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Long-Term Repetitive Transcranial Magnetic 
Stimulation Increases the Expression of 
Brain-Derived Neurotrophic Factor and 
Cholecystokinin mRNA, but not Neuropeptide 
Tyrosine mRNA in Specific Areas of Rat Brain

 

Marianne B. Müller, M.D., Nicola Toschi, Ph.D., Adelheid E. Kresse, Ph.D., Anke Post, M.D.,

 

and Martin E. Keck, M.D.

 

Repetitive transcranial magnetic stimulation (rTMS) is 
increasingly used as a therapeutic tool in various 
neurological and psychiatric disorders, and we recently 
found that it has a neuroprotective effect both 

 

in vitro

 

 and 

 

in vivo

 

. However, the neurochemical mechanisms 
underlying the therapeutic effects are still unknown. We 
investigated the effects of long-term rTMS on the 
expression of brain-derived neurotrophic factor (BDNF), 
cholecystokinin (CCK), and neuropeptide tyrosine (NPY) 
mRNA in rat brain. 

 

In situ

 

 hybridization revealed a 
significant increase in BDNF mRNA in the hippocampal 
areas CA3 and CA3c, the granule cell layer, as well as in 
the parietal and the piriform cortex after rTMS. BDNF-like 

immunoreactivity was markedly increased in the same 
areas. A significant increase in CCK mRNA was observed 
in all brain regions examined. NPY mRNA expression, in 
contrast, was not altered. The present results suggest that 
BDNF may contribute to the neuroprotective effects of 
rTMS. Furthermore, the rTMS-induced changes in BDNF 
and CCK expression are similar to those reported after 
antidepressant drug treatment and electroconvulsive 
seizures, suggesting that a common molecular mechanism 
may underlie different antidepressant treatment strategies. 
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Transcranial magnetic stimulation (TMS), a technique
in which a time-varying strong electric current is ap-
plied through a coil held in direct contact with the sub-

ject’s head, was originally developed for diagnostic use
in neurology (for review see Rossini and Rossi 1998). A
possible effect of TMS on mood was first reported in
1987 (Bickford et al. 1987) and, although discussed con-
troversially, to date several lines of evidence resulting
from both preclinical (Fleischmann et al. 1995; Zyss et
al. 1997) and clinical (e.g., Pascual-Leone et al. 1996)
studies support the notion that repetitive TMS (rTMS)
may have antidepressant properties: rTMS induces
transient enhancement of mood in healthy subjects, and
daily application alleviates symptoms in patients suf-
fering from treatment-resistant major depression (for
review see George et al. 1999).

Although rTMS is currently being evaluated as a

 

From the Max Planck Institute of Psychiatry, Munich, Germany
(MBM, NT, AEK, AP, MEK); and Department of Medical Biochem-
istry and Biophysics, Molecular Neurobiology Division, Karolinska
Institute, Stockholm, Sweden (AEK).

Address correspondence to: Marianne B. Müller, M.D., Max
Planck Institute of Psychiatry, Kraepelinstrasse 2–10, 80804 Munich,
Germany.

Received October 7, 1999; revised February 3, 2000; accepted Feb-
ruary 7, 2000.



 

206

 

M.B. Müller et al. N

 

EUROPSYCHOPHARMACOLOGY

 

 

 

2000

 

–

 

VOL

 

. 

 

23

 

, 

 

NO

 

. 

 

2

 

possible alternative or add-on therapy in the treatment
of refractory depression, knowledge concerning its ef-
fects at the molecular and cellular level is still very lim-
ited. Recently, Ji et al. (1998) reported a specific activa-
tion of brain regions in terms of immediate early gene
expression in rats in response to rTMS. In addition, we
provided a first evidence for a neuroprotective effect of
long-term rTMS 

 

in vivo

 

 and 

 

in vitro

 

 (Post et al. 1999).
The 

 

in vitro

 

 studies showed that magnetic stimulation
analogous to TMS increased the overall viability of
mouse monoclonal hippocampal HT22 cells and had a
neuroprotective effect against oxidative stressors such
as amyloid beta (A

 

b

 

) and glutamate. Moreover, the
treatment increased the release of the potentially neuro-
protective secreted amyloid precursor protein (sAPP)
into the supernatant of HT22 cells and into cerebrospi-
nal fluid from rats. Accordingly, HT22 cells preincu-
bated with cerebrospinal fluid from long-term rTMS-
treated rats were found to be protected against A

 

b

 

 (Post
et al. 1999). However, the neurochemical mechanisms
underlying these neuroprotective properties as well as
the putative therapeutic effects of rTMS in neurological
and psychiatric disorders still remain to be elucidated.

Brain-derived neurotrophic factor (BDNF) is a mem-
ber of the neurotrophin family and is abundantly ex-
pressed in the adult brain. The neurotrophic and also
neuroprotective effects of BDNF have been character-
ized extensively both 

 

in vitro

 

 and 

 

in vivo.

 

 In addition,
upregulation of BDNF has been implicated in neuronal
responses to various kinds of injuries, such as epileptic
seizures, cerebral ischemia, and hypoglycemia (for re-
view see Connor and Dragunow 1998). Recent work
raised the possibility that one of the many long-term ef-
fects of antidepressant treatment may be regulation of
neurotrophins: antidepressant drug treatment and elec-
troconvulsive seizures (ECS) were shown to markedly
induce BDNF expression in selected areas of rat brain
(Altar 1999; Nibuya et al. 1995; Zetterström et al. 1998).

Both repeated ECS and treatment with different anti-
depressant drugs have been reported to significantly al-
ter cholecystokinin (CCK) (Brodin et al. 1989, 1994; Lin-
defors et al. 1991; Orzi et al. 1990) and neuropeptide
tyrosine (NPY) expression in selected brain regions.
CCK is the most abundant neuropeptide in the mam-
malian brain, and its anatomical distribution, with high
levels of expression in the cerebral cortex, the
amygdala, the hippocampus and the septum strongly
suggests that it is one of the modulators of emotionality
(for review see Moran and Schwartz 1994). CCK is co-
localized with dopamine in a large proportion of the
neurons in the mesolimbic system (for review see
Crawley and Corwin 1994). These CCK-containing
dopaminergic pathways have been implicated in the
pathophysiology of human affective disorders and Par-
kinson’s disease, and in both of these disease states

rTMS has been suggested to exert beneficial effects
(Pascual-Leone and Catala 1995; Pascual-Leone et al.
1994; Siebner et al. 1999).

In patients with major depression, decreased cere-
brospinal fluid levels of NPY (Gjerris et al. 1992) and a
decreased NPY-like immunoreactivity in specific brain
areas (Widdowson et al. 1992) have been reported, giv-
ing rise to the hypothesis of a NPYergic deficit in de-
pression (for review see Heilig and Widerlov 1995).
Consistent with this hypothesis, an increase in NPY ex-
pression in frontal cortical brain areas and in the hip-
pocampus after chronic ECS application (Wahlestedt et
al. 1990; Mikkelsen et al. 1994) and antidepressant drug
treatment (Heilig et al. 1988) has been demonstrated in
several animal studies.

We conducted the present study to investigate the ef-
fects of long-term rTMS treatment performed under
conditions comparable to those in clinical use to further
elucidate the mechanisms underlying the recently dis-
covered neuroprotective effects of this technique. In ad-
dition, we wanted to test the hypothesis that the molec-
ular and cellular effects of chronic rTMS are similar to
those observed following other forms of antidepressant
therapy, namely drug treatment and ECS. Therefore,
we examined the effects of rTMS on the expression of
both BDNF mRNA and protein as well as of the neuro-
active peptides CCK and NPY mRNA in distinct areas
of the rat brain.

 

MATERIALS AND METHODS

Animals

 

The animal studies were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals
of the Government of Bavaria, Germany. Experiments
were performed on young, conscious, male Wistar rats
from the age of four weeks (50 

 

6

 

 8 g body weight at the
beginning of the study; 

 

n

 

 

 

5

 

 five per group). Rats were
housed in groups of six in the breeding unit under stan-
dard laboratory conditions (12:12 h light/dark cycle
with lights on at 0700 h, 22 

 

6

 

 1

 

8

 

C, 60% humidity, pel-
leted food and water 

 

ad libitum

 

).

 

Repetitive Transcranial Magnetic Stimulation

 

A commercially available stimulator (MagPro™; DAN-
TEC, Skovlunde, Denmark) was used for TMS. The
stimulus waveform was biphasic and had a pulse width
of 280 

 

m

 

s. The temperature of the stimulation coil (

 

8

 

C)
and the stimulus intensity (A/

 

m

 

s) were monitored from
a digital display. A round prototype coil was selected
(S60, DANTEC; inner diameter: 6 mm; outer diameter:
57 mm; 21 windings). The initial current direction was
clockwise. Trains were separated by 2-min intervals to
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allow for cooling of the stimulation coil. The animals
were treated with 150 stimuli/day resulting from three
trains at a rate of 20 Hz for 2.5 s (4 Tesla, 120 A/

 

m

 

s;
130% of rats’ motor threshold). These handled, con-
scious rats were treated in 5-day series separated by
2-day intervals for 11 weeks and cooperated well with
the procedure (

 

n

 

 

 

5

 

 5).
Due to direct muscular activation, animals of the

rTMS treatment group experienced a slight tremor of
the head during stimulation. A similarly aversive stim-
ulus for the control rats was achieved by stimulation of
the low lumbar spine region (

 

n

 

 

 

5

 

 5). In a pilot study un-
restrained, non-handled, adult rats that were subjected
to the same rTMS protocol as in the present study
showed clear unspecific stress responses, as evidenced,
for instance, by consecutive locomotor hyperactivity
and aggressive behavior. Therefore, to avoid unspecific
stress due to rTMS, rats were allowed to adapt to the
rTMS artifact noise beginning at the age of 3 weeks and
were subjected to daily rTMS treatment from the age of
4 weeks on.

After one week of daily handling and chronic rTMS,
animals adapted well to the procedure, as indicated by
the fact that restraint of the rats was unnecessary. The
stimulation coil was held in direct physical contact with
the animal’s head at the stimulation point. To mimic
clinical conditions (e.g., Pascual-Leone et al. 1996), the
stimulation point was set at the left frontal cortex. As a
key part of the study, a series of computer-assisted,
MRI-based reconstructions of the current density distri-
butions induced by rTMS in the rat and human brain
were performed as has been described previously
(Cerri et al. 1995). As the total number of stimuli ap-
plied is currently considered to be a crucial point for the
clinical effectiveness of rTMS treatment (George et al.
1999), animals received a total of 8250 stimuli what is in
the range of clinical studies, e.g., George et al. (1997):
8000 pulses, and Pascual-Leone et al. (1996): 10000
pulses.

 

Motor Threshold.  

 

Motor threshold was determined
as previously described (Jennum and Klitgaard 1996).
Briefly, a standard electromyographic (EMG) machine
was used (DANTEC). Sampling frequency was 51.4
kHz, high and low pass filter settings were 10 and 3000
Hz. The muscle activity was recorded by the use of a 0.5
mm bipolar EMG needle (DANTEC) placed in the right
hindlimb biceps femoris muscle with a ground elec-
trode 10 mm proximal to the recording electrode. The
inter-electrode impedances were less than 3.5 kOhms.

The motor threshold was defined as a reproducible
motor evoked potential in five consecutive stimuli with
an interstimulus interval 

 

.

 

 3s and an amplitude 

 

.

 

 50

 

m

 

V. This study was performed in five rats separately.
Rats were investigated under propofol anesthesia as

this anesthetic is well known not to interfere with mo-
tor evoked potentials either in humans (Kalkman et al.
1992) or in rats (Fishback et al. 1995).

 

In Situ

 

 Hybridization

 

Animals were killed with an overdose of halothane at
the end of the experiments, i.e., 11 weeks after rTMS or
sham treatment and 20 h after the last application of
rTMS. Thereafter, brains were quickly removed. In all
animals, the pituitary and internal organs were visually
examined to exclude animals with tumors from the sta-
tistical analysis. Brain tissue was frozen in prechilled
n-methylbutane on dry ice and stored at 

 

2

 

80

 

8

 

C. For
subsequent 

 

in situ

 

 hybridization experiments, brains
(rTMS: 

 

n

 

 

 

5

 

 5; controls: 

 

n

 

 

 

5

 

 5) were sectioned in a cryo-
stat. All brains were cut in five parallel series (20 

 

m

 

m,
coronal sections), with every fifth section being thaw-
mounted on the same glass slide. Sections were stored
at 

 

2

 

20

 

8

 

C until use.
The following oligonucleotide DNA probes were

used for 

 

in situ

 

 hybridization.

 

CCK

 

(44-mer): 5

 

9

 

-ATCCATCCAGCCCATGTAGTC-
CCGGTCACTTATCCTGTGGCTAG-3

 

9

 

 according to
nucleotides 351–395 of whole rat prepro-cholecystoki-
nin cDNA (Deschenes et al. 1984); 

 

BDNF

 

 (50-mer): 5

 

9

 

-
AGTTCCAGTGCCTTTTGTCTATGCCCCTGCAGC-
CTTCCTTCGTGTAACCC-3

 

9

 

 according to nucleotides
645–694 of whole rat cDNA (Maisonpierre et al. 1991);
and NPY(48-mer) : 5

 

9

 

-ATGAGATGTGGGGGGAAAC-
TAGGAAAAGTCAGGAGAGCAAGTTTCATT-3

 

9

 

 ac-
cording to nucleotides 3148–3195 of rat NPY sequence
(Larhammar et al. 1987).

The specificity of these oligonucleotides has been de-
scribed in detail elsewhere (Kononen et al. 1995; Schal-
ling et al. 1990). All 

 

in situ

 

 hybridization experiments
were carried out as previously described in detail
(Kresse et al. 1995), and all sections were run in the
same experiment under identical conditions. Briefly,
the synthesized oligonucleotides were labeled at the 3

 

9

 

end with 

 

a

 

-[

 

35

 

S]-dATP (NEN, DuPont, Boston, MA) us-
ing terminal dexoynucleotidyl transferase (Boehringer
Mannheim, Mannheim, Germany). Radiolabeled probe
(10

 

6

 

 cpm / 200 

 

m

 

l / slide) was diluted into hybridiza-
tion buffer consisting of 1 

 

3

 

 Denhardt’s solution, 0.25
mg/ml yeast tRNA (Sigma, Deisenhofen, Germany),
0.5mg/ml salmon sperm DNA (Sigma), 10% dextran
sulfate, 10 mM dithiothreitol and 50% formamide, ap-
plied to the slides and incubated for 20 h at 42

 

8

 

C. Fol-
lowing hybridization, the slides were washed in 1 

 

3

 

SSC (55

 

8

 

C), four times for 15 min each, dehydrated in
ethanol and air-dried. Finally, the slides were dipped in
Kodak NTB2 emulsion diluted 1:1 in distilled water, ex-
posed for five weeks at 4

 

8

 

C and then developed in
Kodak D19 solution. The developed slides were lightly
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counterstained with cresyl violet and examined using a
Leica microscope with both bright- and dark-field con-
densors.

 

Immunohistochemistry

 

Serial 20-

 

m

 

m frozen sections were mounted on coated
glass slides and stored at 

 

2

 

20

 

8

 

C. Tissue was postfixed
in absolute acetone for 10 min and air-dried. After
blocking of endogenous peroxidase in absolute metha-
nol with 0.01% hydrogen peroxide for 15 min, the sec-
tions were transferred to phophate-buffered saline
(PBS, pH 7.45). PBS was also used for subsequent
washes, and all reagents for immunohistochemistry
were diluted in PBS with 1% bovine serum albumin
(BSA) unless otherwise specified. After preincubation
with 5% normal goat serum for 2 h, incubation with the
primary antibody diluted 1:300 (polyclonal rabbit-anti-
BDNF antibody [N-20]; Santa Cruz Biotechnology,
Santa Cruz, CA) was performed at 4

 

8

 

C overnight. The
specificity of this antibody has been tested by the man-
ufacturer.

The sections were then incubated with a biotinylated
goat-anti-rabbit secondary antibody diluted 1:300 for
one hour at room temperature (Vector, Burlingame,
CA, USA). This was followed by incubation with avidin
biotinylated horseradish peroxidase complex (ABCelite
universal kit; Vector) for 45 min at room temperature
(1:300). All steps were followed by appropriate washes
in PBS. Finally, the sections were developed in a substrate
solution of 0.05% diaminobenzidine tetrahydrochloride
and 0.01% hydrogen peroxide in 0.05 M Tris-HCl, pH
7.6, washed, lightly counterstained with hematoxylin
and mounted. Appropriate negative controls were per-
formed by omission of the primary antibody.

 

Optical Densitometry

 

Representative areas of the different brain regions (hip-
pocampal pyramidal cell layer: areas CA1, CA2, CA3,
and CA3c [hilus]; granule neurons of the dentate gyrus;
parietal cortex; and piriform cortex) were scanned by a
digital camera under dark-light conditions. In case of
NPY mRNA, the analysis was performed in the area of
the hippocampal dentate gyrus/CA3c and the parietal
cortex. Care was taken to scan all images under identi-
cal light conditions. Levels of mRNA expression were
determined by measuring the mean gray value (BDNF
and CCK mRNA) or on inverted black-white images (

 

in
situ

 

 hybridization signal: black) in the region of interest
and blind to the treatment conditions on a Macintosh
computer using the Macintosh-based public domain
image analysis program NIH Image, version 1.6.1. (de-
veloped at the US National Institutes of Health and
available on the Internet at http://rsb.info.nih.gov/
nih-image). As neurons expressing NPY mRNA were

scattered throughout the cortex and hippocampal for-
mation, quantitative analysis of NPY mRNA expression
was performed as an automatic count of labeled objects
(

 

5

 

 cells) per mm

 

2

 

 of the parietal cortex and the total re-
gion of the dentate gyrus and hilus (CA3c) on automat-
ically thresholded images. In all cases, at least four par-
allel tissue sections per animal and region were
analyzed, and the mean values for each animal and re-
gion were calculated.

 

Statistical Analysis

 

Statistical analysis was performed using Kruskal-Wallis
ANOVA to examine for significant overall group differ-
ences. In cases were significant group differences were
detected, pairwise comparisons using the Mann-Whit-
ney U-test followed (statistical software: GB Stat™, ver-
sion 6.5 PPC; Dynamic Microsystems Inc., Silver
Spring, MD). As the level of significance 

 

p

 

 

 

,

 

.05 was ac-
cepted.

 

RESULTS

Long-Term rTMS Increases the Expression of BDNF 
mRNA in Specific Areas of Rat Brain

 

The mean values of BDNF optical density for each re-
gion and group 

 

1

 

 SEM are given in Figure 1. Signifi-
cant differences between rTMS- and sham-treated ani-
mals were found in areas CA3 (

 

rTMS

 

: 48.4 

 

6

 

 3.8, 

 

sham:

 

36 

 

6

 

 5, 

 

p

 

 

 

,

 

 .05); and CA3c (hilus) (

 

rTMS:

 

 31.5 

 

6

 

 3.7,

 

sham:

 

 25.7 

 

6

 

 3.5, 

 

p

 

 

 

,

 

 .05) of the pyramidal cell layer, the

Figure 1. Effects of long-term rTMS (n 5 5) and sham stim-
ulation (n 5 5) on the expression of BDNF mRNA in differ-
ent regions of rat brain. Data are expressed as mean 6 SEM
optical density (mean gray level in the regions of interest). *p ,
.05; **p , .01; n.s., non significant.
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granule cell layer of the dentate gyrus (rTMS: 43.4 6
3.2, sham: 28 6 1.6, p , .01) (Figure 2), the parietal cor-
tex (rTMS: 21.2 6 3.3, sham: 14.1 6 1, p , .01) (Figure 2),
and the piriform cortex (rTMS: 54.2 6 3.1, sham: 32.3 6
2.3, p , .01) (Figure 2).

No significant difference in BDNF mRNA expression
between rTMS and sham-treated animals was detected
in the areas CA1 (Figure 2) and CA2 of the hippocam-
pal pyramidal cell layer (rTMS: 46.3 6 5.8, sham: 39.9 6
3.9, p 5 .083 and rTMS: 44.7 6 5.5, sham: 38.6 6 6.7, p 5
.15, respectively).

Long-Term rTMS Increases BDNF-Like 
Immunoreactivity in Regions of Enhanced BDNF 
mRNA Expression

In rTMS-treated animals, a marked increase in BDNF-
like immunoreactivity was observed in the parietal and
piriform cortex (Figure 3). Besides the strong increase in
cytoplasmatic BDNF-like immunoreactivity of cortical

Figure 2. Long-term rTMS increases the expression of
BDNF mRNA in specific regions of rat brain. Results of in
situ hybridization analysis using an a-[35S]-dATP-labeled
oligonucleotide probe are shown. Representative coronal
sections of sham-treated (A, C, E, G) and long-term rTMS-
treated (B, D, F, H) rat brain. Darkfield photomicrographs
reveal a marked rTMS-induced increase in BDNF mRNA
expression in hippocampal areas CA3c (CA3c; A, B), the
granule cell layer of the dentate gyrus (D, G, A, B), the parietal
cortex (C, D), and the piriform cortex (E, F). In contrast, no
increase in BDNF mRNA expression can be observed in the
CA1 area of the hippocampal pyramidal cell layer (G, H).

Figure 3. Long-term rTMS increases BDNF-like immu-
noreactivity in the areas of increased mRNA expression.
Photomicrographs of representative immunostained sec-
tions of sham-treated (A, B, C, D) and rTMS-treated (E, F, G,
H) animals show a strong increase in BDNF-like immunore-
activity in the stratum lucidum of the CA3 pyramidal region
(A, E). Many large immunoreactive granules can be observed
(arrows). BDNF-like immunoreactivity is increased in the
granule neurons of the dentate gyrus (B, F) and the adjacent
supragranular layer (arrows). In the parietal cortex (C, G),
rTMS treatment induces not only an increase in cytoplas-
matic immunoreactivity, but also a prominent staining of
cell membranes and dendritic processes (arrows). Long-
term rTMS markedly increases BNDF-like immunoreactivity
in the piriform cortex (D, H). Scale bars: 80 mm (A, E, C, G,
D, H) and 40 mm (B, F).
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neurons, several neurons displayed a prominent stain-
ing of cell membranes and dendritic processes, some-
thing that was not observed in any of the sham-treated
animals. In addition, rTMS induced a marked increase
in granular-like immunoreactivity in the supragranular
zone of the dentate gyrus and an increase in cytoplas-
mic BDNF-like immunoreactivity in the neurons of the
granule cell layer (Figure 3). In the CA3 area, many in-
tensely stained large immunoreactive granules were
observed in the stratum lucidum, the terminal zone of
the mossy fibers on the proximal dendrites of the CA3
pyramidal neurons (Figure 3).

Long-Term rTMS Induces a Significant Increase in 
CCK mRNA Expression

The mean values of CCK optical density for each region
and group 1 SEM are presented in Figure 4. Significant
differences between rTMS- and sham-treated animals
were found throughout the different areas of the pyrami-
dal cell layer, namely CA1 (rTMS: 143 6 16.4, sham:
107.4 6 18.2, p , .05); CA2 (rTMS: 52.9 6 10.1, sham:
30.7 6 5.3, p , .01); CA3 (rTMS: 73.2 6 11.3, sham: 51.9 6
10.4, p , .05); and CA3c (rTMS: 56.9 6 11.5, sham: 33.2 6
5.7, p , .01). In addition, there were significant differ-
ences between the rTMS- and sham-treated groups in
layer II/III of the parietal cortex (rTMS: 47.3 6 8.0,
sham: 35.4 6 2.8; p , .05); in layer V/VI of the parietal
cortex (rTMS: 60.9 6 5.1, sham: 45.6 6 4.7, p , .05); and
in the piriform cortex (rTMS: 72.7 6 4.1, sham: 52.1 6
8.8, p , .01).

NPY mRNA Expression in the Parietal Cortex and 
Dentate Gyrus is Not Affected by Long-Term rTMS

The mean numbers of NPY mRNA expressing neurons
in the parietal cortex (per mm2) and dentate gyrus/
CA3c (counted over the total area of the dentate gyrus
and hilus region) for each group 1 SEM are presented
in Figure 5. The numbers of NPY mRNA expressing
cells did not differ between the groups in either the pa-
rietal cortex (rTMS: 7.5 6 2.5, sham: 7.25 6 1.25) or the
area of the dentate gyrus/CA3c region (rTMS: 17.65 6
4.85, sham: 20.71 6 3.29).

DISCUSSION

The present study was performed to investigate the ef-
fects of long-term rTMS on the expression of BDNF and
the neuropeptides CCK and NPY in rat brain. In spite of
the broad clinical use of this technique, the interactions
between the magnetic stimuli applied and central ner-
vous system neurons are only poorly understood.

Neuroprotective Effects of rTMS May Be Mediated 
Via Regulation of BDNF

Recently, first evidence was provided for a neuropro-
tective effect of rTMS against oxidative cell damage
both in vitro and in vivo (Post et al. 1999). The present
study demonstrates that long-term rTMS significantly
increases the expression of BDNF mRNA and protein in
specific areas of the hippocampal formation and cere-
bral cortex. BDNF belongs to the family of neurotro-
phins that are characterized by their ability to regulate
diverse neuronal responses, including the type and
number of afferent synapses, by promoting the survival
of discrete neuronal subpopulations (for review see
Connor and Dragunow 1998).

Pretreatment of rat cortical and cerebellar cultures
with recombinant BDNF has been reported to signifi-
cantly reduce glutamate-induced neuronal damage
(Lindholm et al. 1993; Shimohama et al. 1993). Further-
more, a significant reduction in BNDF mRNA expres-
sion was found in the hippocampi of patients afflicted
with Alzheimer’s disease when compared to age-
matched controls, and it was postulated that this de-
crease might contribute to the progression of neuronal
degeneration (Phillips et al. 1991). To date, several find-
ings from both in vitro and in vivo experiments support
the proposal that neurotrophic factors might help in the
treatment of neurodegenerative disorders by protecting
against neuronal cell loss and by increasing the func-
tion of surviving neuronal populations (Conner et al.
1997). It therefore seems possible that BDNF could act
as a mediator of the neuroprotective effects of rTMS
against oxidative cell damage.

Figure 4. Effects of long-term rTMS (n 5 5) and sham stim-
ulation (n 5 5) on the expression of CCK mRNA in different
regions of rat brain. Data are expressed as mean 6 SEM
optical density (mean gray level in the regions of interest).
*p , .05, **p , .01.
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Chronic rTMS Treatment Increases BDNF 
Expression in Specific Areas of Rat Brain: Do 
Different Antidepressant Treatments Have Similar 
Effects at the Molecular Level?

Several lines of evidence indicate that BDNF may be in-
volved in the cellular response to different antidepres-
sant treatment strategies (Altar 1999; Duman et al.
1997). Chronic ECS increases and prolongs the expres-
sion of BDNF and its receptor, trkB, in selected areas of
rat brain, such as the granule cell layer of the dentate
gyrus and the piriform cortex, as do various antidepres-
sant drugs, but not other non-antidepressant psycho-
tropic agents (Nibuya et al. 1995; Smith et al. 1997; Zet-
terström et al. 1998). In addition, local infusion of high
concentrations of BDNF into the midbrain has been re-
ported to exert antidepressant effects in behavioral ani-
mal models of depression (Siuciak et al. 1997).

Many antidepressant drugs acutely increase monoa-
mine levels, but the requirement for repeated, chronic
administration together with the delayed onset of anti-
depressant efficacy strongly suggests that long-term
adaptive processes are necessary for the therapeutic ac-
tions of these treatments. The antidepressant-induced
increase in BDNF could result from adaptations of in-
tracellular pathways, and the upregulation of the cyclic
AMP response element binding protein (CREB) cascade
by chronic antidepressant drug treatment that has been
reported (Nibuya et al. 1996; Takahashi et al. 1999) may
be the underlying mechanism. CREB has been shown to
be an important regulator of BDNF-induced gene ex-
pression (Finkbeiner et al. 1997).

The present study shows a significant increase in
BDNF mRNA in specific areas of rat brain after chronic
rTMS treatment under stimulation conditions compara-
ble to those in clinical use. This increase in BDNF
mRNA was detected in areas CA3 and CA3c of the hip-
pocampal pyramidal cell layer, in the granule cell layer
and in the parietal and piriform cortex. Our immuno-
histochemical analysis confirmed these results at the
protein level. A strong and granular BDNF-like
immmunoreactivity was observed in both the supra-
granular layer of the dentate gyrus and the stratum lu-
cidum of the CA3 pyramidal area, where the mossy fi-
bers form giant en passant synapses, the characteristic
mossy terminals, on the proximal dendrites of the CA3
pyramidal neurons (Freund and Buzsáki 1996). The
granule neurons of the dentate gyrus are the target for
the majority of entorhinal afferents, and therefore an in-
crease in BDNF expression in these neurons and in their
projection sites probably reflects an rTMS-induced
stimulation of synaptic activity and input into the hip-
pocampal formation (Schuman 1999). It is noteworthy
that after long-term rTMS, BDNF mRNA and protein
expression are increased in exactly the same anatomical
areas as observed after ECS and antidepressant drug
treatment (Nibuya et al. 1995; Zetterström et al. 1998),
suggesting that different antidepressant treatments
may have similar effects at the molecular and cellular
level.

Besides its well-characterized neurotrophic proper-
ties, BDNF has also been implicated in neuronal re-
sponses to various kinds of injuries: limbic seizures in-

Figure 5. Long-term rTMS does not influ-
ence the expression of NPY mRNA in cortical
and hippocampal areas. Results of in situ
hybridization analysis using an a-[35S]-dATP-
labeled oligonucleotide probe are shown.
Scanned autoradiographs of representative
coronal sections of sham-treated (A) and long-
term rTMS-treated (B) rat brain. NPY mRNA
expressing cells are scattered throughout
the cortex and the hippocampal dentate
gyrus. No significant differences in the num-
ber of NPY mRNA expressing neurons can
be observed between sham-treated and long-
term rTMS treated animals (C) in either the
dentate gyrus (DG) or the parietal cortex
(PCtx). n.s., non significant.
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duced by electrolytic lesion or kainic acid strongly
increase BDNF mRNA in adult hippocampus and cor-
tex (for review see Castrén et al. 1998). Furthermore,
ischemia induces BDNF expression in brain regions
outside the ischemic area (Kokaia et al. 1995). Changes
in BDNF expression may therefore also reflect second-
ary events induced by damage to or degeneration of
specific neuronal populations. So far, the functional con-
sequences of this increased expression of neurotrophic
factors after brain insults are still unclear. However, nu-
merous experimental findings support the hypothesis
that the neurotrophic factor response constitutes an in-
trinsic neuroprotective mechanism.

Therefore, the question arises of whether the in-
crease in BDNF induced by administration of antide-
pressant drugs, ECS and (as observed in the present in-
vestigation) rTMS reflects the ability of these treatments
to restore the postulated depression-associated neu-
ronal atrophy (Duman et al. 1997) by stimulating neu-
rotrophin expression, or whether BDNF enhancement
reflects a cellular response indicative of neuronal dam-
age or toxicity. In conflict with the latter notion is our
previous finding that long-term rTMS did not reduce
neuronal viability, but instead actually counteracted the
detrimental effects of oxidative stress in hippocampal
neurons (Post et al. 1999).

rTMS Differentially Affects the Expression of the 
Modulatory Neuropeptides CCK and NPY

CCK is the most abundant peptide in the mammalian
brain, and it has been found to be co-localized with sev-
eral neurotransmitters, such as serotonin (van der Kooy
et al. 1981), gamma-aminobutyric acid (GABA) (Somo-
gyi et al. 1984), and dopamine (Hökfelt et al. 1980).
CCK, acting as a neuromodulator, increases the firing
rate of dopaminergic ventral tegmental and substantia
nigra neurons, and the ability of CCK to directly affect
local dopamine release has been examined in numerous
experiments (for review see Crawley and Corwin 1994;
Moran and Schwartz 1994).

It has been suggested that the mesolimbic dopamine-
containing neurons may be involved in the pathophysi-
ology of depressive disorders and may be a substrate
for the therapeutic action of antidepressant drugs
(Fibiger 1995), and several lines of evidence indicate
that an enhancement of monoamine-mediated neu-
rotransmission accompanies the therapeutic effects of
most antidepressant treatments (for review see Blier
and de Montigny 1994; Holsboer 1995). rTMS has been
suggested to exert therapeutic effects in several differ-
ent neurological and psychiatric syndromes associated
with an altered dopaminergic neurotransmission (Hols-
boer 1995), e.g., depression, mania, catatonia, and Par-
kinson’s disease (Grisaru et al. 1998a,b; Pascual-Leone
and Catala 1995; Pascual-Leone et al. 1994, 1996; Sieb-

ner et al. 1999), thus suggesting that it might induce an
activation of monoaminergic neuronal pathways. In-
deed, electrical stimulation of the medial prefrontal cor-
tex has been reported to increase both CCK and dopa-
mine release in the nucleus accumbens (You et al. 1998).
Significant increases in CCK mRNA expression and
CCK-like immunoreactivity in different neuroanatomi-
cal regions have also been observed after ECS and treat-
ment with antidepressant drugs (Brodin et al. 1989,
1994; Lindefors et al. 1991; Orzi et al. 1990).

Recently, it was found that a single train of rTMS in-
duced significant changes in tissue monoamine levels
in selected areas of rat brain, including an increased
dopamine concentration in the hippocampal formation
that was accompanied by a decrease in the dopamine
turnover rate (Ben-Shachar et al. 1997). In addition, a
significant increase in hippocampal dopamine release
after acute rTMS by in vivo microdialysis was reported
(Keck et al. 1998). Antero- and retrograde tracing tech-
niques revealed that the rat hippocampal CA1 area,
which provides the major cortical output of the hippo-
campal formation, projects not only to ipsi- and con-
tralateral cortical regions, to the amygdala and to the
hypothalamus, but also to the nucleus accumbens (van
Groen and Wyss 1990), a brain region that is known to
play a crucial role in reward and incentive motivation
(Fibiger 1995). Given the close interaction between CCK
and dopamine, it therefore seems possible that the
rTMS-induced increase in CCK mRNA expression in
several hippocampal and cortical regions observed in
the present study is related to a functionally relevant ac-
tivation of mesolimbic dopaminergic neuronal pathways.

As CCK is found to be co-localized with the inhibi-
tory amino acid GABA in the hippocampus (Freund
and Buzsáki 1996), this important neurotransmitter sys-
tem should be considered as a potential effector of the
rTMS-induced changes in CCK expression. The ana-
tomical distribution of CCK-containing neurons in the
hippocampus suggests that CCK is involved in both af-
ferent and main efferent hippocampal pathways
(Greenwood et al. 1981), and a recent electrophysiologi-
cal study has shown that CCK increases GABA release
by inhibiting a resting K1 conductance in hippocampal
interneurons, thus leading to an increased tonic inhibi-
tion of pyramidal neurons (Miller et al. 1997).

In contrast to the neuropeptide CCK, NPY mRNA
expression in the hippocampus and parietal cortex re-
mains unaffected by long-term rTMS treatment, here-
with underlining the specificity of the observed
changes in BDNF and CCK expression levels. In con-
trast, a selective increase in the number of NPY-like im-
munoreactive and NPY mRNA expressing neurons pre-
dominantly in the hippocampal dentate gyrus has been
described following repeated electroconvulsive shocks
(Wahlestedt et al. 1990; Mikkelsen et al. 1994). Evidence
from different animal models of experimental seizures
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suggests that brief or moderate convulsive stimuli, such
as those used in electroconvulsive shock and kindling,
strongly upregulate NPY expression in hippocampal
GABAergic interneurons. Hippocampal CCK mRNA
expression has been also found to be stimulated by re-
peated, but not single amygdala kindled seizures and
ECS, but in contrast to the present results, this effect
was only transient in nature and CCK mRNA expres-
sion returned to baseline levels already 24 h after the
last seizure activity (Zhang et al. 1996). Although ECS
and rTMS are similar in applying an electric current to
the brain, the biological effects of these two methods
might markedly differ: in contrast to ECS, rTMS does
not elicit generalized seizure activity, and this funda-
mental difference indeed may account for the observed
discrepancies in both the effects on selected neurotrans-
mitter/neuromodulator systems and the time course of
the changes observed.

Taken together, our results provide first evidence
that long-term rTMS significantly stimulates the expres-
sion of BDNF in distinct areas of rat brain, as has been
reported to occur after antidepressant drug treatment
and ECS. Hence, these different types of antidepressant
treatment may have a common mode of action at the
molecular and cellular level. Further studies systemati-
cally investigating the influence of varying stimulation
parameters (e.g., the duration of treatment, the total
number of magnetic stimuli applied, the stimulation
frequency, and precise localization of the stimulation
coil) are necessary to better characterize the neurobio-
logical effects of TMS responsible for its putative effi-
cacy in the treatment of different neurological and psy-
chiatric disorders. The observed rTMS-induced increase
in CCK expression could contribute to the beneficial ef-
fects of rTMS in Parkinson’s disease and to its therapeu-
tic efficacy in the treatment of depressive disorders by
modulating brain monoamine concentrations, probably
via a stimulation of dopaminergic neuronal circuitries.
Moreover, the idea that rTMS-induced stimulation of
BDNF expression might be a novel therapeutic ap-
proach in the treatment of neurodegenerative diseases
provides an attractive and clinically testable hypothesis.
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