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Propofol inhibits long-term potentiation (LTP) in the hippocampal CA1 region and
impedes episodic memory formation. However, the molecular mechanisms involved in
the effect of propofol are still poorly understood. It had been reported that propofol
inhibited cAMP response element binding protein signaling, which was proposed to
contribute to memory retention impairment in rats. Here, we first demonstrated that
propofol perfusion could inhibit forskolin induced LTP in the rat hippocampal CA1 slices.
Propofol also reduced the level of cAMP, which could be reversed by non-selective
PDE inhibitor IBMX. We further discovered that propofol could increase both PDE4
activity and PDE4AX protein expressions in the hippocampal CA1 region. Furthermore,
pretreatment of rolipram, a PDE4 inhibitor, rescued propofol induced inhibition of CA1
LTP and the impairment of hippocampus-dependent memory formation in rats. Thus, our
results suggest that reduced levels of CAMP by increasing PDE4 activity and PDE4AX
protein expressions in the hippocampal CA1 region plays an important role in the
propofol-induced amnesia.

Keywords: propofol, amnesia, cyclic adenosine monophosphate, phosphodiesterases 4, hippocampus

INTRODUCTION

Propofol, the most widely used intravenous general anesthetic, can impede episodic memory
formation even at sedative doses (Pang et al., 1993; Veselis et al., 2004; Zhang et al., 2013). That is to
say patients could preserve conscious awareness when subanesthetic propofol is present, but have
no recollection of these events after the fact. It is known that the formation of episodic memories
depends on the hippocampus, a region of the brain critical to memory formation (Wixted et al,,
2014; Moscovitch et al., 2016). However, the change induced by propofol in the hippocampus
related to the memory formation remains unknown.

Long-term potentiation (LTP), which is the long-lasting increase in synaptic strength following
trains of stimuli, has been proposed to be as a cellular mechanism of memory formation in the
brain (Eichenbaum, 1996; Miller and Mayford, 1999). Previous researches from ourselves and
others found that propofol could inhibit theta burst stimulation induced hippocampal CA1 LTP
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in both rats and mice (Nagashima et al., 2005; Takamatsu et al.,
2005; Li et al., 2014), but had little effect on the CA1 LTP
evoked by high frequency stimulations (Li et al., 2014). It has
been proved that different protocols induced LTP have different
underlying molecular mechanisms (Nguyen and Kandel, 1997;
Staubli et al., 1999; Costa and Grybko, 2005; Li et al., 2014). For
example, theta burst stimulation induced LTP in hippocampal
CAL1 region is reported cAMP signaling dependent and sensitive
to be affected by GABA receptor activation (Nguyen and Kandel,
1997; Staubli et al,, 1999; Costa and Grybko, 2005). On the
contrary, high frequency stimulation induced LTP is cAMP
signaling independent and not sensitive to being affected by
GABA receptor activation. Thus one of the differences, such
as cCAMP signaling and effect by the GABA receptor activation
between these two forms of LTP, could likely be a contributor
to this differential effect of propofol on LTP as well as memory
formation.

Many findings support the view that cAMP signaling pathway
mediates synaptic plasticity, such as hippocampal LTP, in rodents
which is responsible for learning and memory (Wong et al., 1999;
Nguyen and Woo, 2003; Wang et al., 2004). cAMP levels in cells
are positively regulated by adenylyl cyclases (ACs) and negatively
affected by cyclic nucleotide phosphodiesterases (PDEs). An
increase in cAMP level activates protein kinase A (PKA) that,
in turn, phosphorylates target proteins including kinases and
transcriptional factors, such as cAMP response element-binding
protein (CREB) (Kandel, 2012). Our previous study had reported
that propofol could suppress the CREB phosphorylation and
the expression of brain-derived neurotropic factor and activity-
regulated cytoskeleton-associated proteins in the hippocampus
of rats (Zhang et al.,, 2013). Additionally, it was reported that
GABA(A) receptors could modulate the effect of cAMP on
synaptic transmission and therefore determine the direction of
synaptic plasticity (Yu et al., 2001). These findings indicated that
propofol could either directly or indirectly affect the downstream
of cAMP signaling and its functions.

Based on these findings, we hypothesized that amnesia caused
by propofol might through suppress cAMP signaling in the
hippocampal CA1 region. In this aspect, we had performed
electrophysiological, biochemical and behavioral experiments,
and discovered that propofol inhibited cAMP signaling by
enhancing PDE 4 activation and PDE4AX expression in the
hippocampus.

MATERIALS AND METHODS

Animals and Drugs
The animal experiments were approved by the Institutional
Review Board for animal research and performed according to
the guidelines for animal use in laboratories established by Fudan
University and Second Military Medical University. All rats,
purchased from SLAC laboratory animal company (Shanghai,
China), were maintained on a 12 h light/dark cycle with food and
water provided ad libitum.

PDE Activity Assay Kit (Colorimetric) was purchased
from Abcam Company (Shanghai, China). Forskolin(FSK),
3-Isobutyl-1-methylxanthine(IBMX),  Rolipram, Dimethyl

sulfoxide (DMSO), N-(2,6 dimethylphenylcarbamoylmethy 1),
propofol, intralipid and cAMP Enzyme Immunoassay Kit were
purchased from Sigma-Aldrich Co. LLC (Shanghai, China).
Propofol was dissolved in DMSO, and the final concentration
was 0.1% in the superfusing artificial cerebrospinal fluid (ACSF).
RAMH and the other drugs were administered by addition to
ACSF in the in vitro experiment. For the in vivo experiment,
propofol (10 mg/ml) was purchased from B. Braun (Shanghai,
China).

Hippocampal Slice Preparation

Sprague-Dawley rats (21-28 days old) were decapitated following
diethyl ether anesthesia. The brain was rapidly removed and
placed in cold normal ACSE saturated with 95% O2/5%
CO;, mixed gas. The collected hippocampal tissue (350 um)
was immediately sliced using a vibrotome (Lecia, Nussloch,
Germany). Slices were recovered in an incubation chamber for
30 min at 32°C. They were placed at room temperature for at least
60 min, before being transferred to a recording chamber perfused
with gassed ACSF.

Electrophysiological Recordings

The detailed protocol for recording field excitatory post-synaptic
potentials (fEPSPs) had been described previously (Li et al,
2014). The brain slices were perfused with normal oxygenated
ACSE, which contained (in mM): 126 NaCl, 2.5 KCI, 1.0
NaH,POy, 26 NaHCO3, 2.5 CaCl,, 1.3 MgCl,, and 10.0 glucose,
with the pH adjusted to 7.4. To obtain fEPSPs from the s.
radiatum of the CAl region, bipolar stimulating electrodes
were placed in the Schaffer collateral pathway, and 5-8 MO
glass electrodes filled with normal ACSF were placed on the
s. radiatum for recording. The stimulus intensity was adjusted
to evoke 40-50% of the maximum amplitude of fEPSPs. In all
experiments, the baseline of synaptic transmission was recorded
steadily for at least 30 min before drug administration or delivery
of the stimulus. For LTP induction, we utilized FSK perfusion
protocol by perfusing 50 uM FSK for 20 min, and theta-burst
stimulation (TBS) protocol, which consisted of 10 bursts of
four pulses at 100 Hz, applied at 5 Hz. The strength of synaptic
transmission was determined by measuring the maximum slope
of the fEPSPs.

cAMP Concentration Assay in the CA1

Region of Hippocampal Slices

There were three small experiments in this part and each
experiment had two groups: control group (1% DSMO) and
propofol group (50 uM). The slices were incubated at normal
ACSF in the experiment 1. The slices were treated for 15 min with
FSK (50 uM) and FSK plus IBMX (30 uM) in the experiment
2 and 3 respectively. At 15min after FSK or FSK plus IBMX
treatment, slices were transferred to chambers with cold ACSF
and CAL region was dissected. The harvest tissues were stored
in liquid nitrogen immediately. Protein concentrations were
determined by the BCA method according to BCA Protein
Assay protocol (Pierce BCA Protein Assay Kit, Thermo Fisher,
Shanghai, China). cCAMP concentration assay was performed
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according to the instructions of ;AAMP Enzyme Immunoassay Kit
(Sigma-Aldrich Co. LLC, Shanghai, China).

PDE4 Activity Assay in Rats’ Hippocampal
CA1 Region

Twenty-four rats, aged 10-12 weeks, were randomly divided
into four groups: control group at 30 min (intralipod, 5 ml/kg,
i.p.), propofol group at 30 min (25 mg/kg, i.p.), control group at
120 min and propofol group at 120 min. Rats were decapitated
30 min and 120 min after the propofol injection respectively.
The CA1 region of hippocampal tissues was harvested in
cold ACSF and homogenated in a protein extraction reagent.
Protein concentrations were determined by the BCA method
according to BCA Protein Assay protocol. PDE4 activity assay
was according to the instructions of PDE Activity Assay Kit
(Abcam, Shanghai, China).

PDE4 Protein Expression in in Rats’

Hippocampus by Immunoblotting

Western blot analysis was performed as previously described
(Zhang et al.,, 2013). Samples from the previously described
preparation were loaded and separated by SDS-PAGE, and
then electrophoretically transferred to Poly vinylidene fluoride
(PVDF) membranes (Millipore). Loaded PVDF membranes were
incubated with primary antibodies (ab14628, 1:1,000, abcam) in
5% skimmed milk-TBS-T solution (20 mM Tris, pH 7.6, 137 mM
NaCl, 0.05% Tween 20) overnight at 4°C, followed by incubation
with peroxidase-conjugated affinipure goat anti-rabbit (#111-
035-003, 1:20,000; Jakson) secondary antibody in TBS-T buffer.
Bands were visualized by using an ECL system (Pierce). The
immunoreactivity of individual band was measured by Imagepro
plus (IPP) were normalized to B-actin (#94725S, 1:2,000, CST).

Contextual Fear Conditioning

The protocol of fear conditioning experiment is similar to the
previous described (Curzon et al., 2009). Briefly, on the training
of day 1, rats were give a 120 s habituation period before cue
and shock trails begins. Then, a tone cue is presented at a level
of 80 dB for 15s. A foot shock (1 mA) was administered during
the last 2 s of the tone presentation. After 120 second intervals,
the tone and shock presented again 4 times. On the task test of
day 2, rats were gently placed into the conditioning chamber
for 180s for contextual memory at the same time and then
moved to an altered chamber to test non-contextual memory.
After 60 min, rats were transferred to a new location for cue
test. Rats were allowed to habituate for 3 min and then the same
tone cue was given for 15s. After 60 s intervals, the tones were
repeated for 2 times. Computer-controlled cameras captured the
behavior of rats during the experiment course. Memory function
was assessed by analysis of freezing time.

Data and Statistical Analysis

Field EPSPs were recorded and analyzed by the pCLAMP
software system (Molecular Devices, Sunnyvale, CA, USA). The
slope of the fEPSPs during the 5min prior to induction of LTP
was taken as the baseline, and all values were normalized to this
baseline.

Data collected in this study were expressed as the mean +
SEM. Statistical significance was determined by a two-tailed
unpaired Student’s ¢-test or one-way or two-way ANOVA with a
post-hoc Tukey test using SPSS 20.0 (IBM Corporation, Armonk,
NY, USA). P < 0.05 was considered to be significant.

RESULTS

Propofol Inhibits FSK Induced LTP in
Hippocampal CA1 Region

Our previous reports showed that treatment with propofol
significantly suppressed hippocampal CA1 LTP induced by TBS,
a cAMP signaling dependent LTP induction protocol, but not
HES, a cAMP signaling independent LTP induction protocol.
In current study, we investigated whether the differentiation of
propofol on two different protocols induced LTP was due to
modulation of the cAMP levels in hippocampal neurons. FSK is
an activator of the enzyme adenylyl cyclase of which activation
could increase intracellular cAMP levels. FSK perfusion (50 uM)
for 20 min induced a long lasting and significant increase of
the fEPSP in the CA1 region of the hippocampus. The slope of
fEPSP increased to 139 4 8% of baseline (n = 6, p < 0.001)
at 60 min after FSK perfusion and lasted for at least 100 min.
However, propofol (50 uM) pretreatment for 20 min significantly
inhibited the FSK induced increases of the fEPSP slope (108 +
8% (n = 6) of baseline vs. 139 & 8% (n = 6) in FSK alone group,
p < 0.05) (Figure 1). These results suggest that propofol is likely
to influence the cAMP pathway during the LTP induction in the
hippocampal CA1 region.

cAMP Level Decreased by Propofol Was
Due to the Increase of Both PDE Activity

and Protein Level

Propofol decreases the cAMP level and inhibits cAMP signaling,
but its underlying mechanism is little to be known. Cell
cAMP level is positively regulated by adenylyl cyclases (ACs)
and negatively affected by cyclic nucleotide phosphodiesterases
(PDEs). In this aspect, we performed experiments to test whether
stimulating ACs by FSK, or inhibition of PDEs by IBMX,
would affect the cAMP level in either normal or propofol
treatment conditions. Our experimental results showed that
FSK treatment significantly increased the cAMP level to 184
+ 12% (n = 6) of ACSF control level (P < 0.01 compared
with ACSF group) in hippocampal CA1 cells, and there was a
further increase of cAMP level to 233 £+ 15% (n = 6) of ACSF
control level while IBMX was added on top of the FSK treatment
(P < 0.01 compared with ACSF control and P < 0.05 compared
with FSK alone group) (Figure 2A). This result suggested that
both FSK, by increasing the cAMP synthesize, and IBMX, by
enhancing cAMP degradation, could influence the intracellular
cAMP level in hippocampus. Next, we tested whether FSK
or IBMX could reverse propofol induced decrease of cAMP
in hippocampus. Similar as previous reported, propofol alone
significantly decreased cAMP concentration in the hippocampal
CAL1 region (75 &= 7% of control, n = 6, p < 0.05) (Figure 2B).
In the slices of FSK treatment, propofol could also decrease
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FIGURE 1 | Propofol inhibits forskolin (FSK) induced LTP in the hippocampal
CA1 neurons. (A) Traces showing of the recording of the evoked field potential
5 min before (gray line) and 80 min after FSK perfusion (black line).

(B) Perfusion of FSK (50 uM) for 20 min sharply induced a long lasting
increases of the field potential (F-LTP) in the hippocampal CA1 neurons (open
circle, control group), and pretreatment with propofol (30 M) 20 min before
FSK perfusion (solid square, propofol group) significantly suppressed the FSK
induced F-LTP. (C) Bar histogram showing group data (baseline and post-FSK)
of the propofol effect on FSK induced LTP taken from 80 to 90 min after FSK
perfusion. *p < 0.01, **p < 0.001 compared with baseline by Student’s
t-test; #p < 0.05 compared between FSK group and FSK+Propofol group.

cAMP concentration (71 £ 7% of control n = 6, p < 0.05,
Figure 2B). In contrast, when co-treatment FSK together with
IBMX, the cAMP concentration in the presence of propofol
was no longer significantly reduced (87 4= 6% of ACSF control,
p = 0.19) (Figure 2B). These results indicated that blockade of
cAMP synthesize with FSK could not, but suppressing cAMP
degradation by inhibiting PDE activity, could reverse propofol
induced cAMP concentration deduction.
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FIGURE 2 | PDE inhibitor IBMX rescues propofol caused decrease of CAMP
level in the hippocampal CA1. (A) Bar histograms showing the relative cAMP
level, normalized to level in ACSF as 100%, of hippocampal CA1 cells
incubated with either ACSF, FSK or FSK+IBMX (n = 6 in each group,
respectively) for 15min. **p < 0.01 compared with ACSF, #p < 0.05
compared with FSK group. (B) Bar histogram showing propofol incubation
significantly reduced the cAMP concentration in the hippocampal CA1, and
co-incubation with FSK and IBMX together but not FSK alone prevented the
reduction induced by propofol. *o < 0.05 compared with its relative control
group, n = 6 in each group.

Since PDEs are enzymes that provide the sole route for cAMP
degradation in cells and PDE4 has a major role in the brain
cells. Therefore, we speculated that the reduction of the cAMP
level in the hippocampal CA1 region by propofol was related to
PDE, particularly PDE4, pathway. Indeed by measuring the PDE4
activity in the hippocampus using Enzyme Immunoassay, we
observed that PDE4 activity in the hippocampus was significantly
enhanced in the presence of propofol. The PDE4 activity in the
hippocampus was increased to 164 &+ 13% (n= 6, P < 0.01) and
147 £ 15% (n = 6, P < 0.05) of ACSF control level at either 30 or
120 min after propofol administration, respectively (Figure 3).

Next, we investigated the PDE4 isoforms protein expression
in the hippocampal CAl region by western blot. PDE4 AX,
D1, D3, and Al were detected by using a pan-PDE4 antibody.
PDE4 AX level in the hippocampal CAl region was found
significantly increased in propofol group (146 £ 9% of control,
n =6, P =0.01), but not all the other subtypes (Figure 4). These
results suggested that propofol suppressing the cAMP level in the
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hippocampus is likely due to the increase of both the activity and
the protein level of the PDE4, and in turn to reduce the cAMP
degradation rate.

Rolipram Reversed Propofol Induced LTP

Inhibition in the Hippocampal CA1 Region

Based on the above result that propofol enhanced the PDE 4
activity in the hippocampal CA1 region, we further investigated
whether increased PDE4 activity was responsible for propofol
induced inhibition of LTP in the hippocampal CAl region.
Similar to our previous findings, propofol 30 uM) significantly
inhibited TBS induced hippocampal CA1 LTP (110 £ 6% of
the baseline in propofol group vs. 146 = 6% of the baseline
in control group at 60 min after TBS, n = 6 in each group,
p < 0.01; Figure5). However, rolipram perfused together
with the propofol, significantly reversed the suppression of

250 7 DOControl (n=6)

- B Propofol (n=6)
© ]
] 200 *k
g *
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3 150 A
s
—
‘5 100 A
Q
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FIGURE 3 | Propofol increases the PDE4 activity in the hippocampal CA1 of
rats. Bar histograms showing the ELISA measured PDE4 activity in the
hippocampal CA1 area significantly increased 30 min and 120 min after
propofol injection (50 mg/kg, i.p.) in rats. *p < 0.05, **p < 0.01 compared with
vehicle control group by Student’s t-test.

LTP by propofol in the hippocampal CAl slices. Rolipram
increased TBS induced hippocampal CA1 LTP from 110 +
6% (n = 6) of the baseline in the propofol group to 133 &
5% (n = 6) of the baseline in the propofol plus rolipram
group (p < 0.01; Figure5). This result showed that PDE4
inhibitor could rescue propofol induced inhibition of LTP
in the hippocampal CA1 region, which suggested that PDE4
pathway impairment was responsible for propofol induced LTP
inhibition.

Rolipram Rescued Contextual Fear
Memory Impairment Caused by Propofol in
Rats

Contextual fear conditioning was employed to
hippocampal dependent memory formation in this experiment.
During the memory tasks, freezing behavior was used as an
indicator of rats’ recognition of a potentially aversive stimulus,
and thus an indicator of memory function. Thirty-six male rats
(10-12 weeks) were randomly divided into four groups. Rats
received propofol treatment (25 mg/kg, i.p.), rolipram treatment
(1 mg/kg, i.p.), or vehicle (2% DMSO in 0.9% saline) respectively
at 30 min before undergoing behavior test.

The baseline of freezing behavior indicated by the freezing
percentage before training on day 1 was similar among the four
groups (p > 0.05, Figure 6). During the task tests on day 2 in the
contexture test, the percentage of freezing time in propofol group
was significantly lower than that of control group (14 & 6% vs. 51
+ 6%, n=29, p < 0.01, Figure 6). However, combined injection of
rolipram with propofol rescued the decreased freezing percentage
induced by propofol (44 £ 9%, n =9, p < 0.05, Figure 6). There
was no significant difference of freezing behavior among the four
groups on the non-contextual tests on day 2 (p > 0.05, Figure 6).
The ability of rolipram to rescue propofol induced impairment
in hippocampus dependent memory formation demonstrated
that propofol increasing of PDE4 activities and inhibiting cAMP
signaling in the hippocampal CA1 region is likely, at least in
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FIGURE 4 | Propofol increases the PDE4AX protein levels in the hippocampal CA1 of rats. (A) Representative WB bands showing PDE4 isoforms, PDE4AX, PDE4DT,
PDE4DS3, and PDE4A1 are detected from samples of rat hippocampus. (B) Bar histograms showing the PDE4 AX protein levels in hippocampus significantly
increased 120 min after propofol injection (50 mg/kg, i.p.) in rats. The other isoforms in hippocampus had no significant changes. Data were shown as mean + SEM.
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after TBS, and the rescue effect of rolipram on the propofol inhibition of CAl LTP. Second, propofol reduced the cAMP level in the
hippocampal CA1 LTP. ***p < 0.001 compared with baseline by student t-test, rats’ hippocampus, which provided direct evidence that propofol
and #p < 0.05 compared with the propofol group by one way ANOVA with could inhibit cAMP Signaling in the rats’ hippocampus Third
0st-hoc tests. s . : ;
P PDE4 inhibitor could rescue propofol induced cAMP dependent

part, responsible for the memory impairment effects of propofol
in vivo.

DISCUSSION

In this study, we demonstrated that propofol inhibited cAMP
signaling dependent LTP in the CA1 region of rats’ hippocampus
through suppressing cAMP levels as a result of increased PDE4

LTP inhibition in the hippocampal CA1 region. Taken together,
these results indicated that propofol inhibited cAMP signaling in
the hippocampal CA1 region was involved in its effects on LTP
formation.

Many factors could modulate cAMP levels in cells mainly
through two series of enzymes ACs and PDEs. For example,
numerous agents such as FSK and pertussis toxin increased
the cAMP levels in brain cells by activating AC directly or
indirectly (Ahuja et al., 2004; Vecsey et al., 2009). PDE activity
enhanced or inhibited also affects the cAMP levels in neurons
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(Kleppisch, 2009; Xu et al, 2011). In this study, the reduced
cAMP levels by propofol could be partly reversed by a broad-
spectrum PDEs inhibitor IBMX, but not AC activator FSK,which
suggested that the effect of propofol on reduced cAMP levels
was due to PDE inhibition. The cAMP-specific PDE4 in the
brain played an important role in regulating cAMP signaling
(Houslay and Adams, 2003; Kleppisch, 2009). Then we found that
propofol could increase the PDE 4 activity in the hippocampus in
rats. Additionally, the PDE 4 selective inhibitor rolipram could
rescue cCAMP dependent LTP inhibition and memory formation
by propofol treatment. These results may be taken to endorse
the hypothesis that propofol reduced the cAMP levels in the
hippocampal CA1 region and inhibited the LTP and memory
formation are at least in part by increased PDE4 activity.

Fear conditioning was employed in this study to assess
the ability of memory formation in rats. The test paradigm
included contextual fear conditioning which required normal
hippocampal function (Rudy et al., 2004; Alvarez et al., 2008)
and cued fear conditioning which relied heavily on the amygdala
(Johansen et al, 2011; Bergstrom et al, 2013). During the
contextual fear conditioning test, we found that both propofol
and rolipram alone had little effects on learning course. However,
propofol (25 mg/kg, ip.) significantly reduced the freezing
time during the task test, indicated that even subanesthesia
dose propofol impaired contextual memory formation. Rolipram
alone couldn’t enhance the memory of normal animals in our
study, which agreed with the reported study by Barad and his
colleagues (Barad et al., 1998). It may be related to that rolipram
had no significant effect on basal cAMP concentration. However,
similar to reported results in water maze experiments (Zhang
et al., 2013), rolipram treatment before propofol administration
rescued the contextual memory function impaired by propofol in
rats. There are two factors which may contribute to this effect
in vivo. On one hand, propofol induced cAMP reduce can be
reversed by IBMX. It could be speculated that rolipram also
could in part reversed the cAMP reduction. On the other, many
reports had shown that rolipram could facilitate LTP induction
and transform early LTP to late LTP. In this study, it rescued
propofol induced LTP inhibition in the hippocampal slice (Barad
et al., 1998; Navakkode et al., 2004).

In addition, we found the similar results in the cued fear
conditioning experiment. Propofol also impaired the memory
formation and reduced by rolipram in rats. Because amygdala,
but not hippocampus, plays more of an exclusive role in cue
fear conditioning (Johansen et al., 2011; Bergstrom et al., 2013),
these results suggested that propofol and rolipram also worked
on other areas in the brain such as amygdala. Indeed, it had
reported that amygdala was involved in the propofol-induced
amnesia (Ren et al., 2008, 2015). And administration of rolipram
into the amygdala at a specific time interval after training
enhances memory persistence for novel object recognition in rats
(Werenicz et al., 2012). All these showed that it should be paid
attention to some other memory related areas in the brain that
may also play an important role in the effect of propofol and
rolipram.

There are some limitations in the study. First, although PDE4
seems to be the most promising target in the brain, there are
many other PDEs such as PDE 7 and PDE 8 could play a
role in propofol induced cAMP reduction (Heckman et al.,
2015). Second, we investigated four PDE4 isoforms by western
blot but we did not know whether other isoforms changed. In
addition, rolipram was intraperitoneally injected but not locally
in behavior tests. As PDE4 was ubiquitously expressed in the
brain regions such as amygdala, prefrontal cortex, and basal
forebrain, might be also contributed to the effects of rolipram.
These possibilities should be included for consideration when
interpreting our results.

This study and our previous findings provided further
information about the cellular and molecular mechanisms of
propofol produced amnesia. It revealed the major role of cAMP
signaling and PDE4 activity in the hippocampal CA1 region on
propofol induced changes of hippocampal function as well as
memory formation. Except the theoretical significance, it also
showed practical values in the clinical experiences. Although
a great number of patients underwent surgery benefited from
propofol-produced amnesia, it would be an adverse effect if some
patients underwent short examinations such as gastrointestinal
endoscopy recovers slowly. It was reported that memory remain
depressed for several hours in these patients after cessation
of propofol administration (Korttila et al., 1992). What we
found in this study suggested that modification of PDE4 activity
and cAMP signaling should have a potential effect to promote
memory recovery after propofol administration.

In the current study, we demonstrated that propofol could
increase the activity of PDE4 and also the protein level of
PDE4AX, which resulted in the decrease of cAMP level in
the hippocampal CA1 region. The decrease of cAMP level in
the hippocampal CA1 may contribute to the propofol induced
amnesia. This was supported by the results that rolipram,
a selective PDE4 inhibitor, rescued propofol induced LTP
inhibition in the hippocampal CA1 region and amnesia in rats. In
summary, our current results in this paper discovered that PDE4
in the hippocampal CA1 region plays a key role in the propofol
induced amnesia in rats.
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