
Abstract. – Protein kinase A (PKA) phos-
phorylates and activates cAMP response ele-
ment-binding protein (CREB), which then binds
to CRE domain on DNA and in turn activates
genes involved in the process of learning and
memorization. It has been demonstrated that
CREB is involve in the learning and memory
deficits that are caused by ketamine.
In this review, we attempt to discuss the role

of ketamine and cAMP pathway and relevant
regulatory protein ERK in learning and memory
through the molecular mechanism and signal-
ing pathways. In this review, we also try to find
a new way to treat the impairment in learning
and memory induced by ketamine.
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Introduction

Among the pediatric clinical anesthesia, keta-
mine is one of the most commonly used medi-
cines. The researches of its impact on learning
and memory have always been a clinical concern.
In this article, we are going to explore the forma-
tion of learning and memory impairment caused
by ketamine.

Materials and Methods

Ketamine’s Impact on Learning
and Memory
N-methyl-D-aspartate (NMDA) receptor, lo-

cated in hippocampus, plays an important role in
the induction, maintenance, and expression of the
long-term potentiation (LTP) that mediate the
process of learning and memory1. Ketamine is a
non-competitive antagonist of NMDA receptor.
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Studies have shown that repeated injection of ke-
tamine to rats after surgery can significantly de-
crease both NMDA and its receptors quantity
within the hippocampus. It is also found that in-
traperitoneal injection of ketamine can damage
the space exploring and learning ability of 21-
day-old SD rats2. Moreover, this damage to
learning and memory function in neonatal rats
caused by ketamine is sustainable to adult, which
can not be repaired or restored with the develop-
ment of the central nervous system3.

Impact of cAMP pathway and its
Regulatory Proteins ERK on Learning
and Memory

cAMP Pathway
Cyclic adenosine monophosphate (cAMP)

pathway plays a very important role in learning
and memory. cAMP can activate protein kinase A
(PKA) and C (PKC) subunit to enter in the nucle-
us, which make the CREB transcription factor
phosphorylated on specific serine stump and it be-
comes activated. The phosphorylated and activated
CREB can combine on CRE near the cAMP regu-
lated target gene on the DNA molecule, regulate
gene transcription, and thus synthesize the pro-
teins associated with learning and memory4.
Before training the learning and memory be-

haviour, the injection of CREB antisense
oligonuleotide into the rat hippocampus can lead
to its spatial learning defects in the Morris water
maze. As for the rats with the bilateral fimbria
fornix transectioned, the reduced phosphoryla-
tion level of the hippocampal CREB can also
lead to damage to the avoidance memory5. It has
also been demonstrated that CREB phosphoryla-
tion mediated transcription can also promote the
generation of new synaptic links, improve the
survival rate of neurons, and alleviate the brain
cognitive impairment after injury6.
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LTP is the main mechanism of the mammalian
central nervous system to store information. It is
the cellular basis of learning and memory and
has become an effective model for neuronal plas-
ticity. A growing number of animal experiments
have improved the irreplaceable role of CREB in
LTP and memory process mediation. Different
protein kinases, including extracellular signal-
regulated kinase-2 (ERK2), protein kinase A
(PKA), calcium/calmodulin-dependent protein
kinase type IV (CaMKIV), etc., can induce or
promote LTP through phosphorylated CREB and,
therefore, improve the learning and memory
function in animals7-10. Montarolo et al11 has
found for the first time from the Aplysia the long
term of cAMP-CREB pathway facilitation activi-
ties in the memory process, and has mentioned
the first mechanism of learning and memory de-
pendent gene expression. In the studies of verte-
brates, Florion et al12 has found that through
CREB phosphorylation and the activation of in-
tracellular protein kinase cascade, external stimu-
lation triggered effect can induce target cell gene
expression to cause a long-range effect on mem-
ory and learning.

cAMP Pathway and ERK Protein
Extracellular signal-regulated kinase (ERK) is

an important serine/threonine protein kinase. Its
substrate include transcription factors, histones,
other important intracellular kinases and a K+

channel. These substances are the important
component within the cells, and are essential in
the process of learning and memory formation.
The activated ERK can activate CREB through
the ribosomal S6 kinase activation, which is act-
ing on the CRE to start the CRE-dependent tran-
scription. In addition, ERK can also phosphory-
late directly the transcription factor CREB. Other
studies13 have shown that ERK can also regulate
the content of cAMP through the cross-dialogue
with phosphodieterase-4 (PDE-4), and form a
cAMP/ERK regulatory pathway. The work of
Kelly et al5 has proved that the MAPK/EFK sig-
naling pathway has been involved in learning and
memory consolidation in the hippocampus.

Impact of Ketamine on Learning and
Memory Through cAMP Pathway and its
Regulatory Proteins ERK

Ketamine and cAMP Pathway
Experiments have shown2 that ketamine can

temporarily inhibit the hippocampal P-CREB ex-

pression so to affect the memory capacity of im-
mature rats. Further studies have confirmed that
the cAMP-regulated downstream protein CREB
has participated in the formation of ketamine
which in turn involved in the learning and memo-
ry in immature rats. The low CREB transcription
in mice can lead to a significant damage to LTP
and the long-term memory14, while the high ex-
pression of CREB can bring both a significant
enhancement of memory and LTP and an obvi-
ous improvement in social cognitive function15.
CREB may participate in the regulation of keta-
mine formation and learning and memory im-
pairment in immature rats by affecting the role of
NMDA receptors. As a double-gated channel of
voltage and ligand, NMDA receptors will com-
bine Mg2+ and close in the resting potential. Dur-
ing the postsynaptic membrane depolarization,
Mg2+ will be separated from the channel; the
binding of neurotransmitter and receptors causes
the channel to open, then as second messenger,
Ca2+, inter into the cell, activate Ca/CAMK II,
cAMP-dependent protein kinase and others, and
ultimately start a series of biochemical reactions
including CREB transcription and phosphoryla-
tion and the formation of LTP.

Ketamine and ERK Protein
Studies have confirmed that the ERK signaling

transduction pathway has participated in the
process of learning and memory2,6. The activation
of NMDA receptor is mainly regulated by A-type
potassium channel encoded by the Kv4 family
members, and ERK activation can result in the
phosphorylation of Kv4-2α subunit, thus a de-
cline of the A-type potassium current, and induce
the amplification of action potentials, enhance the
dendritic membrane excitability and, therefore,
induce the formation of LTP16. Ketamine may af-
fect learning and memory through its inhibition of
ERK signaling transduction pathway.

Results

PDE-4
Latest research showed that cAMP-specific hy-

drolase inhibitors can reverse the damage of
learning and memory17. Phosphodiesterase-4
(PDE-4) is a cAMP specific hydrolytic enzyme
and its hydrolyzation can decrease cAMP levels.
Through the regulation of signaling pathways of
cAMP/PKA/CREB and others, it will affect the
intracellular CREB regulatory gene expression, so
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that the part of protein involved in learning and
memory might not be synthesized and, thereby,
interfere the long-term formation of memory18.
By increasing the cAMP levels by the cAMP-

specific hydrolytic enzyme PDE-4, Vecsey et
al17 have reversed the memory loss in rats
caused by sleep deprivation. Previous work
have also demonstrated that the rats will signifi-
cantly lose their memories after being adminis-
tered NMDA receptor inhibitor MK801, and re-
injection of PDE-4 inhibitor can reverse this
forgetting effect19. Moreover, the administration
of muscarinic M receptor agonist, scopolamine,
can cause the impairment of working memory
and reference memory, and these two kinds of
memory impairment can be reversed by the ap-
plication of PDE-4 inhibitor19. It is then specu-
lated that these effects may be related to the
PDE-4 inhibitor, which has increased hip-
pocampal cAMP level and hippocampal neurons
LTP, and has changed hippocampus synaptic
plasticity.
In summary, ketamine affects learning and

memory through cAMP pathway and relevant
regulatory proteins ERK. At the same time, in or-
der to search their molecular mechanisms and
signal transduction pathways, we need to contin-
ue exploring and screening new effective medi-
cine to prevent ketamine caused postoperative
learning and memory impairment.

Conclusions

The impact and mechanisms of CAMP/
PKA/CREB signaling pathway and related regu-
latory proteins PDE-4 and ERK on learning and
memory has achieved remarkable results. By
combining these approaches, it is possible to pro-
vide a new therapeutic approach for clinical bet-
tement of patients, a new target for new effective
drugs, and to prevent postoperative learning and
memory dysfunction.
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