
Abstract. – BACKGROUND: Venlafaxine is a
new antidepressant that has a chemical struc-
ture and neuropharmacologic profile distinct
from those of existing antidepressants. The
studies about the mechanism of pharmacologi-
cal action of venlafaxine mostly investigated the
effects of venlafaxine on 5-hydroxytryptamine
(5-HT), norepinephrine (NE) and dopamine (DA)
levels, while only few studies examined the ef-
fects on the metabolites levels and ratio of these
monoamines neurotransmitters.

AIM: To study the biochemical mechanism of
venlafaxine through determining the metabo-
lism of monoamine neurotransmitters in brain
tissues of rat model of depression after admin-
istration of venlafaxine using metabonomic
method.

MATERIALS AND METHODS: The rat model
of depression was established by using the meth-
ods of separation and chronic unpredictable
stress. We have determined 5-HT, NE, DA and
their metabolites, i.e., 5-hydroxyindole-3-acetic
acid (5-HIAA), 4-hydroxy-3-methoxyphenylglycol
(MHPG) sulfate, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in rat
brain tissues by liquid chromatography-electro-
spray ionization tandem mass spectrometry (LC-
ESI-MS/MS) following chronic administration of
different venlafaxine doses (8, 16, 32 mg·kg-1)
and saline solution for 14 days. Linear discrimi-
nant analysis (LDA) and principal components
analysis (PCA) were used in data analysis of
metabonomic.

RESULTS: Compared with saline, venlafaxine
could significantly increase brain 5-HT and NE
levels at middle dose (16 mg·kg-1) or high dose
(32 mg·kg-1), especially at middle dose. These in-
creases were greater than those seen with the
comparable dose of selective serotonin reuptake
inhibitor (SSRI), fluoxetine, under the same ex-
perimental conditions. 

CONCLUSIONS: Venlafaxine lowers brain
neurotransmitter metabolite levels by decreas-
ing brain neurotransmitters turnover. Venlafax-
ine could correct the disorder of neurotrans-
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mitters’ metabolism and coordinate the bal-
ance of 5-HT, NE and DA to reach the anti-de-
pressed function.
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Introduction

Venlafaxine is a new antidepressant that has a
chemical structure and neuropharmacologic pro-
file distinct from those of existing antidepres-
sants, including tricyclic antidepressants (TCAs),
selective serotonin reuptake inhibitors (SSRIs),
and monoamine oxidase inhibitors. The neuro-
chemical characteristics of venlafaxine include
inhibition of serotonin (5-hydroxytryptamine, 5-
HT) and norepinephrine (NE) synaptosomal re-
uptake and a somewhat weaker inhibition of
dopamine (DA) reuptake in vitro. It is the first in-
hibitor that inhibits the reuptake of both 5-HT
and NE (SNRIs). Because of its unique pharma-
cological properties, venlafaxine provides posi-
tive clinical efficacy that is comparable or superi-
or to that of TCAs and SSRIs but has a side ef-
fect profile resembling that of SSRIs. It has be-
come a first-line drug for the treatment of major
depressive disorders and obtained more and more
attention1-2. 

So far, the studies about the mechanism of
pharmacological action of venlafaxine mostly
investigated the acute or chronic effects of ven-
lafaxine on 5-HT, NE and DA levels in rat brain
in vivo. A single administration dose of ven-
lafaxine (1, 4 and 8 mg·kg-1, i.p.) produced an
increase in extracellular levels of 5-HT and NE
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at 8 mg·kg-1 3. Another study reported that there
was a significant increase in extracellular NE
and 5-HT concentrations with no increase in DA
extracellular concentrations in the hippocampus
of rats after an acute dose of 20 mg·kg-1 (i.p.)
venlafaxine4. Acute administration of venlafax-
ine (3-50 mg·kg-1) produced a significant dose-
dependent increase in extracellular NE in the
frontal cortex following s.c. injection reaching a
maximum value at 50 mg·kg-1. Conversely, these
increases in NE were not paralleled by 5-HT,
which showed no increase in extracellular con-
centrations at doses up to and including 505

mg·kg-1. While, one study6 demonstrated that the
effects of acute i.p. administration of various
doses (5-20 mg·kg-1) of venlafaxine on extracel-
lular 5-HT levels in frontal cortex and hip-
pocampus were dose-dependent and chronic
venlafaxine (5 mg·kg-1, i.p. daily for 4 weeks)
did not elevate basal 5-HT levels in either cortex
or hippocampus. Millan et al.7 showed that ven-
lafaxine could elevate extracellular 5-HT and
NE levels in the frontal cortex of freely moving
rats at a low dose (0.63 mg·kg-1, s.c.), and ele-
vate DA levels at 2.5 mg·kg-1. In the nucleus ac-
cumbens and striatum, venlafaxine provoked a
pronounced increase in dialysis levels of 5-HT,
whereas DA levels were only marginally affect-
ed at 10 mg·kg-1. A comparable pattern of data
was obtained for venlafaxine: the influence of its
acute administration upon 5-HT, NE, and DA
levels in frontal cortex was not significantly
modified by chronic administration of venlafax-
ine for 2 weeks. Another previous study8 showed
that venlafaxine (10 mg·kg-1, i.p.) increased the
efflux of 5-HT, NE and DA levels in the pre-
frontal cortex. The levels of 5-HT increased to
310%, an effect approximately twice the effect
on NE in the hippocampus. Venlafaxine also
produced a moderate increase in DA levels in
the prefrontal cortex but had no effect in the hip-
pocampus. 

However, the effects of venlafaxine on the
metabolites levels and ratio of these monoamines
neurotransmitters have not yet been examined in
the above experiments which were done in nor-
mal animals. In fact, the metabolism change can
also affect the levels of monoamines neurotrans-
mitters. 5-hydroxyindole-3-acetic acid (5-HIAA),
4-hydroxy-3-methoxyphenylglycol (MHPG), 3,
4-dihydroxyphenylacetic acid (DOPAC) and ho-
movanillic acid (HVA) are the main acidic
metabolites of 5-HT, NE and DA, respectively9-10.
Only in one study11, cerebrospinal fluid (CSF)

levels of 5-HIAA, 5-HT, MHPG, HVA, and
DOPAC were examined in 14 never-hospitalized
outpatients with unipolar depression. It found
that 9 of 14 patients showed a significant de-
crease (42%) in their CSF 5-HIAA concentra-
tions after at least 6 weeks treatment with ven-
lafaxine, but no change in other CSF measures. 

In the present study, we used metabonomic
method to study the biochemical mechanism of
venlafaxine through determining the change of
the metabolism of 5-HT, NE, DA in brain tissues
of rat model of depression after administration of
venlafaxine, and try to find out the mechanism of
pharmacological action of venlafaxine from the
metabolic profile of biomarkers.

Materials and Methods

Test Animals and Model Preparation 
60 male albino Sprague-Dawley rats (body

weigh 170~200 g) were purchased from the Ani-
mal Department of Second Xiangya Hospital
(Changsha, China). Animals were divided into nor-
mal control group (group I), model group (group
II), low dose of venlafaxine group (group III), mid-
dle dose of venlafaxine group (group IV), high
dose of venlafaxine group (group V) and fluoxe-
tine group (group VI) with 10 rats in each group by
randomized block design according to the results
of Open-field test. All rats were housed under con-
stant temperature environment (20~22°C) with a
regular 12 h light/dark cycle and were free access
to food drinking water (except accepting stress in
the depression model preparation). 

According to references12-13, normal control
group rats were raised in two cages (5 per cage)
and not given any stress, while isolated-living
condition and chronic mild unpredictable stress
(CUMS) were given to the other 5 groups rats to
set up depression model. 21-day stress exposure
paradigm, which involved relatively harsh stres-
sors, including immobilization (3 h), swimming
in cold water (4°C, 5 min), restricted food access
(24 h), restricted water access (24 h), clamp tail
(1 min), alterations of the light-dark cycle (24 h),
weave (160 Hz, 5 min), hot environment (45°C,
5 min), twice feet-electric shock (36 V, 10 s per
time). Following such exposure, animals exhibit-
ed a persistent reduction in responsiveness to
pleasurable stimuli, measured by a decrease in
their consumption of a 1 percent sucrose solu-
tion. In addition, a number of behavioral changes
were seen in these animals which were assessed
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ly, and rats of other groups were still in isolated-
living conditions. Rats in group I and II were
treated by saline and rats in group III, IV, V, VI
were treated with low, middle, high dose (8, 16,
32 mg·kg-1) of venlafaxine and fluoxetine (2
mg·kg-1), respectively. All drugs were dissolved
in saline and were intragastric administrated dai-
ly for 2 weeks. On the morning of the 15th day,
all rats were decapitated simultaneously and the
whole brain was separated out quickly on ice,
and then thrown into liquid nitrogen immediate-
ly. All samples were frozen at -80°C until bio-
chemical analysis. 

The rat brain tissue was homogenized in
icecold methanol (per g of brain tissue by adding
4 mL methanol) after weighed precisely. One mil-
liliter of homogenate was pipetted into 1.5 mL
conical plastic centrifuge tube and centrifuged at
14,000 rpm for 20 min. Then the supernate was
evaporated to dryness by vacuum freeze-drying.
The dry residue was then reconstituted with 300
µL deionized water and vortex-mixed for 10 sec
and added 300 µL chloroform-isopropanol (100:
30, v/v). After vortex-mixed for 2 min, the mixture
was centrifuged at 3,000 rpm for another 5 min.
The upper aqueous layer was injected into the LC-
MS-MS. The sample volume injected was 5 µL
for 5-HT, NE and DA and 20 µL for 5-HIAA,
MHPG sulfate, DOPAC and HVA.

Statistical Analysis
The data of all analytes are expressed as the

mean ± SD (range). All data (the within group
quantities of the analytes collected before admin-
istration of drug and those collected after admin-
istration) were analysed with analysis of variance
(ANOVA) for completely random design fol-
lowed by LSD-test. For all statistical analyses, a
p value of 0.05 or less was considered statistical-
ly significant. Metabolic profiles were statistical
processed by linear discriminant analysis (LDA)
and principal components analysis (PCA) which
use the concentration of 5-HT, NE, DA, 5-HIAA,
MHPG, DOPAC and HVA as variables.

Results

Comparison Between Rats in Normal
Control Group and Model Group

Compared to normal control group, just 5-HT
levels in model rat brains decreased significantly
(p < 0.05), while there were no significant differ-
ence of other neurotransmitters levels and the ra-

with Open-field test. There were 56 model rats
used in the experiment at last because 4 rats died
in the process of model preparation. 

The procedures used in this study were carried
out according to the Chinese Guidelines on Ani-
mals experimentation (State Science and Tech-
nology Commission, #2, November 14, 1988)
and were approved by the Ethics Committee of
the Second Xiangya Hospital of Central South
University.

Test Drugs and Reagents 
Venlafaxine was purchased from Chengdu

Daxinan Pharmaceutical Co., Ltd. (Chengdu,
Sichuan). Batch Number: 050812. Fluoxetine
was purchased from Eli Lilly and Company
(Madrid, Spain). Batch Number: A158883. 5-hy-
droxytryptamine (5-HT), norepinephrine (NE),
dopamine (DA), 5-hydroxyindole-3-acetic acid
(5-HIAA), 4-hrdroxy-3-methoxyphenylglycol
sulfate (MHPG sulfate), and homovanillic acid
(HVA) were purchased from Sigma Chemicals
Co. (St. Louis, MO, USA). 3, 4-dihydroxypheny-
lacetic acid (DOPAC) was purchased from
Aldrich Chemical Co. (Steinheim, Germany).

Measurement of Whole Brain Biogenic
Amines and their Metabolites

Quantification of levels of 5-HT, NE, DA and
their metabolites 5-HIAA, MHPG sulfate,
DOPAC, HVA in rat brain tissue samples was
achieved by using a protocol extensively de-
scribed previously14. LC-MS/MS analyses were
carried out on a Waters Acquity Ultra Perfor-
mance LC system (Waters, Milford, MA, USA)
with a Micromass Quattro Premier XE tandem
quadruple mass spectrometer (Waters, Manches-
ter, UK) equipped with electrospray ionization
(ESI). The analytes were separated on a Thermo
C18 column (4.6 mm × 250 mm, 5 µm, SN:
1245575T, Thermo electron corporation, USA)
with a mobile phase of 0.05% formic
acid/acetonitrile (92: 8 for ESI+, 82: 18 for ESI-,
v/v) at the flow-rate of 0.8 mL·min-1. MS acquisi-
tion of 5-HT, NE and DA was performed in elec-
trospray positive ionization multiple reaction
monitoring (MRM) mode, while electrospray
negative ionization MRM mode was used to
monitor their metabolites. Data acquisition was
carried out by MassLynxTM 4.1 software.

Experimental Procedure
After 21-day stress exposure, normal control

group rats were continued to be raised common-
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tio of them between two groups. The two groups
could not be distinguished obviously according
to signal parameter. However, they could be dis-
tinguished after statistical processing by linear
discriminant analysis (LDA) on metabolic pro-
files (Figure 1). Data of model group were scat-
tered shown that there was individual variation in
rats and depression degree caused by chronic
mild unpredictable stress was different.

Effect of Venlafaxine on 5-HT, NE, DA,
5-HIAA, MHPG, DOPAC and HVA in
Rat Brain (Table I)

After administration of drugs, compared to
group II, no significant difference was found in
the neurotransmitters levels in group III. In group
IV, 5-HT and NE levels increased significantly (p
< 0.01), while 5-HIAA levels decreased signifi-
cantly (p < 0.05) and MHPG levels decreased (p
> 0.05); DA levels increased while DOPAC and
HVA levels decreased with no significant differ-
ence. In group V, 5-HT and 5-HIAA levels in-
creased significantly (p < 0.05); NE levels in-
creased while DA, MHPG, DOPAC and HVA
levels decreased with no significant difference. In
group VI, no significant difference was found in
neurotransmitters levels. The concentrations of
neurotransmitters were converted into two-di-
mensional data and then were analyzed by PCA
(Figure 2). As is shown in the figure, the meta-
bolic profile of model rats and rats treated with
different dose of venlafaxine and fluoxetine can
be clearly seen. Group III (low dose of venlafax-
ine), and group VI (fluoxetine) were overlapped
with model group; while group IV (middle dose
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Figure 1. LDA projection of metabolic profile of rats in
control group and model group.
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of venlafaxine) and group V (high dose of ven-
lafaxine) could be separated from model group,
especially group IV.

Effect of Venlafaxine on the Ratio of
Neurotransmitters in Rat Brain (Table II)

After administration of drugs, compared to
group II, no significant difference was found in
the ratio of neurotransmitters in group III. In
group IV, 5-HIAA/5-HT ratio and MHPG/NE
ratio were significantly decreased (p < 0.01);
There were no significant difference in neither
(DOPAC+HVA)/DA ratio nor NE/5-HT ratio,
but they both have decreasing trends. In group
V, MHPG/NE ratio was significantly decreased
(p < 0.01) and the decreasing trends of 5-HI-
AA/5-HT ratio and NE/5-HT ratio could be ob-
served. In group VI, no significant difference
was found in the ratio of neurotransmitters ex-
cept the 5-HIAA/5-HT ratio was significantly
decreased (p < 0.01).

Discussion

Metabonomics is the branch of science con-
cerned with the quantitative understandings of
the metabolite complement of integrated living
systems and its dynamic responses to the
changes of both endogenous factors (such as
physiology and development) and exogenous fac-
tors (such as environmental factors and xenobi-
otics). As a holistic approach, metabonomics de-
tects, quantifies and catalogues the time related
metabolic processes of an integrated biological
system, ultimately, relates such processes to the
trajectories of the pathophysiological events.
Now metabonomics has been established as an
extremely powerful an analytical tool and hence
found successful applications in many research
areas including molecular pathology and physiol-
ogy drug efficacy and toxicity gene modifica-
tions and functional genomics and environmental
sciences15. Metabonomics can be applied at any
stage of drug discovery and development
processes, when used in one or more of the fol-
lowing setting: predictive biomarkers for drug-re-
lated effects in animal models; understanding of
the biochemical mechanisms of action to target-
organ or to target-organ pathologies in animal to
man; developing biomarkers for toxicities in non-
clinical development; and predictive biomarkers
for drug-related effects in man during Phase II
and Phase III clinical trails16. Metabonomics can
be directly understood as the physiological and
biochemical situation by its “metabolic profile”
as a whole.

Depression has a lifetime prevalence of around
20%, and carries the second greatest burden of all
illnesses in the industrialized countries17. The
mechanism of depression is very complicated and
the pathogenesis is still in the hypothesis stage.
There are many theories on the aetiology of de-
pression now, and the more received is classical
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Figure 2. PCA projection of metabolic profile of model
rats and rats treated with different dose of venlafaxine and
fluoxetine.

Group n 5-HIAA/5-HT MHPG/NE (DOPAC + HVA/DA NE/5-HT

I 9 3.99 ± 1.47 0.12 ± 0.03 2.31 ± 0.46 3.40 ± 0.92
II 9 4.76 ± 0.50 0.11 ± 0.02 2.13 ± 0.34 4.10 ± 0.71
III 10 4.39 ± 0.65 0.10 ± 0.03 2.53 ± 0.90 3.68 ± 1.13
IV 9 3.24 ± 1.20** 0.06 ± 0.03**ΔΔ 1.82 ± 0.62 3.98 ± 0.88
V 10 4.12 ± 0.64 0.08 ± 0.01**ΔΔ 2.59 ± 1.42 3.89 ± 0.85
VI 9 3.50 ± 1.00** 0.09 ± 0.02Δ 2.10 ± 0.23 3.97 ± 0.84

Table II. Comparison of the ratio of monoamine neurotransmitters in rat brain tissues (χ– ± SD).

Note: In comparison with Group I, Δp < 0.05, ΔΔp < 0.01; In comparison with Group II, *p < 0.05, **p < 0.01.
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“monoamine hypothesis”18. The biologic basis of
clinical depression originates in the brain. Neuro-
transmitters transmit messages from one neuron to
another. Two of these neurotransmitters, serotonin
and norepinephrine, are not produced in sufficient
quantities in a depressed person’s brain. Because
of this lack, too few messages get transmitted be-
tween neurons and the symptoms of depression
occur. Moreover, it is effect to therapy depression
using selective serotonin inhibitors (SSRIs) or se-
lective norepinephrine reuptake inhibitors (NRIs).
However, it couldn’t explain the pathogenesis of
depression overall. Although depression has tradi-
tionally been viewed as a disorder of noradrener-
gic and, increasingly, serotonergic function, the
most  starting point of investigation of the mecha-
nisms underlying changes in sensitivity to reward
is the mesolimbic dopamine system, which is
known to play a crucial role in the performance of
rewarded behaviors19. In fact, serotonergic neu-
rons, noradrenergic neurons and dopaminergic
neurons interconnect and interact with each other.
It’s not just some kind of neurotransmitters to
cause depression. Many studies have proved that
the occurrence of depression is associated with the
metabolic disorder of neurotransmitters, especially
the three chemicals: serotonin, norepinephrine and
dopamine in the brain which are thought to play a
role in mood regulation and regarded as the
causative factor for depression are out-of-balance
in clinical depression20.

DA and 5-HT share a common metabolic path-
way; type A monoamine oxidase (MAO-A), the
predominant form of MAO in rat renal tissues,
converts DA into DOPAC and 5-HT into 5-HIAA.
However, in contrast to 5-HT, DA can be metabo-
lized by MAO-B and catechol-O-methyltrans-
ferase (COMT), and converted into HVA finally21.
One of the steps in the biotransformation of NE to
MHPG which is a major metabolite of NE in brain
is catalyzed by MAO9. One report22 studied the
cerebrospinal fluid (CSF) levels of the monoamine
metabolites 5-HIAA, MHPG and HVA in de-
pressed patients and healthy volunteers and
showed that CSF 5-HIAA and MHPG decreased
significantly and the HVA/5-HIAA ratio signifi-
cantly increased following depressants treatment.
Another report23 studied the plasma levels of MH-
PG, HVA and total 5-HIAA in depression and also
showed that the respondent patients showed a sig-
nificant decrease in plasma MHPG level contrary
to non-respondent patients. The both studies indi-
cated that antidepressants might influence the me-
tabolism of neurotransmitters.

Clinical studies have not yet determined a
common mechanism of action for antidepressant
drugs, which have primary sites of action on a
variety of different neurotransmitter systems. In
our experiments, we used metabonomic method
to study the metabolism changes of the neuro-
transmitters 5-HT, NE and DA in depression
model rats after chronic administration of various
doses of venlafaxine. The results showed that rats
in control group and model group could be dis-
tinguished after LDA on metabolic profiles. On
one hand, the quantities of neurotransmitters
were insufficient, on the other hand, the metabo-
lism of 5-HT was improved and the activity of
serotonergic neurons was degraded in model rat’s
brain. 

In this study to examine the monoamines in rat
brain after venlafaxine treatment for depression,
we found that this antidepressant significantly in-
creased brain 5-HT and NE levels at middle dose
(16 mg·kg-1) or high dose (32 mg·kg-1), especially
at middle dose. These increases were greater than
those seen with the comparable dose of SSRI,
fluoxetine, under the same experimental condi-
tions. Fluoxetine just affected 5-HT system re-
sulting in increase of 5-HT levels and decrease of
5-HIAA levels. Interestingly, venlafaxine de-
creased 5-HIAA levels at middle dose while in-
creased 5-HIAA levels at high dose. In addition,
there was no significant change in MHPG levels.

Our finding of decreased 5-HIAA and no
change for MHPG during treatment with middle
dose of venlafaxine (16 mg·kg-1) stands in con-
trast to a large number of studies showing that re-
gardless of whether the antidepressant inhibits
reuptake of 5-HT, NE, or both, levels of the re-
spective human CSF metabolites 5-HIAA and
MHPG both decreased. But these results in con-
sist with those of Little et al11. The mechanistic
reason why MHPG is not decreased with ven-
lafaxine remained to be clarified. Their explana-
tion was that their sample size was too small to
detect a difference in MHPG concentration.
However, prior treatment studies with similar
sample sizes showed 5-HIAA and MHPG both
decreased. In fact, the MHPG levels have a cer-
tain degree decrease but not significant after
chronic administration of 16 mg·kg-1 venlafaxine
in our experiment. It is possible that the sample
size was too small as them said. 

The observation of a high ratio of 5-HT/5-HI-
AA after venlafaxine treatment is explained by
the 5-HIAA decrease and 5-HT increase with
treatment. While MHPG/NE ratio is also high
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because of the NE increase and lack of change in
MHPG with treatment even at high dose. It indi-
cates that the change of NE system was much
more than 5-HT system. Venlafaxine lower brain
neurotransmitter metabolite levels by decreasing
brain neurotransmitters turnover. Furthermore,
NE/5-HT ratio decreased to approach a normal
level in all treatment groups.

There was no effect on the quantity and ratio
of neurotransmitters in depressed rat brain after
chronic administration of low dose of venlafax-
ine (8 mg·kg-1); the middle dose (16 mg·kg-1) of
venlafaxine could produce significant effect.
These results could be reflected in PCA projec-
tion. It should be noted, however, that high dose
of venlafaxine increased 5-HT and NE less than
middle dose and even increased 5-HIAA levels
significantly and increased MHPG levels more or
less. Namely, the effect of venlafaxine on the
quantity and ratio of neurotransmitters in de-
pressed rat brain was not dose-dependent. It is
consistent with pharmacokinetics of venlafaxine
which is not dose-dependent too24. One possible
explanation for the observation could be that the
effect of venlafaxine is saturated at high dose and
the metabolism of neurotransmitters is improved
due to feedback mechanisms. Another possible
explanation could be that the strengthen of neu-
rotransmitter reuptake inhibition of venlafaxine
at high dose, results in a large increase in extra-
cellular 5-HT and NE levels, which in turn would
feedback inhibit the synthetase of 5-HT (trypto-
phan hydroxylase, TPH) and the synthetase of
NE (tyrosine hydroxylase, TOH) resulting in de-
crease of neurotransmitters levels. 

Compared to control group, DA levels de-
creased despite there was no statistical signifi-
cance in model group and treatment group except
group of high dose of venlafaxine which suggest-
ed that DA may be associated with the onset of
depression. As prior studies reported1, venlafax-
ine is a relatively weak inhibitor of DA reuptake,
so DA levels have a certain increase.

In this paper, we applied metabonomic method
to study the biochemical mechanism of venlafax-
ine through determining the change of
monoamine neurotransmitters and found that
venlafaxine could adjust the relationship of
monoamine neurotransmitters in many ways. It
could correct the disorder of neurotransmitters’
metabolism and coordinate the balance of 5-HT,
NE and DA to reach the anti-depressed function.
However, the biochemical results obtained in the
present study are based on the whole brain, and

more researches are necessary on different part
of brain, such as hypothalamus, hippocampus,
striatum and cerebral cortex. 
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