mice initially tended to perform somewhat
more poorly than wild-type mice (Figure 1). In the course
of training, mutant mice did reach the wild-type level of
performance, demonstrating that mutant mice can learn
this task and suggesting that the initial impairment dis-
played by mutant mice does not prevent them from learn-
ing. Similar results were observed when the mice were not
trained on the hidden-platform task prior to visible-platform
training (data not shown).

Hidden-Platform Morris Water Maze Task

Spatial learning was tested in the hidden-platform version
of the Morris water maze task. Both mutant (n = 12) and
wild-type (n = 9) mice displayed significant improvement

over the nine blocks of training (p < .0001), and the fwo
groups did not differ significantly (p = .598) (Figure 3A).
Mice can improve their performance in the hidden-
platform task by adopting a learning strategy other than
spatial learning. For instance, the mice may learn that the
platform is located a certain distance away from the edge
of the pool. This strategy is not as precise as the spatial

learning strategy, we subjected the trained micetoapr
test in which the platform was removed and the mice
allowed to search the pool for 60 5. Both mutant (p <.

the corresponding locations in the other quadrants (Fig
2C). However, in this platform site-crossing test, mut
mice did cross the correct site less often than wild-ty
mice (p < .05), indicating that mutants harbor a moder
deficit in spatial learning.

We also subjected the trained mice to another test,
random platform test, to evaluate again the search str
egy of PKCy-mutant mice. In this test, the platform w
placed either at its original training location or at a corrg-
sponding location in any one of the other three guadran
and the time required to locate the platform was compa
for the training versus the new locations. Both mutant
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Figure 3. Performance of Wild-Type and PKCy Mutant Mice Trained
on the Hidden-Platlorm Version of the Morris Water Task

Mice of the C genetic background were trained using a massed trial
({12 trials per day) procedure. These data are from animals previously
irained on the vigible platlorm task.

(&) Average escape latency during training. Performance of wild-type
and PKCy-mutant mice improved during training (F[8, 104] = 3.90,
o = .0005) and thers was no difference between the two genotypes
(F[1, 13] = 0012, p = 9132),

(B) Mean platferm crossings during the probe frial. Wild-type mice
crossed the site in which the platform was loceted more often than
the alemnate sites (F|3, 21] = 15,63, p < .0001; Newman=Keuls post
hoo comparison: trained > left > right and opposite guadrants, p <
J05). Similarly, mutant mice crossed the site in which the platform was
located more often than the sites in the opposite and right guadrants
(F[3, 2B] = 5.088, p = .0098; Newman-Keuls post hoo comparison:
trained > right and cppasite quadrams, p < .085). Wild-type mice did
net cress the correct site more often than the mutants did (([13] =
-0.341, p < B5),

{C) Performance on the random platform test. Both wild-type and
PKCy-mutant mice located the platform more rapidly when it was in
its original training site as compared with when it was located in a
néw site (F[1, 13] = 24.167, p =.0003), and there was no ditference
between the two genotypes (F[1, 13] = 0.165, p = .B914).

wild-type mice were able to locate the hidden platform at
the original location significantly more rapidly than at new
locations (p < .0001) and the two groups of mice did not
differ significantly in the time required to locate gither plat-
form (p = .985) (Figure 2D). Thus, the results of the so0-
called random platform test corroborated those of the
probe test and demonstrated that the PKCy-mutant mice

can acquire spatial learning, although a mild deficit is de-
tectable by the platform crossing test. Furthermore, when
mutant mice were given more intensive training (massed
training; see Experimental Procedures; data not shown),
no significant genotype differences were observed on any
hidden-platiorm task measures assessed.

Most of the behavioral analyses were performed in the
129/0la x C57BLS (B6) genetic background, because
preliminary experiments indicated that this genetic back-
ground performed best in the hidden-platform Morris water
maze task. We also carried out an analysis of spatial learn-
ing with the PKCy mutation in another genetic back-
ground, 129/0la x BALB/c (C), to investigate the role of
genetic background with respect to the PKCy mutation.
This second genetic background was chosen to allow for
a comparison with the performance of aCaMKIll-mutant
mice. Learning was somewhat blunted in the C genetic
background relative to the BE genetic background for both
wild-type (n = 8) and PKCy-mutant mice (n = 7) (Figure 3).
However, both wild-type and mutant mice of the C genetic
background did show learning during acquisition (Figure
3A; p < .001), in the probe test (Figure 38; p < .001),
and in the random platform test (Figure 3C; p < .001).
Furthermaore, mutant and wild-type mice of the C genetic
background did not differ significantly (all p > .5). This
result confirms that PKCy-mutant mice display spatial
learning in the hidden-platform Morris water maze task
and indicates that the difference in spatial learning perfor-
mance between PKCy-mutant mice and aCaMKIl-mutant
mice is not a consequence of the genetic background.

PKCy-mutant mice display spatial learning in the hid-
den-platform Morriz water maze task, although mutants
are partially impaired relative to wild-type mice in the probe
test. To investigate whether the PKCy mutation is im-
portant in the retention of spatial memory, we tested wild-
type and mutant mice in a probe 1 month subsequent o
distributed training. Both mutant and wild-type mice re-
membered the location of the platform (Figure 4). Mutant
mice did not differ significantly from wild-type mice interms
of time spent in the target quadrant (Figure 4A; p >.2) but
crossed the target platform site significantly less often than
wild-type mice did (Figure 4B; p < .044), reflecting their
performance on the initial probe. Although both wild-type
and mutant mice decreased their level of performance
relative to the initial probe test, the decreases observed
did not differ significantly. Thus, retention does not appear
to be spacifically affected by the PKCy mutation,

Context-Dependent Fear Conditioning

We tested PKCy-mutant mice in a second task, context-
dependent fear conditioning (Kim and Fanselow, 1992),
that has been shown to be dependent on the hippocampus
and NMDA receptor function in rodents (Kim et al., 1992).
In this task an initially neutral stimulus {an experimental
chamber) is paired with an aversive, unconditioned stimu-
lus (an electric shock). A conditioned freezing response,
characterized by an immebile, ¢rouching posture, is ob-
served upon subsequent presentation of the experimental
chamber. Hippocampus lesions in rodents serve to define
two forms of fear conditioning: classical conditioning of
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Figure 4. Performance of Wild-Type and PKCy
Mutant Mice on the 4 Week Retention Probe
Test

These data are from mice trained with the dis-
tributed-trial procedure.

{A) Average time subjects spent in each quad-
rant of the pool during the retention probe test.
(B) Mean platform crossings during the reten-
tion probe trial, Wild-type mice spent more time
| in the training quadrant than in the other quad-
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rams (F[3, 2¢4] = 13.78, p < .0001; Newman-
Keuls post hot comparison: trained > all ather
quadrants, p < .01) and crossed the site in

which the platform was located more often than the alternate sites (F[3, 24] = 17.629, p < .0001; Newman-Keuls past hoc comparison: trained
> gl other quadrants, p < .01). Similarly, mutant mice spent more time in the training guadrant than in the other gquadrants (F[3, 33] = 7.743,
p = .D005; Newman-Keuls post hot comparison: trained > all other quadrants, p < .01) and crossed the site in which the platform was located
more often than the alternate sites (F|3, 33] = 7.033, p < .0001; Mewman—Keuls post hoc comparison: trained > all other gquadrants. p < .05).
Wild-type mice did not spend any mara time in the training quadrant than mutant mice did (i{19] = 1.3.18, p < 0.2), but did cross the cormect site

mare often than the mutants did {t{19] = 2.159, p < .044).

fear to nonspecific cues, such as the context of an experi-
mental chamber that is sensitive to hippocampal lesions;
and conditioning to specific cues, such as a tone that is
insensitive to hippocampal lesions (Kim and Fanselow,
1992; Phillips and LeDoux, 1992).

In the conditioning phase of the experiment, mice were
placed in a shocking chamber and subsequently received
three foot shocks. Mice were returned one day later to the
shocking chamber and monitored for freezing behavior.
Wild-type (n = 14) and PKCy-mutant (n = 13) mice dis-
played comparable freezing during the conditioning phase
of the experiment (Figure 5A), demonstrating that the
PK.Cy-mutant mice do not harbor a perfformance deficit in
this task, such as an inability to freeze. The next day,
both mutants and wild-type mice displayed the conditioned
freezing response to the training context. Howewver, mu-
tants froze significantly less than wild-type mice (Figure
5B; p < .05), indicating a moderate deficit in context-
dependent fear conditioning.

Additionally, we analyzed context-dependent fear condi-
tioning of wild-type and mutant mice of the C genetic back-
ground. We found that freezing performance in both the
conditioning and the testing phases was considerably
blunted for all mice of the C genetic background {data not
shown) relative to the BS genetic background, similar to
the performance of these strains in the hidden-platform
Morris water maze task. We did not detect a deficit with
PKCy-mutant mice relative to wild-type mice of the C ge-
netic background (data not shown), but this is likely to be
due to the generally poor performance of mice of the C
genetic background, which reduces the assay sensitivity,

Tone-Dependent Fear Conditioning

To evaluate the specificity of the fear-conditicning impair-
ment obsarved, we tested mutant and wild-type mice in
the tone-dependent fear conditioning task, which does not
require hippocampal function in redents. In this task, a
20 s long tone was presented immediately prior to each
foot shock during the conditioning phase of the experiment
(Figure 5C). In the testing phase of the experiment, ani-
mals were placed in a novel cage and subseguently the
tone was presented (Figure 50). Prior to the tone, mutant

(n = 8) and wild-type (n = 8) animals did not freeze signifi-
cantly in the novel cage. When the tone was presented,
both wild-type and mutant animals displayed freezing be-
havior, and the two groups did not differ significantly
Ep = 914]

Discussion

We have shown that PKCy-mutant mice can learn to carry
out two learning tasks, the hidden-platform Morris water
maze and context-dependent fear conditioning, although
mild to moderate deficits are evident. The hidden-platform
Morris water maze and context-dependent fear condition-
ing tasks both have been shown to reguire the integrity
of the hippocampus in rats (Morris, 1981; Kim et al., 1892).
In light of the known similarity of hippocampal functions
across species (Eichenbaum et al., 1932), it is likely that
the hippocampus also is needed for performance by mice
in the hidden-platform Morris water maze and context-
dependent fear conditioning tasks. Both of these tasks
involve the configuration or integration of multiple cues or
facts, a process broadly termed configural or declarative
learning. However, these two tasks differ considerably oth-
erwise, both in terms of the motivation involved and in the
elicited response. Thus, it is striking that similar results
were observed in both tasks. These findings suggest that
PKCy-mutant mice possess a mild deficit in configural or
declarative learning per se rather than task-specific perfor-
mance deficits.

Several additional results support the conclusion that
the mild to moderate impairments we observed in these
two tasks are due to learning impairments rather than tagk-
specific performance deficits. Mutant mice reach the wild-
type level of performance with training in the nonspatial
visible-platform Morris water maze task. It is unlikely,
therefore, that PKCy-mutant mice harbor a significant per-
formance deficit, such as a swimming impairment, a lack
of motivation to escape the water, or poor vision. The defi-
cit we observe in the hidden-platform Morris water maze
task with PKCy-mutant mice is dependent on the training
regimen, as we found that with more intensive training,
this deficit could be overcome (data not shown). Therefore,
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Figure 5. Mean Percent Freezing in the Con-
text-Dependent and Tone-Dependent Condi-
tioning Tasks
[A) Context-dependent fear conditioning, con-
I ditioning phase. Wild-type and PKCy-mutant
mice displayed a comparable degree of freez-
ing [F[1, 25] = 4.769, p =.B64) immediately
after the foot shocks (arrows).
(B) Context-dependent fear conditioning, test-
ing phase. Mutant mice displayed significantly

less freazing than wild-type mice did when re-
turned to the shocking chamber the next day
{F[1, 25] = 4.525, p =.043).
(C) Tone-dependent fear conditioning, condi-
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. tioning phase. Wild-type and PKCy-mutant ani-
mals displayed a comparable degree of freez-
ing (F[1, 14] = 460, p =.5887) immediately
after the foot shocks (arrows) &t the offset of
the tone (solid line).
(D) Tone-dependent fear conditioning, testing
phase. Wild-type and mutant mice displayed
a comparable degres of freezing (F[1, 14] =
0012, p = 0.89142) when presented with the
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tone (olkd ling) in 2 novel context the next day.
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PKCy-mutant mice are capable of performing well in this
task. In the context-dependent fear conditioning task, mu-
tant mice exhibited normal freezing immediately following
a shock (Figure 5A), indicating that the deficiency in the
conditioned freezing response (Figure 5B) observed 1 day
later is not likely to be a consequence of performance
deficits associated with motor, sensory, or motivational
factors. Furthermore, PKCy-mutant mice displayed nor-
mal freezing in the tone-dependent fear conditioning task,
again arguing against a performance deficit. Finally, the
context-dependent fear conditioning appears to be spe-
cific to the conditioned context, as freezing in an uncondi-
tioned novel contaxt was minimal (see Figure 5D; the first
3 min correspond to freezing in the novel context),

Abeliovich et al. (1993) show that hippocampal LTP is
abnormal in PKCy mutants: it is absent or greatly attenu-
ated when induced in vitro by conventional tetanic stimula-
tion, although apparently normal LTP can be enabled by
prior low frequency stimulation. Thus, our overall data
showthat LTP, as assessed by conventional tetanic stimu-
lation, Is not essential for mice to exhibit hippocampus-
dependent learning capabilities (Table 1). However, the
modified properties of hippocampal LTP correlate with
mild to moderate deficits in spatial and contextual learn-
ing, consistent with the notion that LTP is a synaptic mech-
anism for these forms of learning. The learning deficits
observed in PKCy-mutant mice may be causally related
to the LTP modification,

Another interesting candidate synaptic mechanism for
learning that has emerged from this and other recent stud-
ies is LTD. While there has been no direct evidence, LTD
satisfies the same criteria for a synaptic learning mecha-
nism as does LTP (Siegelbaum and Kandsl, 1991). Fur-
thermore, LTD appears to correlate with spatial and con-
textual learning capabilities, LTD is intact in PKCy-mutant

mice (Abeliovich et al., 1893), which display spatial and
contextual learning, whereas it is impaired in aCaMKIK
mutant mice (Table 1; C_F. Stevens, 5. T_, and Y. Wang
unpublished data), which are deficient in spatial learni
(Silva et al., 1992b). It is also of note that APS, whicl
has been shown to impair spatial and contextual learnini
(Morris et al., 1986; Kim et al., 1992), is now known t
block not only LTP but also LTD (Dudek and Bear, 1992
Mulkey and Malenka, 1992). Therafore, it is possible th
the learning impairments observed in AP5-treated animal
result from the disruption of both LTP and LTD.
Although PKC has been implicated in synaptic plastici
and in learning and memory, previous studies rarely a
dressed the functional significance of specific PKC i
types. It had been hypothesized that PKCy might serve
specific function in the CNS because of its unique expr
sion pattern among the PKC isotypes (Nishizuka, 1988).
Van der Zee et al. (1992) found that the level of PKCy
immunoreactivity in the CNS correlates with spatial learn

Table 1. Summary of Data from Mutant and AP5-Treated Mice

PECy aCaMEKI
Analysis == (=) APS Treated
LTP (conventionally induced) - - i
LTP (primed) + - ND
LTD + = i
Learning (spatialicontextual) +* - -

* Partial impairmant.
MO, not done.

LTP and LTD in PKCy-mutant mice are from Abeliovich el al. (1993).
LTP in aCaMKll-mutant mice is from Silva et al. (1992a); LTDin aC
Kl mice is from C. Stevens, S. T., and Y. Wang (unpublished data).
Learning in aCaMKIll mice is from Silva et al. (19920). APSLTPisfr
Collingridge and Singer (1980); APS LTD is from Dudek and
(1992); and APS leaming is from Morrs at al, (1988).
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ing, consistent with a role for PKCy in spatial learning.
Our data indicate that PKCy does play a role in both LTP
and in learning and memaory, but is not essential for either
process. One possible interpretation of these findings is
that other PKC isotypes, such as the more abundant PKCR
isotypes, can compensate for the PKCy deficiency. How-
aver, this is clearly not always the case, as conventionally
induced LTP is severely deficient in the PKCy-mutant
mice. Therefore, we find it likely that PKCy possesses
certain unique functions. Another (and perhaps a more
interesting) interpretation of these findings is that second
messenger systems (Abeliovich et al., 1893, Silva et al.,
1992a, 1992b) play a regulatory role in LTP and in config-
ural learning so that the deficits we have observed reflect
a failure in the regulation of LTP and configural learning
rather than a deficitin their mechanisms. Our data suggest
arole forthe v isotype of PKC in the regulation of configural
learning.

Itis now of interest to characterize further the physiologi-
cal differences between PKCy- and aCaMKll-mutant mice
to identify additional candidate mechanisms and anatomi-
cal regions that may be involved in the different behavioral
phenotypes observed in these mutants, Itis also of interest
to determing whether these different mutations function
within the same genetic pathway by generating mice that
harbor both mutations.

Experimental Procedures

Animals

Animal care was in accordance with institutional guidelines, Animals
were fyped for the PKCy genotype by 1ail biopsy (Abeliovich at al.,
1993). Animals utilized were of the BE or C genetic backgrounds, as
stated. BG albino anirmals were not utilized 1o avold the possibility of
visual impairments. Mice were housed in standard animal cages in
an animal facility with a 12 hr light—dark cycle: lights on at 0700 hr.
Standard laboratary chow and water was provided ad libitum.

Morris Water Task

Maive adult mice (§-10 weeks old) ware utilized. The training apparatus
was a circular polypropylene (Malgene) or galvanized steel pool 120
e in diameter. The waler was maintained at 26°C. Montoxic Crayola
paint was added to make the water opagque and 1o blend with the color
of the pool wall. The pool was located in a laborstory room that had
& number of iterms that could be seen by an animal swimming in the
pool (for details see Paylor et al,, 1993).

Visible-Platform Training

The visible platform was 11.5 = 11.5 em in diamster. A cylinder (13
cm tall and 5.5 cm in diameter) was attached 1o the top of the platfarm
such that the bottom of the cylinder was 10 em abeve the platform
1op. The top of the platfarm was 1 cm below the surface of the water.
Prior to training, each mouse was acclimated to the water and escape
platiorm by placing it on the platform for 15 s followed by & 15 & swim
and three practice climbs onta the platform. The platform location
varied among four possible places within each block of four trials, A
trial was started by placing an animal along the edge of the pool facing
the wall in 1 of 4 start locations. A subject was allowed B0 s to locate
the platform. Animals not finding the platform in 60 5 were guided there
by the experimenter. Animals were allowed 1o remain on the platform
for 20 . Each mouse was given 12 trials a day, in blocks of 4 trials
for three consecutive days (massed-trial procedure). The time taken
1o locate the escape platform (escape latency] was determined on
each trial. Mice in these visible-platform expariments started training
either on the visible-platform task first, fallowed by training on the
hidden-platform task, or they were started on the hidden-platiorm task,

followed by visible-platicrm training. Cnly the latter data are presented
in b results.

Hidden-Platform Training
Data presented in this study from the hidden-platform experiments
were oblained using the same procedures thal were used for the Jisi-
ble-platiorm task, with the following exceptions. First, there was|no
visitle cylinder attached to the platform. Secong, the platform location
varied among different animals, but always remained in the same place
for any given subject. Finally, mice were given four trials a day |far
ning consecutive days. Each trial during a day was separated by 1 hr
(distributed trial procedure). During training. escape latencies wgre
determined

After tha last training trial (1 hr), each animal was given a prgbe
trizl. During the probe test, the platform was removed and each animal
was allowed 80 = to search the pool. Twa measures of search behavior
were determined. A guadrant search time measure was obtained|by
dividing the pool into four equal quadrants and determining the amogint
aof time spent in each guadrant. A platform crossing measure was
abtained by counting the number of times a subject crassed the exact
place in the training guadrant in which the platform had been localed
during training. For comparison, the number of times a subject crosged
tha equivalent location in each of the siher quadrants was determingd,

Following the probe trial mice wers given a random platform tgst.
On day one of the random platform, test animals weare given four tripls
with the platigrm in its original location. On the next day, subjefts
were given ang trial with the platiorm in its original location and thise
trials with the platform in one of the platform sites in the other thiee
guadrants, The average time taken to locate the platfarm on the tripls
price to the platform being relocated in a new location was used [as
the original plathorm escape latency of an animal, and the aver
tirme taken to locate the platform whan it was in its three new locatidns
wes used as the new platform escape latency of an animal,

Fear Conditioning
Maive adult mice (6-10 weeks old) were housed individually for at |

1 week prior 1o behavioral experiments to reduce siress, Fear o
tianing and testing were conducted in a small rodent chamber (G
bourn) containing a stainless steel rod figor (S5 mm diameter, spa
1 ¢m apart) through which scrambled foot shocks could be admi
tered. The chamber was placed inside a sound-attenugting ch
(Caulbourn) with a venfilation fan providing background noiss.
chamber was cleaned with 1% acetic acid and dried completely bet
each animal was placed inside. Freezing was assessed by a tihe
sampling procedure in which an observer blind to mouse genot
scored each mouse every 2 5. Percent freezing was calculaled ger
minute. Expariments were recorded on videotape,

Context-Dependent Fear Conditioning
In the conditioning phase, animals were placed in the shocking chafn-
ber for 3 min and subsequently subjected to three foot shocks (0.5
mA intensity, 1 s duration, 1 min apart). Mice were removed from 1
chamber 1 min after the last foot shock. In the testing phase (the n
day), animals were returned to the shocking chamber and freezi
was monitored far 8 min. Preliminary experiments indicated that th
congitions (the interval between the conditiening phase and the testing
phase, the chamber, and the shock intensity) are sutficient for obsaiy-
ing a freezing impairment (data not shown),

Tone-Dependent Fear Conditioning

Animals were placed in the shocking chamber for 3 min and 1
presented with three 20 s lowd tones (zpproximately 75 di, 1000
3 min apart) through a speaker mounted on the chamber. A foot sh
(0.5 mA intensity, 1 s duration) was presented at the offset of eath
tone. Mice were removed from the chamber 1 min after the last
shock, In the testing phase (the next day). mice were placed in &n
empty plastic cage diffesant from the shocking chambar {lo minimige
freezing due o cantext-dependent fear conditioning) and freezing was
scored for 3 min prior to the tone and subsequently far & min in the
presance of the tone,
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Data Analysis Hirsh, R. (1974). The hippocampus and contextual retrieval of informa-
Both male and female mice weare ested, but since there wers no signifi- tion from memory: a theory. Behay. Bial, 72, 4271=444,
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