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Abstract:

Brain-derived neurotrophic factor (BDNF) is a key neurotrophic factor in the brain. It plays an important role in the etiopathogenesis

and pharmacotherapy of mental disorders, such as depression or schizophrenia. In recent years, studies have shown that cognitive

processes, which are impaired in the course of mental disorders, significantly change BDNF levels in the brain.

Administered to rats at a dose of 20 mg/kg (b.d. for 5 weeks), venlafaxine (VEN) increases BDNF levels in the hippocampus and cor-

tex, compared to controls. Administered at a dose of 0.5 mg/kg (b.d. for 5 weeks), olanzapine (OLA) significantly increases BDNF

levels in both the cortex and the hippocampus. Similarly, nicotine (NIC) administered at a dose of 0.2 mg/kg (b.d. for 5 weeks) in-

creases BDNF concentrations in both the hippocampus and the cortex. Combined administration of NIC with VEN or OLA does not

increase BDNF levels in the hippocampus or the cortex.

Based on our study, it can be claimed that BDNF mediates behavioral responses only to drugs used individually and participates in the antidepres-

sant and procognitive effects of the study compounds. BDNF also initiates plastic changes and modulation of synaptic activity in rat brains.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a key

neurotrophic factors in the brain; it promotes cell sur-

vival [16, 62], regulates dendrites [60, 62], and in-

duces plastic changes in the brain [24, 31, 42]. Recent

publications establish the importance of BDNF in the

etiopathogenesis and pharmacotherapy of mental dis-

eases such as depression [11, 12] and schizophrenia

[53]. Reduced BDNF levels in patients with depres-

sion cause atrophy of the hippocampus and prefrontal

cortex, while administration of antidepressant agents

results in increased levels of BDNF, confirming the
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“neurotrophin hypothesis of depression” [13]. Results

from trials with animals [9, 33, 34, 47, 48, 49] and hu-

mans [8, 19, 50] indicate that administration of antide-

pressants leads to increased BDNF levels in the brain.

Aside from impairing dopaminergic and sero-

toninergic neurotransmission in the mesolimbic sys-

tem, disorders of the development of neural connec-

tions may factor in the development of schizophrenia

and BPAD (bipolar affective disorder) [57]. Central

nervous system neurotrophins, including BDNF, are

capable of inducing neuromodulation in the brain [3],

and their levels change with administration of neuro-

leptic agents in both humans [18, 55, 61] and animal

models [2, 4, 14, 26].

It has been shown in recent years that cognitive

processes such as learning, memory, and adaptation to

new environments are frequently disturbed by mental

diseases and significantly affect levels of growth fac-

tors [17, 21]. BDNF expression in the hippocampus,

a key structure for memory processes [10], is affected

by regulation of neurotransmitter systems [6, 22] and

plays a vital role in the brain plasticity mechanisms

related to learning and memory processes; it affects,

for instance, long-term potentiation (LTP) in the hip-

pocampus [58, 64].

In our previous papers [35, 36, 37, 38] we have

shown that the use of new-generation drugs (olanzap-

ine (OLA) and venlafaxine (VEN) has antidepressant

and procognitive effects in animals. We have shown

that nicotine (NIC) enhances release of noradrenaline

(NA), dopamine (DA) and serotonin (5-HT) in the

hippocampus, and that combined with the study drugs,

it increases behavioral effects and causes interactions

at the neurotransmission level. This has been shown by

in vivo microdialysis test (unpublished results).

In the context of the previous experiments, we

aimed to explain the role of BDNF in the antidepressant

and procognitive effects of OLA and VEN and in the com-

bined effects of OLA and VEN applications with NIC.

Materials and Methods

Animals

Experiments on animals were performed in accor-

dance with the UNESCO Declaration of Animals’

Rights of 1978 (Paris).

Male Wistar rats (180–200 g) obtained from a li-

censed breeder (licensed by the Ministry of Agricul-

ture; Warszawa, Poland) were used in this study. Ani-

mals were housed in standard laboratory conditions

under a 12-hour light/dark cycle (lights on at 6 a.m.),

in a room maintained at a temperature of 21 ± 2°C and

a humidity of 60%, with free access to granulated

standard food and tap water. Rats were kept four per

cage (30 × 30 × 20 cm). Each experimental and con-

trol group consisted of 8 animals (3 control groups:

po, ip, sc, are shown as one group (means of data)).

Study groups were given injections of VEN

(20 mg/kg, po), OLA (0.5 mg/kg, ip) and NIC (0.2 mg/kg,

sc). Animals were randomized to specific groups.

The study protocol was approved by the Ethics

Commission for Research on Humans and Animals at

the University of Medical Sciences in Poznañ.

Drugs

VEN (CAS: 93413-69-5, hydrochloride, efectin) was

obtained from Wyeth-Ayerts Laboratories (Poland);

OLA (CAS: 132539-0-1, zyprexa) was synthesized in

the Lilly Research Laboratories (Poland); (–) nicotine

(hydrogen tartrate salt, CAS: 54-11-5) was obtained

from Sigma-Aldrich (USA); carboxymethylcellulose

(sodium salt, CMC, pure B.P.C.) was provided by

Koch-Light Laboratories Ltd. (London, England); so-

dium chloride 0.9% was obtained from Polfa Kutno

(Poland).

VEN and OLA were suspended in a CMC-

containing solution and administered twice a day. NIC

was dissolved in saline and administered twice a day.

All substances were administered for 5 weeks. Con-

trol groups were given 0.5% CMC, according to the

same schedule.

The last doses of substances were administered

24 h before sampling of the hippocampi and cortices.

BDNF assay

BDNF levels were assessed by an ELISA test. Frozen

tissues were homogenized in 1.5–3.0 ml of an ice-

cold buffer consisting of 100 mM Tris/HCl (pH 7.0),

containing 2% bovine serum albumin, 1 M NaCl,

4 mM Na2EDTA, 2% Triton X-100, 0.1% sodium

azide, and the protease inhibitors 5 µg/ml aprotinin,

5 µg/ml leupeptin, 0.1 µg/ml pepstatin A and 17 µg/ml

phenylmethyl-sulfonyl fluoride (PMSF), using a Pot-

ter-Elvehjem homogenizer (Wheaton Industries, NJ,
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USA). Supernatants were collected by centrifugation

at 14,000 × g for 30 min at 4°C, stored at –70°C and

were used for ELISA. Total protein content in tissue

extracts was determined by Lowry’s et al. method

[28]. Endogenous BDNF was quantified by a sand-

wich enzyme immunoassay method using ChemiKi-

neTM BDNF kits (Chemicon, Millipore Group, MA,

USA). Data are represented as pg/mg protein, and all

assays were performed in triplicate. The sensitivity of

the ELISA was 7.8 pg/ml and no significant cross-

reactivity was observed with other neurotrophins,

such as NGF, NT4/5 or NT3.

Statistical analysis

Data are shown as the mean ± SEM. Data distribu-

tions were normal (Gaussian). Statistical analysis was

carried out using a parametric, repeated-measure

ANOVA test for unpaired data. Statistical significance

was then tested using the post-hoc Dunnett test.

Results

BDNF levels in the cortex

Administered to rats twice daily (b.d.) for 5 weeks,

VEN (20 mg/kg), OLA (0.5 mg/kg) and NIC (0.2 mg/kg)

significantly increase the concentrations of BDNF in

the cortex, as compared to the control groups (Tab. 1,

p < 0.001). Combined administrations of VEN+NIC

and OLA+NIC have no significant effect on the levels

of BDNF in the cortex (Tab. 1).

BDNF levels in the hippocampus

Administered to rats twice daily for 5 weeks, VEN

(20 mg/kg), OLA (0.5 mg/kg) and NIC (0.2 mg/kg)

significantly increase the concentrations of BDNF in

the hippocampus (Tab. 2, p < 0.001).

Combined administrations of VEN+NIC and

OLA+NIC have no significant effect on the concen-

trations of BDNF in the hippocampus (Tab. 2).

Discussion

BDNF seems to be one of the key molecular media-

tors of synaptic plasticity [29, 31, 44]; the expression

of plasticity is strictly dependent on neuronal activity

[29]. According to the latest research, BDNF plays an

important role in the pathophysiology of mood disor-

ders, the mechanisms of action of psychotropic

agents, and the course of complex cognitive processes

such as memory [24, 29, 40].

The “neurotrophic hypothesis of depression”

claims that a reduction in BDNF levels leads to cellu-

lar atrophy in the hippocampi and cortices of patients

with depression, and that antidepressants exert a thera-

peutic effect by stimulating growth factor expression

[13]. In the animal model of depression, BDNF has an

antidepressant effect [51, 54], and administration of

antidepressants increases BDNF expression [9, 33,

�����������	��� 
������ ����� ��� ��������� 1019

Influences of chronic venlafaxine, olanzapine and nicotine
���� ������ 	
 ���


�� � '�/3 ���&�� � ��� ���� �����4 �	 ���� ������� �����	�4���
����$���� �� ������ 	�� " ����� �2�2 5��� ���� 6 �-�7

CORTEX

Group BDNF (pg/mg of protein)

1. Control group (CMC 0.5 ml per 1 rat) 350.99 ± 16.83

2. Venlafaxine (20 mg/kg, po) 582.65 ± 13.80*

3. Olanzapine (0.5 mg/kg, ip) 2085.20 ± 43.84*

4. Nicotine (0.2 mg/kg, sc) 2185.33 ± 44.75*

5. Venlafaxine + nicotine 342.74 ± 29.35

6. Olanzapine + nicotine 324.64 ± 12.91

8 � 9  2  , �������� �� ��� ������� ���&�
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HIPPOCAMPUS

Group BDNF (pg/mg of protein)

1. Control group (CMC 0,5ml per 1 rat) 536.15 ± 38.64

2. Venlafaxine (20 mg/kg, po) 918.11 ± 22.74*

3. Olanzapine (0.5 mg/kg, ip) 812.35 ± 32.40*

4. Nicotine (0.2 mg/kg, sc) 781.73 ± 32.99*

5. Venlafaxine + nicotine 680.75 ± 40.68

6. Olanzapine + nicotine 636.90 ± 37.44
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49]. Clinical trials confirm that BDNF levels are

higher in patients treated for depression, compared to

untreated patients [19, 50]. Post-mortem studies have

shown that BDNF growth factor levels are much

higher in the brains of patients with depression who

had received pharmacotherapy [8].

Our experiments show that VEN, administered at

a dose of 20 mg/kg, causes a significant increase in

BDNF concentrations in the hippocampus, compared

to the controls. The dual pharmacological activity

profile of VEN – inhibition of 5-HT and NA reuptake

– might synergize intracellularly to up-regulate BDNF

expression in the long term [7]. After administering

VEN once daily (ip) for 21 days, Xu et al. [63] ob-

served an increased intensity of BDNF immunostain-

ing for a dose of 5 mg/kg, while a higher dose of VEN

(10 mg/kg) decreased the intensity of BDNF immu-

nostaining in all regions of the hippocampus (CA1,

CA2, CA3, CA4, DG). The discrepancy may be due

to a lack of sufficient sensitivity of the ELISA tech-

nique; it is more likely that the changes in BDNF oc-

cur in particular subfields of hippocampus, and these

effects were diluted in the whole-structure homogen-

ate in our experiment. The duration of pharmacother-

apy also may be important in accounting for the dif-

ferences in results between the studies (3 vs. 5 weeks).

It has been shown that increases in BDNF mRNA lev-

els following antidepressant pharmacotherapy take

time to develop [9, 33, 49].

Administered in the dose of 20 mg/kg for 5 weeks,

VEN also caused significant changes in BDNF levels

in the cortex. Mannari et al. [30] showed that BDNF

levels in the prefrontal cortex increase following ad-

ministration of another SNRI drug, duloxetine, at

doses of 30 and 100 mg/kg. No such effect was ob-

served with lower dose of duloxetine (10 mg/kg). In

the cortex, the effect is weaker, probably due to the

structural specificity of the effects of VEN, which are

largely limited to the prefrontal cortical regions [33].

Schizophrenia is a mental disorder, the psychopa-

thology of which includes neural development distur-

bances, and in the course of which changes in the cen-

tral nervous system (CNS) neurotransmission, in par-

ticular DA-ergic and 5-HT-ergic, are observed compared

to healthy individuals. The neurotrophic hypothesis

for schizophrenia assumes that neuroregulatory pro-

cesses, including neuronal survival and plasticity, are

disturbed, and that administration of neuroleptic

drugs changes growth factor levels, including BDNF,

in various brain structures. Recent studies proved that

apart from trophic effects, neurotrophins can modu-

late neurotransmission in the CNS and induce plastic

changes in the brain [64]. Our studies indicate that

OLA, administered at a dose of 0.5 mg/kg b.d. for 5

weeks, significantly increases BDNF levels both in

the cortex as well as in the hippocampus. After ad-

ministering OLA to rats for 90 and 180 days at doses

of 10 mg/kg, Pillai et al. [43] observed no BDNF in-

creases in the hippocampus. Instead, he found that

OLA significantly increased BDNF levels in the hip-

pocampus of rats previously receiving haloperidol

(HAL) for 90 days. Notably, HAL reduces concentra-

tions of the studied neurotrophin. Considering that the

activity profile of OLA, compared to that of HAL,

features a shift in DA blockade of 5-HT2 receptors, it

can be supposed that the observed ability of OLA to

enhance BDNF expression in the hippocampus is re-

lated to 5-HT2 receptor blockade. The OLA dose of

10 mg/kg used by Pillai et al. [43] was found to result

in plasma levels comparable to therapeutic doses for

the treatment of schizophrenia, and also in greater oc-

cupancy of DA receptors. Parikh et al. [41] obtained

similar results with OLA administered at a dose of 10

mg/kg. This explains the differences between others’

results and ours, and confirms that expression of the

growth factor depends on the drug dose used and on

the various affinities to DA and 5-HT receptors. Using

a smaller dose of OLA (2.7 mg/kg), Bai et al. [5] ob-

served an increase in mRNA expression in the CA1

and CA3 regions of the hippocampus. The importance

of 5-HT transmission to the level of BDNF is evi-

denced by recent studies on animals.

Rizos et al. [46] compared the effects of neurolep-

tics (risperidone (RIS), HAL, amisulpride (AMI), ol-

anzapine (OLA)) on plasma BDNF levels in schizo-

phrenic patients. Following 6 weeks of therapy with

RIS, HAL, and AMI, Rizos saw no significant changes

in BDNF levels in patients; only OLA caused a sig-

nificant increase in blood neurotrophin levels. These

results confirm that expression of the growth factor is

closely related to the drug’s receptor profile and thus

to its neural activity.

In the present studies, we show that OLA at a dose

of 0.5 mg/kg increases BDNF levels in the cortex.

Angelucci et al. [4], meanwhile, administered higher

OLA doses (3 and 15 mg/kg), observed a decrease in

BDNF levels in the prefrontal cortex (but not in the

occipital cortex), and explained this effect by the an-

tagonistic effect of the drug on 5-HT2A receptors.

Through this mechanism, OLA inhibits presynaptic
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release of glutamate [1] and subsequently stimulates

AMPA receptors, which results in reduced growth

factor synthesis [59]. It is noteworthy that in Angeluc-

ci’s experiment, BDNF levels in prefrontal cortex

were more reduced with the higher OLA dose.

It is known that the hippocampal and cortical re-

gions are strategically involved in executive cognitive

functions specifically that are affected during mood

disorders [30].

Because BDNF is known to modulate synaptic

transmission [27, 31, 56] and enhance LTP (long-term

potentiation), it is thought that this protein may be of

major importance for cognitive processes, including

memory [64]. This assumption is supported by Mi-

zuno et al. [32], who showed that BDNF growth fac-

tor is necessary for spatial reference and working

memory acquisition in a radial arm maze. Later experi-

ments from this group proved that BDNF conditions

memory retention and recall, because continuous in-

tracerebroventricular infusion of an anti-sense BDNF

oligonucleotide induced amnesia in trained rats [64].

In the present study, NIC administered in the dose

of 0.2 mg/kg b.d. for 5 weeks caused a significant in-

crease in BDNF levels in the hippocampus and cor-

tex. These results are consistent with our previous as-

sumption that NIC owes its antidepressant effect to its

ability to induce plastic changes in the brain; an im-

provement in spatial memory following NIC admini-

stration results from enhanced synthesis of the growth

factor in response to information to be remembered.

This assumption is confirmed by the results of Kenny

et al. [20] demonstrating that multiple administrations

of NIC (b.d. for 7 days) at a dose of 0.5 mg/kg result

in increased mRNA expression of BDNF in the CA1

region. Upon a single administration of NIC in the

same dose, Kenny et al. [20] observed a decrease in

neurotrophin levels in the hippocampus. These authors

cited the study by Freedman et al. [15], in which the

application of �-bungarotoxin (a selective antagonist

of �7 nicotinic receptors) led to reduced BDNF

mRNA expression in this brain region. Kenny et al.

[20] supposed that multiple NIC administrations re-

sulted in down-regulation of BDNF mRNA, and that

the phenomenon is based on desensitization of central

cholinergic nicotinic receptors, corroborated by other

authors [52]. Lapchak’s team [25], on the other hand,

suggested the existence of muscarinic, not nicotinic,

regulation of cholinergic BDNF expression.

Neurotransmission interactions undoubtedly affect

the growth factor levels determined in various CNS

structures, which is evidenced by results of the studies

presented herein.

In our previous studies we have shown that NIC,

combined with VEN or OLA, enhances the antide-

pressant and memory-improving effects of the drugs

used, and causes interactions at the neurotransmission

level (unpublished results) [10, 35, 36, 39]. It was im-

portant to answer the question of the role of BDNF

growth factor in the observed behavioral effects. To

our knowledge, the present study is the first to ana-

lyze the effects of combined administrations of OLA

or VEN with NIC on the levels of BDNF in the hippo-

campus and cortex.

Interestingly, combined administrations of NIC

with VEN or OLA for 5 weeks failed to increase the

levels of BDNF in the hippocampus or cortex. Ridley

and Balfour [45] showed that chronic NIC administra-

tion reduces hippocampal 5-HT overflow. Consider-

ing that VEN inhibits reuptake of NA and 5-HT, it is

possible that our results arise from the antagonizing

effects of VEN and NIC on 5-HT system. It should be

of interest to further investigate whether this interac-

tion is responsible for the observed effect. According

to Ridley’s thesis, NIC may reduce 5-HT2A receptor

activation and thus enhance the blockade of this re-

ceptor induced by OLA administration. Therefore, our

results seem to be consistent with our assumptions

that BDNF expression in the brain largely depends on

5-HT2A receptor blockade. On the other hand, com-

bined treatments (VEN or OLA + NIC) may activate

mechanisms that remain silent upon individual ad-

ministrations of the studied drugs. Such unknown

mechanisms may be a subject for further investiga-

tions.

To summarize, we showed that BDNF mediates be-

havioral responses only to drugs used individually,

participating in the antidepressant and procognitive

effects of VEN, OLA and NIC by initiating plastic

changes in the brain and modulating synaptic activity.
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