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ABSTRACT

Our recent research demonstrates that the extracellular signal-regulated kinase (ERK) signal pathway
is impaired in depressed animals, and such disruption is effectively reversed following antidepressant
treatment. These results indicate that the ERK pathway may participate in the molecular mechanism of
depression. To provide direct evidence for the potential role of the ERK pathway in depression, the present
study using a sub-chronic regimen of ERK inhibition investigated the disparate role for the ERK cascade
in two specific brain areas, the dorsal hippocampus (dHP) and the medial prefrontal cortex (mPFC), in the
pathophysiology of depressive-like behavior. Rats were bilaterally implanted with cannulas in the dHP
or mPFC and were microinjected with U0126, a specific inhibitor of ERK upstream activator, or vehicle
for 7 consecutive days. The behavioral effects of the ERK pathway inhibition were examined in the open
field, elevated plus maze, and saccharin preference test. The results showed that the inhibition of the
ERK pathway in dHP resulted in anhedonia and anxiety-like behavior, and the ERK pathway inhibition in
the mPFC induced anhedonia and locomotor impairment in rats. The phosphorylation of the cyclic AMP-
responsive-element-binding protein (CREB) was decreased following the ERK pathway inhibition either
in dHP or mPFC. These findings demonstrate that the ERK pathway in either the dHP or mPFC participates
in the pathophysiology of the depressive-like behavior, and may have pivotal role in human depression.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Our recent studies demonstrate that the extracellular signal-
regulated kinase (ERK) signal pathway is disrupted in depressed
animals, and such disruption is effectively reversed following sys-
tematical administration of antidepressant [39,40]. These results
suggest that the ERK signal pathway may be one of the biological
underpinnings of depression. To date, however, there is very lit-
tle direct evidence indicating that the ERK pathway participates in
depression, and the results are not consistent. Thus, the present
study was to further confirm whether the direct inhibition of the
ERK pathway leads to depressive-like behavior and to explore the
causal role for the ERK pathway in depressive-like behavior.

ERK belongs to the family of mitogen-activated protein kinases
(MAPKs) that integrate signals received by membrane receptors and
transfer them to the nucleus [5,37]. The phosphorylation state and
activity of ERK isoforms 1 and 2 (ERK1/2) is specifically modified by
MAPK/ERK kinases (MEK1/2) [34]. The ERK pathway is activated by
neurotrophins and neuroactive chemicals to produce their effects
on neuronal differentiation, survival, and structural and functional
plasticity [46,48,56]. Recently, the role for the ERK pathway in the
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molecular mechanism of depression is increasingly becoming the
focus of much research, and a growing body of evidence indicates
that the ERK pathway may participate in the neuronal modulation
of depression [12,15,18,33,39,40,49]. However, there is very little
direct evidence for the role of the ERK pathway in depression, and
the results are not consistent because of the differences in drugs,
experimental procedures, and treatment regimens used. For exam-
ple, employing systemic injections of MEK inhibitors, Duman et al.
and Einat et al. provide opposite evidence for the role of the ERK
pathway in depression [10,13]. Duman et al. demonstrate that the
inhibition of the ERK pathway produces depressive-like responses
in learned helplessness, forced swim test, and the tail suspen-
sion test [10], but Einat et al. observe the antidepressant effects of
the ERK inhibition [13]. Moreover, using different regimens with
the systemic ERK inhibition, Todorovic et al. and Tronson et al.
report the acute antidepressant effects of the local ERK inhibition
in the dorsal hippocampus [50,51]. The role for the ERK pathway in
depression therefore still awaits further investigations, especially
for the role of the ERK pathway in either brain regions involved in
depression. Moreover, it is noted that most of the studies performed
so far have observed the acute behavioral effects of the ERK inhibi-
tion [10,13,50,51]. According to our observation, however, there is a
long-lasting decrease in ERK activity in depressed animals exposed
to chronic stress, and the depressive-like behavior is introduced
not immediately after but generally 7 days later than the decrease
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of the ERK activity [39,40, and our unpublished data]. Thus, it is
intriguing to examine the effects of a sub-chronic (7-day) regimen
of ERK pathway inhibition, which may have better ecological valid-
ity for depression, in some specific brain regions on depressive-like
behavior.

Cyclic AMP-responsive-element-binding protein (CREB) is a
transcription factor and downstream target of the ERK pathway
[29,53]. The phosphorylation state of the CREB is ERK-dependent
in the learning, memory, and formation of long-term potentiation
(LTP). When the ERK activation is depressed, the CREB phosphory-
lation is impaired [21,55]. CREB has emerged as a critical effector of
the ERK pathway. Based on the proposed interaction of the ERK and
CREB, the present study examined the effects of the ERK inhibition
on the CREB phosphorylation.

Brain structures of the hippocampus and prefrontal cortex
have been implicated in depression. There are morphological and
functional alterations in the both brain regions in humans with
major depression, such as the reduced volume of the hippocam-
pus [4], and the altered metabolism in the prefrontal cortex [9,41].
Therefore, the disparate role for the ERK pathway in the two spe-
cific brain regions in depressive-like behavior deserves further
investigation.

Thus, the present study investigated the disparate role for the
ERK pathway in two specific brain areas which are especially impor-
tant in neuronal plasticity [3,44], the dorsal hippocampus (dHP)
and the medial prefrontal cortex (mPFC), in the neural mechanism
of depressive-like behavior. We used a pharmacologic inhibitor
of MEK, U0126, to systematically (7 days) inhibit the ERK activa-
tion in the rat dHP and mPFC, respectively, and investigated the
effects of the sub-chronic regimen of ERK pathway inhibition on
the depressive-like behavior in the open field, elevated plus maze,
and saccharin preference test and on the CREB activity.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley (250-275g) rats were obtained from Wei Tong Li Hua
Lab Animal Center (Beijing, China). For the intra-hippocampus U0126 infusion
experiment, rats were divided into HP-U0126 group and HP-vehicle group; for
the intra-prefrontal cortex U0126 infusion experiment, rats were divided into PFC-
U0126 group and PFC-vehicle group. All rats were housed individually. They were
acclimated to daily 3 min of handling for 7 days before being used in experiment.
Rats were maintained on a 12-h light/dark cycle (lights on at 08:00h) with free
access to food and water except for the saccharin preference test time period.
The experiment procedures were approved by the International Review Board of
the Institute of Psychology, Chinese Academy of Science, and were in compliance
with the National Institutes of Health Guide for Care and Use of Laboratory Ani-
mals.

2.2. Cannulation and injections

After the handling, the rats were anesthetized with 400 mg/kg chloral hydrate
and were implanted with bilateral guide cannulas aimed at the dHP (3.4 mm poste-
rior to the bregma, 2.5 mm lateral to the sagittal suture and 3.5 mm in depth relative
to the skull) or mPFC (3.6 mm anterior to the bregma, 1.5 mm lateral to the sagittal
suture and 3.0 mm in depth relative to the skull). The rats were allowed to recover
from surgery in their home cages for 10-12 days. U0126 (Promega, Madison, WI), a
specific inhibitor of MEK, was dissolved in 100% DMSO to a stock concentration of
4 mg/ml. The effects of U0126 have been shown to be specific to ERK/MAPK and to
have no effect at a range of concentrations on other kinases, such as c-Jun N-terminal
kinase (JNK), protein kinase A (PKA), calcium-calmodulin kinase IV, or protein kinase
C (PKC) [14,43]. Before infusion, the drug was diluted 1:1 in artificial CSF (aCSF) con-
taining (mM): 130 NacCl, 3 KCl, 1.25 NaH;PO4, 26 NaHCOs3, 1 MgCl,, 10 glucose, and 2
CaCl,. The vehicle was 50% DMSO in aCSF. Rats were given once daily bilateral infu-
sions of 1.0 wg/0.5 wl/side of either drug (HP-U0126 group and PFC-U0126 group) or
vehicle (HP-vehicle group and PFC-vehicle group) for seven consecutive days. The
dose and timing of the antagonist were selected on basis of pilot experiments and
the observations in our lab [23,28,30,39,40,46, and our unpublished data]. During
infusion, the injectors extended 1.5 mm beyond the tips of the guides, and the injec-
tors remained in the cannulas for 1 min after drug infusion to allow diffusion of the
drug from the tips. All injections were performed in freely moving animals at a rate
of 0.25 nl/min using a dual syringe infusion pump (Stoelting). Injections of methy-

lene blue were performed at the end of the experiments for each rat to verify the
cannula position. Only rats with correctly inserted cannulas were used for statistical
analysis.

2.3. Behavioral tests

2.3.1. Open field test

24 h after the last injection, the test was performed between 08:00 and 12:00 h.
The procedures were run as previously described [39,40,45]. Briefly, the apparatus
was a circular arena, 180 cm in diameter with 50 cm wall, put in a room with a dim
illumination (40 W). One rat was placed in the center of the field, and the distance
traveled and the number of rearing during 5 min of exploration were recorded and
analyzed by a computer-based system (EthoVision, Noldus Information Technol-
ogy b.v., Netherlands). After each trial, the apparatus was cleaned with 30% ethanol
solution.

2.3.2. Elevated plus maze test

The test was performed between 08:10 and 12:10h immediately after the
open field test. When the open field test was finished, the same rat was
immediately placed into the elevated plus maze. The maze procedures were
run as previously described [39,40,45]. Briefly, the apparatus consisted of two
opposite open arms (50.8cm x 10.2cm x 1.3cm) and two opposite closed arms
(50.8cm x 10.2cm x 40.6cm). The arms were connected by a central square
(10.2 cm x 10.2 cm). The apparatus was 72.4 cm above floor and exposed to dim illu-
mination. Arat was placed in the center of the maze facing a closed arm. The number
of entries into the open arms and the closed arms, and the time spent in the open
arms, closed arms, and the central area within 5 min were assessed and analyzed
by a computer-based system (MED-VPM-RS, Med Associate Inc., USA). An individual
entry was recorded when the whole body of an animal entered the arm. The shorter
the time spent in the open arms, the higher is the anxiety and vice versa [22,32].
The apparatus was cleaned each time after testing a rat.

2.3.3. Saccharin preference test

On the last-injection day, rats were deprived of water (from 20:00h) for 20 h.
Then on the next day, rats were given a 1-h window saccharin preference test
(16:00-17:00 h). The rats were given two bottles one containing water and the other
containing 0.5% sodium saccharin solution. The amount of each liquid intake was
determined by weighing the bottles before and after the 1-h window. The saccha-
rin solution intake, the water intake, and the total liquid intake were computed.
Reduced consumption of sweet solutions (sucrose, saccharin) is a measure of anhe-
donia [6]. The saccharin preference was calculated as the ratio of the saccharin
solution intake to total liquid intake. The positions of the bottles on the cages were
changed every half-an-hour. At the end of the preference test, rats were given free
access to water.

2.4. Preparation of brain sections

Immediately after the completion of all the behavioral tests, all rats were decap-
itated, and brains were rapidly removed on ice. The brains were placed into liquid
nitrogen to be frozen for 10s and then were stored at —80°C for use. The brains
were sectioned on a cryostat into 200-wm-thick sections. Every sixth-section was
mounted on gelatin-subbed slides and the location of the infusion site was evalu-
ated and recorded for each animal. According to the atlas of Paxinos and Watson
[36], the bilateral dHP were micropunched with a 1 mm punch tool (Fine Science
Tools, Foster City, CA) from sections between 7 and 9 mm posterior to the front pole
of the cortex. The punches included the CA1 and 2 subregions, and possibly portions
of the DG subregion. The bilateral mPFC were micropunched from sections between
0 and 2 mm posterior to the front pole of the cortex. The punches included the PL
and IL. The punches of the dHP and mPFC were prepared for protein determination
using Western blot.

2.5. Western blot

The antibodies of ERK1/2 primary antibody (rabbit monoclonal, 1:2000), P-
ERK1/2 primary antibody (Thr202/Tyr204, mouse monoclonal, 1:1000), CREB
primary antibody (rabbit monoclonal, 1:1000), P-CREB primary antibody (Ser133,
mouse monoclonal, 1:500), 3-actin primary antibody (mouse monoclonal, 1:1000),
horseradish-peroxidase-labeled goat antirabbit secondary antibody IgG and
horseradish-peroxidase-labeled goat antimouse secondary antibody IgG were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA. Secondary antibodies were always
used at the dilution of 1:1000. 0.2 wm nitrocellulose filter (NC), polyacrylamide
and buffer were also from Sigma-Aldrich, St. Louis, MO, USA. Bicinchoninic acid
assay kit (BCA) and enhanced chemiluminescence (ECL) reagent were obtained from
Pierce Biotechnology, Rockford, IL, USA. Gel Doc™ XR System and Quantity One® 1-D
analysis software were purchased from Bio-Rad, Hercules, CA, USA.

The punches of the dHP and mPFC obtained in the preparation of brain sections
were homogenized in 20 volumes of buffer (pH 7.5, containing 50 mM Tris-Cl, 2 mM
EDTA, 2 mM EGTA, 0.05 mM okadaic acid, 1 wM sodium vanidate, 5 .g/ml pepstatin
A and 0.5% Nonidet P-40). Protein content of lysates was determined using BCA assay
kits. Lysates were mixed with 5x sodium dodecyl sulfate (SDS) to prepare for certain
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concentration of sample solutions. All the sample solutions were stored at —80°C
for use.

Proteins were separated by SDS-PAGE on 10% polyacrylamide gels. Then proteins
were moved to NC by electrophoretic transfer. Blots were incubated in block-
ing buffer (10% nonfat dry milk powder in Tris-buffered saline containing 0.5%
Tween-20, TTBS) for 1 h at room temperature (RT), washed for 10 min x 3 in TTBS.
Blots were incubated with P-ERK1/2 primary antibody overnight at 4°C and then
washed for 10min x 3 in TTBS. Blots were incubated with secondary antibody
IgG for 1h at RT, washed for 10 min x 3 in TTBS, treated with ECL reagents and
exposed to film. Then blots were stripped of antibodies by incubation for 10 min
at 50°C with stripping buffer, re-blocked, washed, incubated for 3h at RT with
ERK1/2 primary antibody which recognizes total antigen protein, incubated with
secondary antibody for 1 h at RT, then the total protein of ERK1/2 was visualized by
treatment with ECL reagent and exposure to film. Repeat the above procedures,
and the antigen of B-actin was visualized to film. The P-CREB, CREB and their
corresponding 3-actin were determined in a different NC using the same proce-
dures.

Immunoblots were analyzed using Quantity One® 1-D analysis software. For
each blot of P-ERK1/2, ERK1/2, P-CREB and CREB, the relative protein level was cal-
culated from the ratio of the absorbance of P-ERK1/2, ERK1/2, P-CREB and CREB to
their corresponding (3-actin to correct for small difference in protein loading.

2.6. Statistical analysis

The statistical analysis was performed using the “Statistical Package for Social
Sciences” (SPSS, Version 11.5). Difference between two groups was compared using
Student’s t-test. The significant level was set at P <0.05.

3. Results

3.1. Intra-hippocampus U0126 infusion inhibited ERK activation
and decreased CREB phosphorylation

After the completion of all the behavioral tests, animals were
decapitated, and the locations of the infusion sites were verified.
Only animals with the infusion sites inside the boundaries of the
dHP (Fig. 1a) were used. The tissue of the dHP was collected and
processed for P-ERK1/2 determination. Consistent with our previ-
ous experiments [39,40], the Western blot showed that the signals
of the P-ERK1 were too weak to be detected, so only the P-ERK2
signals were quantified in the present study (Fig. 1b). Fig. 1c shows
that repeated U0126 injections significantly decreased the basal P-
ERK2 level in the dHP (t=2.28, P<0.05), but did not change the total
protein level of ERK1/2. Repeated U0126 injections also decreased
the CREB phosphorylation in the dHP (t=4.78, P<0.001), and the
total protein level of CREB was compensatively increased (t=—2.28,
P<0.05).

3.2. Intra-hippocampus U0126 infusion induced anxiety and
anhedonia but no locomotor impairment

The locomotor activity of animals in an open field is thought to
reflect general activity [2,38]. Fig. 2 shows that there was no signif-
icant difference in the distance traveled and the number of rearing
between the HP-U0126 group and HP-vehicle group (P> 0.05), sug-
gesting that the blockade of the ERK pathway in dHP exerts no effect
on rat locomotor activity.

Based on the demonstrated comorbidity of depression with anx-
iety [35,57], the present study evaluated the anxiety-like behavior
of animals. The elevated plus maze is a commonly used test of anx-
iety in mice and rats [20,52]. The reduced number of entries into
the open arms and the decreased time spent in the open arms are
used to assess a state of anxiety [32]. Fig. 3 shows that bilateral hip-
pocampal U0126 infusion decreased the time spent in open arms
and increased the time spent in closed arms in rats (t=3.40, P<0.01
and t=-2.95,P<0.01, respectively). The U0126-treated animals also
exhibited decreased number of entries into the open arms com-
pared to the vehicle-treated animals (t=3.78, P<0.001). There was
no difference in the number of entries into closed arms and the time
spent in central area between the two groups. These data suggest
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Fig. 1. The effect of the inhibition of ERK pathway in dHP on expression of P-ERK2,
ERK1/2, P-CREB, and CREB in rat hippocampus. (a) Drawing of a coronal section of
the hippocampus indicating infusion sites (black circles) for animals used in analysis.
Each circle represents a novel infusion site. (b) Representative Western blots of P-
ERK2, ERK1/2, P-CREB, CREB and their corresponding normalized control B-actin
in hippocampus. (c) The comparison of P-ERK2, ERK1/2, P-CREB, and CREB in rat
hippocampus between the U0126- and vehicle-treated animals. Data expressed as
mean +S.E.M., N=10-12 per group. *P<0.05 and ***P<0.001.

that the blockade of the ERK pathway in dHP induces anxiety-like
behavior in rats.

The saccharin preference test is used to measure the hedonic
alterations, and the reduced consumption of sweet solutions is an
index of anhedonia [6]. Fig. 4 shows that bilateral infusion of U0126
into dHP decreased the saccharin solution intake and the ratio of
the saccharin solution intake to total liquid intake (t=2.43, P<0.05
and t=3.85, P<0.001, respectively), but left the total liquid intake
unchanged, suggesting that the blockade of the ERK pathway in dHP
produces anhedonia.

3.3. Intra-prefrontal cortex U0126 infusion inhibited ERK
activation and decreased CREB phosphorylation

In addition to the hippocampus, the prefrontal cortex is also
an important brain structure involved in depression [9,41]. So
we investigated here the role of the ERK pathway in the pre-
frontal cortex in depressive-like behavior. As performed in the
intra-hippocampus U0126 infusion experiment, the locations of the
infusion sites were verified, and only animals with the infusion sites
inside the boundaries of the mPFC (Fig. 5a) were used for analysis.
Fig. 5b and c¢ shows that the repeated U0126 infusions inhibited
the ERK activation in the mPFC (t=3.49, P<0.01), and produced no
effect on the total protein levels of the ERK1 and 2. The repeated
U0126 infusions also significantly decreased the P-CREB level in
the mPFC (t=2.35, P<0.05), but had no effect on the total protein
level of CREB (Fig. 5b and c).



206 X. Qi et al. / Behavioural Brain Research 199 (2009) 203-209

4000
(@)
3000 o

2000
1000

HP-vehicle HP-U0126

Distance traveled (cm)

210

= (b)

o 8} T

g

5 °[

T 4r

2 2

£

S 0 N

= HP-vehicle HP-U0126

Fig. 2. The effect of the inhibition of ERK pathway in dHP on distance traveled (a) and the number of rearing (b) in an open field in rats. Data expressed as mean+S.E.M.,

N=10-12 per group.

Fde

50

(T
a
g (a)
o 01
E Q HP-vehicle
@ 30
£ = HP-U0126
= 20}
D
a ek
9 10|
@
£
(=
OPAMS CLAMS CENTR

2 12 —|DHP-vehicIe BHP-U0126
E "o

S 0f

2 8

™

t 6}

Q

"6 4t ek
2 21

£

30

OPAMS CLAMS

Fig. 3. The effect of the inhibition of ERK pathway in dHP on the time spent in arms (a) and the number of entries into arms (b) in elevated plus maze in rats. OPAMS, open
arms; CLAMS, closed arms; CENTR, central area. Data expressed as mean +S.E.M., N=10-12 per group. **P<0.01 and ***P<0.001.

au| O HP-vehicle B HP-U0126
= (a)
=2 |
o2
s 20 |
-
£ 15|
=]
'5 10 5 *
g
- 5 |

SACCH TOTAL

100

(b)
80} I

60 Fedek

a0}

20

Ratio of saccharin (percent)

HP-vehicle HP-U0126

Fig. 4. The effect of the inhibition of ERK pathway in dHP on liquid intake (a) and the ratio of saccharin solution intake to total liquid intake (b) of rats. SACCH, saccharin
solution; TOTAL, total liquid. Data expressed as mean & S.E.M., N=10-12 per group.*P<0.05 and ***P<0.001.

3.4. Intra-prefrontal cortex U0126 infusion induced locomotor
impairment and anhedonia but no anxiety

Differing with the effect of the ERK pathway blockade in dHP
on locomotor activity, the ERK pathway inhibition in the mPFC
decreased the distance traveled (t=3.04, P<0.01) and reduced the
number of rearing (t=2.99, P<0.01) in an open field in rats, sug-
gesting that the blockade of the ERK pathway in mPFC induces
locomotor impairment in rats (Fig. 6).

In the elevated plus maze, as shown in Fig. 7, bilateral U0126
infusion into the mPFC produced no difference in the time spent in
open arms, closed arms, and the central area between the U0126-
treated and vehicle-treated rats. The number of entries into the
open arms and the closed arms also did not differ between the two
groups. These data suggest that the blockade of the ERK pathway
in mPFC induces no anxiety-like behavior in rats.

Fig. 8 shows that the rats bilaterally infused with U0126 in
mPFC exhibited the decreased saccharin solution intake and the
decreased ratio of saccharin solution intake to total liquid intake
(t=3.57,P<0.01 and t=2.49, P<0.05, respectively) compared to the
vehicle-infused controls. There was no difference in the total lig-
uid intake between the two groups. These data suggest that the
blockade of the ERK pathway in mPFC induces anhedonia.

4. Discussion

The results presented in this study revealed three novel findings
relevant to depression. First, the direct inhibition of the ERK path-
way in dHP caused depressive-like behavior. The rats given bilateral
U0126 infusion into dHP exhibited the core symptom of depres-
sion, anhedonia, and anxiety. Second, the direct inhibition of the
ERK pathway in mPFC also induced depressive-like behavior. The
rats given bilateral U0126 infusion into mPFC exhibited anhedonia
and the decreased locomotor activity. Finally, the phosphorylation
of CREB was decreased following the systematic U0126 infusions in
either the dHP or mPFC. Taken together, these findings demonstrate
a critical role for the ERK pathway in either the dHP or mPFC in the
molecular mechanism of depressive-like behavior.

MEK is an upstream activator of the ERK, and the pharmaco-
logic inhibitors of MEK have been useful in identifying roles for ERK
signaling in synaptic plasticity, learning, and memory in a variety
of systems [17,25,42,47]. In the present study, we systematically
infused a MEK inhibitor, U0126, into the dHP and mPFC to observe
their effects on depressive-like behavior. Differing with many pre-
vious studies investigating the acute effects of ERK inhibition on
behavior [28,30,46], the present study employed a sub-chronic
regimen of MEK inhibitor injections. Huang and Lin report that
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the MAPK phosphorylation level returns to the original high level
within 48 h [23]. We did time course study of the drug’s effect on
ERK activation, and observed that the P-ERK2 level in the hippocam-
pus obtained 24 h after injection remained at low level (data not
presented). Thus, in the present study, the once daily injection of
U0126 for 7 days could guarantee that the ERK activity consistently
remained at low level before the behavioral tests, and such regimen
of ERK inhibition well mimicked the development of long-lasting
depressive-like behavior in animals [39,40, and our unpublished
data]. The results demonstrated that the repeated U0126 adminis-
tration decreased the ERK activation and induced depressive-like
behavior.

Recently, several studies investigate the direct role for the ERK
pathway in the pathophysiology of depressive-like behavior. Einat
et al. report that a global ERK inhibition by MEK inhibitor SL327
increases the distance traveled in an open field and decreases the
immobility time in forced swim test [13]. In direct contrast to such
results, Duman et al. demonstrate that the global inhibition of the
ERK pathway by PD184161 produces depressive-like responses in
learned helplessness, forced swim test, and the tail suspension
test [10]. The reason for the different behavioral effects after ERK
inhibition is unclear. Differing with the two studies which make
global inhibition on ERK activation using SL327 or PD184161, two
structural analogues of U0126 and blood-brain barrier-penetrating
compounds, the present series of experiments targeted the manip-
ulations to specific brain regions, and evaluated the role for the
ERK pathway in depressive-like behavior specifically in the dHP and
mPFC. The results demonstrated that the ERK pathway inhibition
in either the dHP or mPFC induced depressive-like behavior in rats.
The U0126-treated rats exhibited the core symptom of depression
- anhedonia, and the anxiety or locomotor impairment, suggest-
ing that the disruption of the ERK pathway in the dHP and mPFC
participates in the molecular mechanism of depressive-like behav-
ior. Opposite to the findings of the present study, Todorovic et al.
and Tronson et al. both demonstrate that the acute MEK inhibition
in dorsal hippocampus induces antidepressant effect in the forced
swim test [50,51]. The discrepancy between our results and theirs
may be due to two factors. The first is the treatment regimen. Dif-
fering with the multiple injections treatment employed here, they
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Fig. 6. The effect of the inhibition of ERK pathway in mPFC on distance traveled (a) and the number of rearing (b) in an open field in rats. Data expressed as mean +S.E.M.,
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use acute ERK inhibition, and the sub-chronic and acute MEK inhi-
bition may produce opposite effect on depressive-like behavior. The
second is the behavioral measures used, such as saccharin prefer-
ence test and forced swim test. Given the saccharin preference test
assesses the anhedonic symptoms of depression while the forced
swim test likely evaluates the helplessness behavior, there may be
different effects for ERK inhibition on the different components of
the depressive-like behavior.

It is noted that the ERK pathway inhibition in the dHP and
mPFC both induced anhedonia, however, they showed different
effects on anxiety and locomotor activity. The inhibition of the ERK
pathway in the dHP induced anxiety-like behavior but not loco-
motor impairment, but the ERK inhibition in the mPFC induced
locomotor impairment but not anxiety-like behavior. This func-
tional segregation of the ERK pathway in the dHP and mPFC may
be due to the functional anatomy of the brain structure. Previous
lesion studies indicate that some brain region may play an espe-
cially important role in some specific behavior, and disruption of
the different brain areas may produce different behavioral disor-
ders [8,19,27]. For example, the hippocampus is proposed to be the
most important neural substrate underlying anxiety [1,19,26], while
the prefrontal cortex is preferably implicated in the modulation of
motor activity [16,27]. Then, ERK pathway, as a potential molecu-
lar mechanism underlying functional regulations, its disruption in
the hippocampus and prefrontal cortex may produce anxiety-like
behavior and locomotor impairment, respectively. Thus, it is rea-
sonable to hypothesize that the ERK pathway in the dHP and mPFC
may exert differential control over very specific depression reac-
tions, and the control of depression might be executed, in part, by
distinct, parallel processing units within the corticohippocampal
system, each specialized for a specific phenotype.

A growing body of data demonstrate that the phosphorylation
state of CREB is dependent on ERK pathway in many functional
regulations such as learning, memory, and the formation of LTP
[7,21,55]. In the present study, we also observed that the ERK inhi-
bition induced decrease of CREB phosphorylation. As an important
nuclear target of ERK pathway, CREB is crucial for the ERK-
dependent stimulus-transcription coupling [24,43]. Thus, it is likely
that the ERK pathway exerts its effects on behavior via CREB acti-
vation and the expression of CRE sequence-containing genes. But
we could not exclude the possibility that ERK induces expression
of downstream genes necessary for mood modulation, indepen-
dent of CREB by phosphorylating other transcription factors such as
Elk-1 [54]. Future experiments will help distinguish between these
possibilities.

Previous clinical studies have implicated the hippocampus and
prefrontal cortex in the central mechanism of depression [4,9,11,41].
There are structural and functional alterations in the two brain
regions of depressed humans [4,41], but the underlying molecu-
lar mechanism is not elucidated. The results of the present study
demonstrated that the ERK inhibition in either the hippocampus or

prefrontal cortex induced depressive-like behavior. Thus, our find-
ings, combined with the demonstrated role of the ERK pathway
in neuronal survival, growth, and differentiation, raise the possible
mechanism that the inhibition of the ERK pathway induces dys-
function of the hippocampus and prefrontal cortex and ultimately
produces depressive-like behavior. Certainly, in addition to hip-
pocampus and prefrontal cortex, abnormalities are also observed
in other brain regions of patients with mood disorders, such as
amygdala [31]. The possible effects of the ERK pathway on emo-
tional behavior in other potentially relevant brain areas are yet to
be investigated.

In conclusion, the findings of the present study demonstrate
clearly that the ERK signal pathway in either the hippocampus
or prefrontal cortex participates in the molecular pathophysiol-
ogy of the depressive-like behavior of the animal model. Except
for the common effects on the core symptoms of depression, the
ERK pathway in the hippocampus and prefrontal cortex exerts dif-
ferential controls over very specific depression reactions, with the
hippocampal ERK pathway specialized for anxiety-like behavior
and the ERK pathway in the prefrontal cortex for locomotor activity.
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