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ABSTRACT

Aims: Either down-regulation of protein kinases or up-regulation of protein
phosphatases weakens the level of neuronal protein phosphorylation and affects the
function of neuron. Low-function and/or low-content of protein phosphatases in the
hippocampus neurons is proposed to be a possible causative factor to the impairment of
spatial memory ability. We show here that upregulation of PP1(protein phosphatase1)
expression in hippocampus correlates with the decline of the spatial-memory retention
ability in rat brain.
Study Design: In the present study, 30 adult Wistar rats were tested in a one trial step-
down test to assess normal and impaired memory retention, examining protein
phosphatases expression in their hippocampi and analysing both relationship.
Place and Duration of Study: Department of Pathophysiology, Medical College in
Wuhan University of Science and Technology (WUST), between June 2010 and July
2011.
Methodology: To examine which rats have lower ability of learning and memory, thirty
Wistar rats, male, 5-7 months old (360~450g), were trained and tested in step-down
inhibitory avoidance task. R129d, R126d, R123d, Cdk5 (8) & CREB antibodies were
respectively used to detect the content of PP1, PP2B, PP2A, Cdk5 & CREB.
Densitometric analysis was used to quantitate the blots.Equal variance T test was used
to analyze the escape latency and error from the two group rats, and the immunoblotting
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data from two groups of rat hippocampus proteins.
Results: 72h after the fourth trail, MMI (mild memory impairmemt) rats showed
performance markedly worse than that of the NC (normal control) rats ( latency shorter,
<150sec; error more, ≥1 vs latency, 300sec; error, 0times; Both P<<0.01). From the
learning and retention curves of the both groups of rats in Fig.  1, author found that in the
first step-down train, the error times in MMI rats were also more than those in NC rats
(P< 0.05), indicating that the ability of learning new material in MMI rats is worse than
that in NC rats. The results showed that the contents of PP1 and PP-2B in MMI rats have
increased or decreased ~50% (P<0.01) or ~40% (P<0.01) respectively compared with
NC rats; Whereas the expression of PP2A in both groups of rats showed no obvious
difference, implying that PP1 and/or PP2B might participate in the regulation of learning
and memory in the rat brain. In addition, we all found that the middle degree of adverse
correlation between the expression of PP1 and the latency of MMI & NC rats (-0.618,
P<0.001, two tails), and the low degree of positive correlation between the expression of
PP-2B and the latency of MMI & NC rats (0.381, P<0.05, two tails), indicating that the
increase of PP1 content in itself might impress in part the memory ability of rats.
Conclusion: It is concluded that upregulation of PP1 content may mediate worsened
memory retention in rat brain.

Keywords: Upregulation; protein phosphatase-1; expression; hippocampus; long-term
spatial memory; rat.

1. INTRODUCTION

A number of neuronal functions, including spatial memory (long-time memory), depend on
synthesis and proper regulation of neuronal proteins, many of which can being rapidly
regulated by phosphorylation. Reversible protein phosphorylation is a fundamental
mechanism by which many neuronal functions are regulated. Achievement of such control
requires the coordinated action of the protein kinases and protein phosphatases, two major
classes of proteins recognized to be largely involved in cognitive functions. Both intervene
virtually in all steps of learning and memory. Protein phosphorylation and dephosphorylation
are believed to functionally couple neuronal activity and synaptic plasticity [1,2,3]. In a
nervous system, protein phosphatases are contained in highly dynamic complexes localized
within specialized subcellular compartments and they ensure timely dephosphorylation of
multiple neuronal phosphoproteins, which modulates the responsiveness of individual
synapses to neural activity and controls synaptic plasticity. These enzymes in turn play a key
role in many forms of learning and memory, and their dysfunction contributes to cognitive
deficits associated with aging and dementias or neurodegenerative diseases. Consistent
with their ability to constrain synaptic transmission and plasticity, protein phosphatases
(PPs) negatively regulate learning and memory processes. Thus, PPs'activity or content
needs to be controlled during and after these processes and PPs' alterations are implicated
in memory disorders. Alterations in PPs are associated with Alzheimer’s disease (AD), the
most common cause of memory deficits and dementia [4,5,6]. PP1, one of Ser/Thr protein
phosphatases, being distributed mainly in neurons of cerebral cortex, hippocampus and
neostriatum [7]. Past research showed that PP1 plays important roles to the mechnisms of
LTP, LTD and depotentiation (i.e. synaptic effects of the hippocampal CA1 region). Partial
inhibition of PP1 during training improves spatial learning and recognition memory, and
prevents age-related decline in these functions. During aging in humans and rodents, overall
PP1 and calcineurin activity increases in the brain, which might contribute to learning and
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memory failures, cognitive decline and altered synaptic plasticity [8,3]. In 2002, Genoux et al
[9] found that the physiological importance of PP1 as a suppressor of learning and memory,
and as a potential mediator of cognitive decline during aging. To explore the correlation
between upregulation of PP1 expression (implicating dephosphorylation of functional
proteins) in hippocampus and MMI (mild memory impairment), we have examined the
memory behavior of rats 72h (decided by my pre-experimental results) after training
sessions of 4 times by one trail step-down test (electric jump plateform task). At meantime,
the content of three protein phosphatases (esp.PP1) in rat hippocampus has been
determined by Western blot.

2. MATERIALS AND METHODS

All 30 animal experiments were performed according to the “Policies on the use of Animals
and Humans in Neurosience Research”, revised and approved by the Society for
Neuroscience in 1995. The animals were individually housed in a room with constant
temperature and a 12-h light, 12-h dark cycle. The animals were given their normal food and
drink.

2.1 Experiment Materials

Primary antibodies to the relative proteins are listed in Table 1. Secondary antibodies for
Western blot were from Amersham Pharmacia Biotech (Little Chalfort, Buckinghamshire,
England).

Table 1. Primary antibodies used for this study

Antibody      Dilution       Typea Specificityb Epitopec Resource
R123d 1:1000 Poly NP PP2A (catalytic unit) Wang, China
R126d 1:1000 Poly NP PP2B (catalytic unit) Davis, USA
R129d 1:1000 Poly NP PP1 (catalytic unit) Bindle, USA
Cdk5 1:300 Poly NP Cdk5 (-unit) Iqbal, USA
CREB 1:1000 Poly NP unp-CREB Wang, China

a: Poly: polyclonal. b: NP, not-phosphorylated epitope. c: unp, unphosphorylated epitope.

2.1 Behavioural Experiment Procedures

To examine which rats have lower ability of learning and memory, thirty Wistar rats, male, 5-
7 months old (360~450g), were trained and tested in step-down inhibitory avoidance task.
The experimental device is a 30-cm×30-cm×30-cm electronic avoidance-response chamber,
made of Plexiglas on its three sides and hard black plastic on the other. The chamber has a
bottom of parallel 0.5-cm stainless steel bars spaced 1cm apart. A rubber platform (5cm
high, 5cm in diameter of its top surface) was fixedly placed at a corner on the bottom of the
chamber, providing rats a shelter from the electronic attack. Before normal test, rats were
continually trained in an one-trial step down inhibitory avoidance task for four times (one
time/per day, conducted between 19:00~21:00), and tested for their memory retention onto
the escape platform from electronic attack at the same time 72h after training. Rats were
placed on the platform, and their latency to step down first, placing their four paws on the
grids, was measured. At the meantime, the times of placing their four paws on the grids
(errors) were recorded. In training sessions, immediately upon stepping down, the rats
received a 0.3mA, 2-s, scrambled foot shock. No foot shock was given in test session. Test
session step-down latencies and errors (during 5min) were taken as a measure of memory
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retention [10]. 72h after the last training, 15 rats showed performance markedly worse than
that of the other 15 rats (latency shorter, <150sec; error more, ≥1; Both P<<0.01; The 15
rats were viewed as MMI rats). We elected 15 rats that had more excellent memory retention
in step-down electronic inhibitory avoidance task as normal control (NC) rats
(latency=300sec; error=0).

After the last trail, all rat hippocampus were homogenized at 4℃, and boiled for biochemical
analysis (see below).

2.3 Immunoblot Analysis

Rat hippocampus was quickly dissected out in cold homogenizing buffer containing 50-mM
Tris-HCl (pH, 7.4), 10-mM β-mercaptoethanol, 1.0-mM EDTA, 1.0mM EGTA, 0.1-mM
phenylmethylsulfonyl fluoride, and 2.0g/ml each of aprotinin, leupeptin, and pepstatin A.
Then samples were homogenized in the same buffer at a ratio of 8.0ml of buffer/1.0g tissue
with phosphatase inhibitor mixture containing 20-mM β-glycerophosphate, 2.0-mM Na3VO4,
and 100-mM NaF (pH, 7.0). The homogenate was spun at 18000  g for 10min at 4℃ to
remove precipitated material. The supernatants were mixed with 4 sample buffer (200mM
Tris, pH6.8; 8% SDS, 20%β-ME， 40% glycerol) and boiled for 8 min. After cooling at room
temperature, samples were stored at-70℃. Protein concentration of the samples was
determined by BCA kit (Pierce Chemical Co., Rockford, IL). The expression of proteins in the
above samples was analyzed by Western blot using 10% SDS-PAGE as described originally
by Laemmli. Molecular weights were verified by using prestained molecular weight marker
(Bio Rad). Proteins were transferred to 0.45μm pore nitrocellulose (Bio Rad) membranes
using electroblotting (280mA for 1h). Following the transfer, membranes were blocked
against nonspecific antibody binding in 5% milk/TBS for 1h at room temperature, and then
incubated in primary antibody diluted in 3% milk/TBS over night at 4℃; R129d, R126d,
R123d, Cdk5 (8) & CREB antibodies were respectively used to detect the content of PP1,
PP2B, PP2A, Cdk5 & CREB. After incubation with the appropriate alkaline phosphatase-
conjugated secondary antibody, the blots were developed using NBT/BCIP (Nitro blue
tetrazolium/5-Bromo-4-chlor-3indolyl phosphate salt) system. Densitometric analysis was
used to quantitate the blots.

2.4 Statistical Analysis

Unequal variance T test was used to analyze the escape latency and error from the two
group rats, and the immunoblotting data from two groups of rat hippocampus proteins.

3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 Performance of the rats in step-down electronic inhibitory avoidance task

72h after the fourth trail, MMI rats showed performance markedly worse than that of the NC
rats (latency shorter, <150sec; error more, ≥1 vs latency, 300sec; error, 0times; Both
P<<.01). From the learning and retention curves of the both groups of rats in Fig.  1, author
found that in the first step-down train, the error times in MMI rats were also more than those
in NC rats (P< .05), indicating that the ability of learning new material in MMI rats is worse
than that in NC rats (Fig. 1).
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Fig. 1 Step-down latency and errors of rats during training and testing (n=15,
respectively; Mean±2SD)

*P<0.05 & ***P<0.001 represent the difference significance, compared MMI rats with NC ones
respectively at the same time

Mean ± S.D. = Mean values ± Standard difference of means of fifty of rats

3.1.2 Enzyme expression

To explore whether phosphatases in relation to dephosphorylation of the relative functional
proteins have changed, we detected the content of PP1, PP2B and PP2A. The results
showed that the contents of PP1 and PP-2B in MMI rats have increased or decreased ~50%
(P<.01) or ~40% (P<.01) respectively compared with NC rats; Whereas the expression of
PP2A in both groups of rats showed no obvious difference (Fig. 2), implying that PP1 and/or
PP2B might participate in the regulation of learning and memory in the rat brain. In addition,
we all found that the middle degree of adverse correlation between the expression of PP1

Test times

Test times
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and the latency of MMI & NC rats (-0.618, P<.001, two tails; Fig. 3), and the low degree of
positive correlation between the expression of PP-2B and the latency of MMI & NC rats
(0.381, P<.05, two tails; Fig. 3), indicating that the increase of PP1 content in itself might
impress in part the memory ability of rats.

Fig. 2 The levels of PP1, PP2B, Cdk5, CREB & PP2A probed by R129d, R126d, Cdk5,
CREB & R123d antibodies respectively. Western blot (upper panels) and quantitative
analysis (lower panels) were done based on 30g of hippocampal proteins per lane.

The molecular mass markers are shown at the left of blots
Each blot is respresentative of 3 separate experiments of 15 rats; **represents P<0.01, MMI rats

compared with NC rats
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Fig. 3 Plot of correlation between PP-1/PP-2B ROD and latency of one trail step-down
test from all 30 rats (MMI & NC rats)

r = -0.618, P<0.001 & r =0.381, P<0.05, respectively (two tails)
Bradford staining was used to ensure the same content of the proteins loaded for all the Western blot

study.

3.2 Discussion

The results presented here show that rats showing impairment in memory retention in the
step-down inhibitory avoidance task also exhibited significantly increased expression of PP1,
as determined by western blots. It is concluded that upregulation of PP1 content may
mediate worsened memory retention in rats. Both no obvious difference in the expression of
PP2A in both groups of rats and the low degree of positive correlation between the
expression of PP-2B and the latency of MMI & NC rats indicated directly that the increase of
PP1 content in itself might impress in part the memory ability of rats.

Learning and memory are highly complex processes whose mechnisms are extremely
intricate. It is well known that spatial learning and memory is hippocampus-dependent [10].
Inhibitory avoidance learning is an example of instrumental learning, in which shock delivery
is contingent on the animal’s response in our step-down avoidance task that is a kind of
hippocampus-dependent test related with learning and memory. In our step-down avoidance
task, rats would learn to use contextual (place) cues to escape from the detrimental shock
on the shelter by repeated training. Past evidence indicated that the hippocampus is
necessary for acquisition and retrieval of spatial information as well as for
consolidation/storage [11]. And our result of one trail step-down test is in consistent with the
data of Morris Water Maze from the other co-workers of our college. There are at least three
constituent aspects to spatial learning and memory: memory capacity (the number of
locations remembered), memory persistence (the duration over which a location is
remembered), and spatial resolution (the least distance at which remembered locations can
be discriminated). Among the three aspects memory persistence is much associated with
longer-lasting spatial memory. And, one trail step-down task is very associated with special
resolution (the least distance between the escape platform and electric attack field can be
resolved).
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In mammalian cells, four major classes of Ser/Thr-specific phosphatase catalytic subunits
have been identified, comprising two distinct gene families. The high degree of homology
among members of the same family, PP1, PP2A and PP2B and the high degree of
evolutionary conservation between organisms as divergent as mammals and yeast, implies
that these enzymes are involved in fundamental cell functions. Neural function of PP1
remains unclear except that it might participate in the formation of long-term depression
(LTD) [11,12,13]. Increasing data suggest the role of PP2A and PP1 in learning and memory
[11,14,12,13]. The fact that inhibition of PP2A and PP1 leads to dysfunction in learning and
memory is not a novel one. But because we found the correlation between both changes of
PP1 content and the memory ability of rats in the study, the processes of one-trial step-down
inhibitory avoidance task needs protein phosphorylation and special enzyme participation,
and the increment of PP1 content itself could cause the decrease of memory ability due to
the persistent dephosphorylation (inactivation) of CREB (associated with long term memory)
[15]. It has also been reported that the duration of CREB phosphorylation is regulated by
nuclear PP1 [16]. Interestingly, Foster et al. [8] reported that there is an increase in PP2B
activity in the hippocampus during aging, which could explain the upregulation of PP1
expression in rat hippocampus in this study.

PP2B (Calcineurin) is a serine-threonine specific Ca
2+

-calmodulin-activated protein
phosphatase. Neuronal cells are very rich in PP2B and multiple neuronal processes depend
on its activity. The potential modulator of both memory function and cell degeneration is the
Ca++/Calmodulin-dependent protein phosphatase 2B (calcineurin, CaN), the most abundant
phosphatase in the CNS [17]. Downregulation of CaN by an autoinhibitory peptide improves
memory in rodents [18]. PP2A is a heterotrimeric enzyme that comprises one catalytic
subunit, one non-catalytic A subunit, and one of several structurally distinct, regulatory B
subunits [19]. It is mainly a cytosolic enzyme involved in various regulations of cell functions.

Memory appears to be the product of dynamic interactions among multiple systems in the
brain, and the interaction between hippocampal and neocortical systems has turned into a
topic of importance in studying the hippocampal function in learning and memory [20, 21, 22,
23, 24]. Memory consolidation would therefore involve a transitory interaction between the
hippocampus related structures of the medial temporal lobe and the neocortex [25].
Consequently, lesions directed to the hippocampus or related temporal structures would lead
to a weak representation of the learned material in the neocortex, thus impairing the long-
term retention of information. Activated PP2B dephosphorylates the PP1 inhibitor protein,
thereby activating PP1. When the content (activity) of PP1 increased, active Cdk5 can
phosphorylate DARPP-32 (dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa)
on Thr75: Phospho-Thr75 DARPP-32 not only becomes unresponsive to phosphorylation by
PKA, but also directly inhibits PKA activity, leading to the insult of LTM (long term memory,
because of deactivation of CREB) [26, 15]. However many studies have alsoindicated that
the effects of neuropharmacological agents on MWM (Morris water maze) and step-down
performance as well as the involvement of the different neurochemical systems in spatial
learning may be more complex than initially thought.

4. CONCLUSION

In conclusion, our studies suggest that the up-regulation of PP1 content may be much
responsible than the deregulation of PP2B expression for the deficiency of learning and
memory in rats. Our results are also important in relation to human memory dysfunctions,
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because the deficits of recall or retrieval are common in depression [27] and Alzheimer’s
disease [28,29].
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