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If phosphatases go up, memory goes down
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Abstract. Previous work has provided conclusive sup-
port for a role of various protein kinases in processes
underlying learning and memory formation. While
these processes are not yet established in full detail, it is
interesting to entertain the idea of protein phosphatases
being involved in such mechanisms as well. Recent

advances in this respect have provided preliminary sup-
port of this view. From the pharmacological as well as
the transgenic analysis, it appears that especially the
calcineurin/inhibitor-1 cascade plays an important role
in the transition of intermediate-term into long-term
memory formation.
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Antagonizing kinases

In the previous review, we concentrated on phosphory-
lation processes as a possible mechanism involved in at
least some forms of memory formation. Since biochem-
istry has provided evidence for dephosphorylation
within the same cells and even the same compartments
of the cells, it appears quite logical to also expect
phosphatases to play a part in the cellular mechanisms
underlying learning. Although the exact nature of the
kinase-phosphatase relationship remains unclear for
many processes, it would be reasonable to assume that
antagonizing actions are a prerequisite for the fine-tun-
ing of information transduction and storage in the
neuronal system.

Protein phosphatases are phosphotransferases that cat-
alyze transfer of phosphoryl groups from phosphory-
lated side chains of amino acids to water molecules.
Hampered by the lack of selective agonists and antago-
nists, investigations targeting phosphatase function
have emerged only recently, and it is especially experi-
ments on protein phosphorylation and dephosphoryla-
tion in synaptic plasticity research that have generated
considerable interest in this subject. Both long-term
potentiation (LTP) and depression (LTD) of synaptic
plasticity are associated with increases in postsynaptic
calcium, but what determines LTP as opposed to LTD
remained elusive for quite some time. In a very detailed,

though hypothetical account, Lisman [1] proposed that
different calcium levels—generated by low- versus high-
frequency stimulation—are responsible for the long-
lasting changes in either direction. Because expression
of LTP increases a-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid (AMPA) receptor activity by phos-
phorylation through calcium/calmodulin-dependent
protein kinase II (CaMKII) [2], protein kinase A (PKA)
[3] and protein kinase C (PKC) [4], it can be expected
that LTD is paralleled by a decrease in AMPA recep-
tor-mediated responses, and this decrease might be
achieved via dephosphorylation. In other words, low
frequency-induced LTD may be accompanied by the
activation of specific phosphatases which have the abil-
ity to antagonize the action of the above-mentioned
kinases. Searching for such candidate phosphatases, the
group of Robert Malenka has provided compelling evi-
dence for an essential role of phosphatases in LTD
induction [5] with the calcineurin/inhibitor-1-phosphate
cascade playing a major part [6]. Bath application of
FK506 and cyclosporin A, both highly selective in-
hibitors of calcineurin, prevented LTD, and so did
okadaic acid or caliculin A, both inhibitors of protein
phosphatase 1 and 2A, respectively. Direct biochemical
measurements of phosphatase activity after in vivo in-
duction of LTD has supported this view and shown that
both phosphatase 1 and 2A are activated for 1 h or
much longer, respectively [7].
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Calcineurin is a calcium-sensitive serine/threonine phos-
phatase that is enriched at synapses [8], especially in the
hippocampal formation. Once activated, calcineurin can
act either by directly dephosphorylating target proteins,
or indirectly by activating the inhibitor-1-phosphate
cascade (see fig. 1). In the latter case, calcineurin
dephosphorylates inhibitor-1-phosphate so that in-
hibitor-1 can promote activation of protein phosphatase
1 (PP1). PPI1 in turn can dephosphorylate a completely
different set of target proteins, including N-methyl-D-
aspartate (NMDA) and AMPA receptors [9, 10], the
PKC substrates MARCKS, neurogranin and GAP-43
[11-13], as well as the transcription factor cyclic
adenosine monophosphate responsive element binding
(CREB) [[14]; for details, see Lamprecht, this issue].
Furthermore, the dephosphorylation site in inhibitor-1
is the site of phosphorylation by PKA.

Delineating this cascade has been a major step in under-
standing the role of phosphatases in synaptic plasticity.
However, pharmacological application of phosphatase
inhibitors very often requires long exposure for penetra-
tion of the compound into the cell. Also, results con-

Phosphatases and memory formation

cerning LTP have been controversial, with some
reporting no effect [6], some finding an enhancement
[15, 16], and others reporting a deficit [17, 18]. Never-
theless, few reports have employed pharmacological
tools in studies on learning and memory. They will be
considered next.

Blocking phosphatases blocks memory formation

Convincing pharmacological evidence for a potential
role of phosphatases in learning and memory formation
is rather sparse. Up until now, there are few reports on
one-trial aversive conditioning in 1-day-old chicks that
have applied both okadaic acid as a blocker of protein
phosphatase 1 and 2A [19], and cyclosporin A as an
antagonist of calcineurin. This learning paradigm devel-
oped by Cherkin [20] makes use of the natural tendency
of young chicks to peck beads. If a bead is coated with
a bitter-tasting substance, for instance methylanthrany-
late, the animal shows a typical disgust reaction and
refrains from further pecking at that bead. One trial is

INHIBITOR-1-
PHOSPHATE

CALCINEURIN ] I:>

b

<:_I | PROTEIN KINASE A

Protein
dephosphorylation
(PKC substrates) Y
INHIBITOR-1
PROTEIN L PROTEIN
PHOSPHATASE 1 ' PHOSPHATASE 1
(inactive) (active)
Protein
dephosphorylation
(AMPA receptors)

Figure 1. Biochemical cascades of calcineurin protein kinase A interplay believed to underlie its function in synaptic plasticity and
memory formation. Phosphorylation of inhibitor-1 keeps it in an active state so that protein phosphatase 1 (PP1) is inhibited.
Dephosphorylation of inhibitor-1, however, causes disinhibition, and this promotes activation of PPl. Both calcineurin and PP1
dephosphorylate different sets of target proteins and interact with other kinase pathways (see Micheau and Riedel, this issue).
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usually sufficient to induce long-lasting memory (24 h
and more), drug administration can take place either
prior to or after the trial, and memory is usually tested
at various time points after training. Based on pharma-
cological interventions, Gibbs and Ng [21] have pre-
sented a model with short-term, intermediate-term and
long-term memory phases. It appears that transition of
intermediate-term memory into longer-term memory re-
quires activation of protein kinases (see Micheau and
Riedel, this issue) thus prompting the idea of a potential
antagonistic role of phosphatases as well. This issue has
been addressed by Zhao et al. [22] by means of okadaic
acid. They reported a dose- and time-dependent mem-
ory deficit in animals treated with > 0.05 nM okadaic
acid compared with DMSO-injected controls. The
memory deficit appeared when animals were tested for
retention 40—50 min post-training and persisted. These
data implicate both protein phosphatase 1 and 2A in
intermediate-term memory in chicks. Cyclosporin A,
the calcineurin antagonist, had a U-shaped dose re-
sponse curve, with 5 nM injected intracranially being
most effective [23]. Memory deficits were apparent at 80
min or more post-training, suggesting a role of calcineu-
rin in the stabilization of memory.

Genetic approach to phosphatase function

Very recently, a different approach has utilized gene-
targeting techniques in order to determine phosphatase
functions in synaptic plasticity and memory formation
in both Drosophila [24] and mice [25, 26]. A strain of
fruit flies carrying the Su-var(3)6°' mutation, which is
known to affect the structural gene of the protein phos-
phatase 1 iso-enzyme, has been bred. Animals were
tested in various learning paradigms, such as olfactory
and visual associative tasks, as well as habituation of
the landing response [24]. Associative learning of
odours, for example in Drosophila, involves a training
phase in a tube where two distinct odours are presented
successively, one of which is followed by a shock. After
a defined period post-training, animals were placed in a
choice box with both odours present simultaneously.
They were allowed to distribute freely before being
cooled down and counted. The number in each odour
compartment can then be used to calculate a perfor-
mance index [27] as a measure of memory. When such
training was applied, the Su-var(3)6° mutation ho-
mozygotes and heterozygotes showed a clear perfor-
mance deficit with increased memory decay compared
with wild-type Canton-S controls. A quasi-uniform dis-
tribution (amnesia) was found 1.5 h and 15 min after
training in an odour or visual associative task, respec-
tively. Since mutants did not differ with respect to
sensitivity to the sensory stimulus like odour or shock,
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it can be assumed that activity of protein phosphatase 1
is particularly important for short-term memory.

In an opposite approach, a truncated form of calcineu-
rin was overexpressed in the forebrain of mice under the
control of the CaMKII promotor [25, 26]. The resulting
individuals (CN98) show no cross-motor abnormalities,
and even basal synaptic transmission in hippocampal
slices was normal. However, paired pulse facilitation
was somewhat reduced in transgenics, suggesting presy-
naptic alterations. Slices were then exposed to various
protocols of high-frequency stimulation in order to in-
duce LTP. Transgenic slices, however, did not express
tetanus-induced long-lasting LTP [25]. This form of
long-term synaptic plasticity had previously been shown
to depend on both PKA activation and protein synthe-
sis [28]. The potentiation in transgenic slices decayed
back to baseline within 3 h and was termed an ‘interme-
diate’ form of LTP [25]. This intermediate LTP de-
pended on the activation of PKA, but not on protein
synthesis [25]. It thus appears that overexpression of
calcineurin alters the interaction between phosphatase
and PKA in favour of the phosphatase. Providing more
PKA via pharmacological means would, if this hypoth-
esis were correct, overcome the deficit in the transgenics
and reestablish normal LTP. This experiment has been
done [25], and pharmacological application of the PKA
activator sp-cAMP or the dopamin receptor agonist
6-Br-APB indeed generated normal LTP. Although it
was claimed that this intermediate LTP has a novel and
unique time course [25], it should be noted that such an
intermediate form of LTP was proposed previously to
be dependent on the activation of PKC (for review see
[29D).

Collectively, these data strongly suggest that overex-
pression of calcineurin inhibits the expression of long-
lasting LTP by antagonizing the action of PKA. The
machinery to express lasting LTP, however, does exist,
can be activated under certain circumstances and may
become active in specific behavioural situations. At first
glance, however, the prediction for learning experiments
would be the following: Because lasting LTP is pre-
vented, one would expect CN98 mice to have a deficit in
long-term, but not short-term, memory. Owing to the
ability to express intermediate LTP, the memory should
be considerably longer than, for instance, in animals
exposed to NMDA receptor blockade, in which LTP is
abolished completely [30]. Finally, pharmacological ac-
tivation of PKA may render CN98 mice normal in that
the balance between kinase and phosphatase activity
has been reestablished.

Clearly, much work needs to be done with these trans-
genic mice. However, first data on learning support at
least some of the predictions put forward here. Since
calcineurin was enriched in hippocampus, Mansuy et al.
[26] specifically investigated learning forms that are
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Figure 2. Transgenic mice overexpressing calcineurin are impaired
in spatial learning. Only about 25% acquired criterion compared
with wild-type littermates. Data taken from [26].

sensitive to hippocampal damage. Mice were tested in a
spatial and a cued version of the Barnes maze [31]. This
is a circular platform with 40 holes at the perimeter; one
hole leads to an escape tunnel. Animals were placed in
the center of the platform, and a bright light together
with an aversive buzzer motivated the mice to find the
escape tunnel. Identification of the correct hole is based
on distal cues, and the position of the escape hole was
kept constant for the spatial task. One trial was given
per day for 40 days, and mice were trained to a criterion
of three or fewer errors in five out of six consecutive
trials. Only 25% of the transgenics met the learning
criterion compared with 88% of the control littermates
(see fig. 2). Whether such a deficit is due to an inability
to learn about the spatial relationship of items and the
escape hole, or due to some attentional or even visual or
gross motor deficit remains elusive. Mansuy et al. thus
went on to perform a cued task by rotating the platform
between trials, but the position of the escape hole was
marked by a visual cue behind the hole. Both transgen-
ics and wild-type littermates acquired this task more
readily with no difference between groups. These data
therefore suggest a spatial rather than a general learn-
ing/memory deficit in CN98 mice overexpressing cal-
cineurin. However, the deficit could be fully rescued
when four trials (1.5 min intertrial interval) were ap-
plied per day instead of one. For Mansuy and col-
leagues these data indicate a short-term memory deficit
in CN98 mice that is taxed by a single trial learning; but
four trials overcome this deficit. An alternative, though
not that exciting, interpretation would be that the qual-
ity of the reinforcer is different for both groups, with
CNO98 animals requiring stronger stimulation for learn-
ing. However, this somehow contradicts the LTP re-
sults, where a deficit after strong, but not weak, tetanic
stimulation was found in hippocampal CA1 [25].

Phosphatases and memory formation

Using an object recognition task [32, 33], spontaneous
activity can be used as a measure of memory, and
hippocampal animals are known to be impaired in such
learning tasks. Mice were allowed to explore a novel
environment containing two objects for 15 min. At
different time points post-training (30 min, 2 h, 24 h),
they were replaced in the same environment now con-
taining a third novel object, and the time spent explor-
ing the novel compared with the familiar objects was
recorded. It is to be expected that animals would spend
more time exploring the novel objects. This was indeed
the case for wild-type controls at all intervals. Calcineu-
rin overexpression, however, caused a retention deficit
after 24 h, but not 30 min. There was also a slight
reduction in exploration after 2 h, which was not signifi-
cant. These data clearly parallel the observations on
LTP where the most severe deficit was obtained for
long-lasting LTP.

Conclusions

With respect to a possible role of phosphatases in
learning and memory formation, it appears somewhat
overambitious to draw any firm conclusion from the
limited set of data available to date. Clearly, pharmaco-
logical investigations on LTP using phosphatase block-
ers have yielded contradictory results, which are thus
hardly comparable with results obtained in learning
experiments. Nevertheless, there is increasing evidence
for a potential role of phosphatases in memory forma-
tion. No deficit in acquisition learning has been re-
ported so far, and this is certainly an interesting issue
for future work. The deficit in acquisition of the Barnes
maze should not be interpreted as a learning deficit,
because only one trial per day was given with an inter-
trial interval of 24 h, which may be considered as
long-term memory. Since inhibition of protein kinases
often leads to memory deficits, an oversimplified predic-
tion for phosphatase inactivation would have been a
facilitation of memory. However, the reported memory
deficits may not come as a surprise, because an imbal-
ance in phosphorylation/dephosphorylation processes,
for instance by overactivation of certain phosphatases,
will necessarily disrupt the fine-tuning of neurons and
result in deficits. What remains to be determined is the
exact nature and time when phosphatase activation is
mandatory for the emergence of long-term memories. It
is thus imperative to investigate other behavioural
paradigms and to apply both negative and positive
reinforcers.

Determination of the exact functions of individual
phosphatases is still far away. As for kinases, interac-
tions with intracellular substrates are likely to be com-
plex, and involvement in extensive cross-talk can be
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expected. This cross-talk as well as the downstream
modulation of transcription factors such as CREB; see
Lamprecht, this issue) support this view. Furthermore,
phosphatases may play an important part in the neu-
ropathology of Alzheimer’s disease (see Roloff and
Platt, this issue), specifically with respect to the role of
tau hyperphosphorylation and its contribution to the
pathological state. As tau is phosphorylated via
CaMKII and mitogen-activated protein kinase (MAP),
normal functioning of the protein requires dephospho-
rylation by means of PP2A and calcineurin [34]. Thus,
there is even clinical demand for a better understanding
of the role of phosphatases in mechanisms underlying
memory formation.
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