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Repetitive transcranial magnetic stimulation (rTMS) induces neuronal long-term potentiation or depression. Although brain-derived
neurotrophic factor (BDNF) and its cognate tyrosine receptor kinase B (TrkB) contribute to the effects of rTMS, their precise role and
underlying mechanism remain poorly understood. Here we show that daily 5 Hz rTMS for 5 d improves BDNF–TrkB signaling in rats by
increasing the affinity of BDNF for TrkB, which results in higher tyrosine-phosphorylated TrkB, increased recruitment of PLC-�1 and
shc/N-shc to TrkB, and heightened downstream ERK2 and PI-3K activities in prefrontal cortex and in lymphocytes. The elevated BDNF–
TrkB signaling is accompanied by an increased association between the activated TrkB and NMDA receptor (NMDAR). In normal human
subjects, 5 d rTMS to motor cortex decreased resting motor threshold, which correlates with heightened BDNF–TrkB signaling and
intensified TrkB–NMDAR association in lymphocytes. These findings suggest that rTMS to cortex facilitates BDNF–TrkB–NMDAR
functioning in both cortex and lymphocytes.

Introduction
Repetitive transcranial magnetic stimulation (rTMS) is a nonin-
vasive brain-stimulation procedure noted for its effects on emo-
tional, cognitive, sensory, and motor functions in patients with
neuropsychiatric diseases (Rossi et al., 2009). Indeed, multiple
rTMS sessions are used to treat depression, parkinsonian motor
signs, writer’s cramp, tinnitus, and aphasia (Fregni and Pascual-
Leone, 2007; Elahi et al., 2009; Vedeniapin et al., 2010). Despite
the reported beneficial effects, the biochemical mechanisms of
rTMS action are far from clear. It is likely that rTMS induces
long-term potentiation (LTP) or depression, which, in turn, pro-
duce lasting changes on neocortical excitability and synaptic con-
nections (Esser et al., 2006; Quartarone et al., 2006; Di Lazzaro et
al., 2010). In humans, LTP-like phenomena following 5 Hz rTMS
have been documented by increases in motor-evoked potential
(MEP) amplitude (Quartarone et al., 2006; Conte et al., 2008),
regional cerebral blood flow, glucose metabolism (Siebner et al.,
2000, 2001), and EEG response amplitude (Esser et al., 2006).
Studies in animals have shown that rTMS effects depend on

changes in NMDA receptor (NMDAR) activity (Wang et al.,
2010), the most-recognized mediator of LTP.

In recent years, brain-derived neurotrophic factor (BDNF)
and its cognate receptor tyrosine receptor kinase B (TrkB), a
member of the neurotrophin receptor tyrosine kinase family,
have emerged as important upstream regulators of LTP in brain
regions, including hippocampus and neocortex (Minichiello,
2009; Fritsch et al., 2010). Interestingly, neurotrophin receptors
are important for the development of other organs and are pres-
ent in the kidney, prostate (Pflug et al., 1995), bone marrow
derived– endothelial precursor cells (Kermani et al., 2005), heart
(Hiltunen et al., 1996), ovaries (Dissen et al., 1995), fibroblasts
(Easton et al., 1999), and seminiferous epithelium (Schultz et al.,
2001). Moreover, TrkBs are also expressed in structures with
immunological functions such as the thymus and T- and
B-lymphocytes (Schuhmann et al., 2005; Berzi et al., 2008; De
Santi et al., 2009), where they appear to play an important role in
cell development and survival (Maroder et al., 1996; Schuhmann
et al., 2005). Upon BDNF binding, TrkB is activated by tyrosine
phosphorylation through its intrinsic tyrosine kinase, which in turn,
enhances downstream ERK2 and PI3K activities, promotes early
gene expression, and produces pleiotropic effects that depend on the
cellular environment (Longo et al., 2007; Greenberg et al., 2009).
Importantly, it remains unclear whether TrkB activation in the CNS
is correlated with TrkB activation in peripheral tissues.

Therefore, we first, investigated whether 5 d rTMS treatment
affects BDNF–TrkB signaling and TrkB–NMDAR interaction in
prefrontal cortex (PFCX), hippocampus, and lymphocytes of
adult rats. Then, we determined whether in human subjects, 5 d 5
Hz rTMS induced changes in both electrophysiological markers
of LTP-like phenomena and BDNF-induced TrkB activation in
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lymphocytes. We found that, in rats, rTMS augments BDNF-
induced TrkB activation in both PFCX and lymphocytes, and
these changes are significantly correlated. In humans, rTMS de-
creases the resting motor threshold (RMT) and increases BDNF-
induced TrkB activation in lymphocytes. This is the first direct
evidence that rTMS induces changes in the brain BDNF–TrkB
signaling that are reflected in lymphocytes.

Materials and Methods
Animals and treatment protocols
Twelve 10-week-old male Sprague Dawley rats from Taconic Farm were
housed individually in a 12 h light/dark cycle with food and water ad
libitum. After adaptation, the animals were observed for 2 weeks to verify
their circadian rhythm and then handled daily for a week with a rodent
coil placed over their head to simulate rTMS. Six animals underwent five
rTMS sessions daily for 5 consecutive days (rTMS group), while six ani-
mals served as controls (sham group).

In the rTMS group, a rodent coil (Magstim, custom-made) was placed
directly touching the skull of animal that was held gently in a flexible
plastic rat restrainer. A Magstim Rapid Rate Stimulator delivered 1600
stimuli at 5 Hz, at 50% of maximum output in four blocks of 400 each, in
2.5 min with 1 min interblock interval. In the sham group, stimuli were
delivered with the coil rotated 90° about the axis of the handle and sep-
arated from the head using a 2 cm plastic spacer cube. This ensured that
the animal felt the vibrations produced by the click of the TMS coil
without brain stimulation (Esser et al., 2006). No changes in either spon-
taneous behavior or circadian rhythms were observed during the entire
period of either treatment. The day after last treatment, all animals were
killed at 10:00 –11:00 A.M. to minimize the intersubject BDNF variabil-
ity. BDNF levels are uniformly low after a few sleep cycles but vary highly
between animals during the day, depending upon their activity (Lu et al.,
2008). The animals were then sedated with 5% halothane inhalation,
placed in a stereotaxic equipment with the head positioned 45° down-

ward for CSF sampling, and then decapitated. The brain tissue was pro-
cessed for biochemical analysis and trunk blood was collected to isolate
serum for BDNF/pro-BDNF levels and lymphocytes for BDNF-induced
TrkB signaling and TrkB–NMDA receptor association determinations.

All animal procedures complied with the National Institutes of Health
Guide for Care and Use of Laboratory Animals. The experimental protocol
was approved by the City College of New York Animal Care and Use
Committee.

Materials and chemicals
Recombinant human BDNF (rhBDNF), leupeptin, aprotinin, phenyl-
methylsulfonyl fluoride (PMSF), pepstatin A, soybean trypsin inhibi-
tor, NaF, sodium vanadate, �-glycerophosphate, 2-mercaptoethanol,
NMDA, glycine, Tween 20, NP-40, and Histopaque-1077 were from
Sigma. Anti-PSD-95 (05494) was from Millipore. Anti-TrkB (SC-8316),
-pY-Trk (SC-8058), -BDNF/pro-BDNF (SC-2098), -NT3 (SC-547),
-NT4 (SC-545), -phosphotyrosine (SC-508), -ERK2 (SC-154, SC-
81457), -pY-ERK (SC-7383), -pS 473Akt (SC-7985-R), -Akt1 (SC-
65487), -Akt2 (SC-81436), -Akt1/2/3 (SC-8312), -phospholipase C-�1
(SC-7290), -NR1 (SC-9058), -NR2A (SC-9056), -NR2B (SC-9057),
-actin (SC-7210), and -�-actin (SC-47778) were from Santa Cruz Bio-
technology. Seize-X immunoprecipitation kit, antigen elution buffer,
Bind NeutrAvidin, high binding capacity coated 96-well plates, and West
Pico chemiluminescent reagents were from Pierce-Endogen. Bradford
reagent, SDS-PAGE reagents, and prestained molecular weight markers
were from Bio-Rad. Protease inhibitors (EDTA-free) and protein phos-
phatase inhibitor tablets were from Roche.

BDNF was reconstituted according to the manufacturer’s instruction.
To avoid freezing damages, 10% glycerol was added to achieve 10 ng/�l
BDNF and stored in �80°C until use. All other test agents were made
freshly according to the manufacturer’s recommendation. The DMSO
concentration in the incubation medium was �1% when used.

Brain slice preparation. PFCX and hippocampi were sliced using a
chilled McIlwain tissue chopper (100 �m � 100 �m � 3 mm). Approx-

Table 1. Results of ANOVA for BDNF–TrkB signaling and TrkB–NMDAR linkage comparing sham- and rTMS-treated rats

NMDA/Gly K � hBDNF

F(1,10) p F(1,10) p F(1,10) p

PFCX
pY-TRKB (145 kDa) 10.660 0.0085 27.810 0.0004 7.590 0.0200
pY-TRKB (95 kDa) 1.540 0.2400 1.610 0.2300 1.690 0.2200
PLC-�1 10.930 0.0079 14.720 0.0033 30.772 0.0002
Sch 35.612 0.0001 14.224 0.0037 20.229 0.0011
NR1 35.490 0.0001 23.990 0.0006 27.370 0.0004
pY-ERK2 11.210 0.0074 12.770 0.0051 24.240 0.0006
pS-AKT 32.240 0.0002 68.990 <0.0001 14.190 0.0037
N-Shc 72.000 <0.0001 45.990 <0.0001 20.220 0.0011
NR2A 27.560 0.0004 27.670 0.0004 14.070 0.0038
PSD-95 23.840 0.0006 29.161 0.0003 21.430 0.0009

Hippocampus
pY-TRKB (145 kDa) 0.360 0.5600 0.055 0.8200 0.360 0.5600
pY-TRKB (95 kDa) 0.220 0.6500 0.430 0.5300 0.105 0.7500
PLC-�1 0.004 0.9500 0.000 0.9900 0.004 0.9500
Sch 1.040 0.3300 0.360 0.5600 0.950 0.3500
NR1 0.120 0.7400 0.018 0.9000 0.046 0.8300
pY-ERK2 0.710 0.4200 6.470 0.0290 0.009 0.9300
pS-AKT 0.024 0.8800 0.160 0.7000 5.030 0.0490
N-Shc 0.087 0.7700 0.110 0.7500 4.660 0.0563
NR2A 0.350 0.5600 0.910 0.3600 0.030 0.9600
PSD-95 0.230 0.6400 0.130 0.7300 0.210 0.6600

Lymphocytes
pY-TRKB (145 kDa) — — — — 29.231 0.0003
pY-TRKB (95 kDa) — — — — 2.772 0.1269
PLC-�1 — — — — 25.597 0.0005
Sch — — — — 6.866 0.0256
NR1 — — — — 12.311 0.0056
pY-ERK2 — — — — 71.514 <0.0001
pS-AKT — — — — 10.691 0.0084

Significant results are reported in bold characters.
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imately 10 mg brain slices were suspended in 1
ml of ice-cold oxygenated low-Mg 2� Krebs’–
Ringer (LMKR), containing 25 mM HEPES, pH
7.4, 118 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl2,
1.2 mM KH2PO4, 0.3 mM MgSO4, 25 mM

NaHCO3, 10 mM glucose, 100 �M ascorbic
acid, 50 �g/ml leupeptin, 0.2 mM PMSF, 25
�g/ml pepstatin A, and 0.01 U/ml soybean
trypsin inhibitor and centrifuged briefly. Brain
slices were washed twice more and suspended
in 1 ml of LMKR.

CSF collection and preparation. Anesthetized
rats were placed in a stereotaxic apparatus with
the head pointing 45° downward. A syringe-
connected needle was inserted horizontally
and centrally into the cisterna magna, and col-
orless CSF was slowly aspirated into a syringe
(Nirogi et al., 2009). Protein concentration was
measured by the Bradford method; BDNF was
determined by Western blotting.

Lymphocyte preparation. To prepare lym-
phocytes, 1 ml of rat trunk blood was collected
into a 1.5 ml Eppendorf centrifuge tube con-
taining 1.0 mM EDTA. Collected blood (0.9 ml)
was layered onto 0.9 ml of Histopaque-1077 at
25°C, and the entire content was centrifuged at
400 � g for 30 min (25°C) to yield plasma (top
layer) and lymphocytes (opaque interface).
The lymphocytes were washed twice by mixing
with 3 ml of LMKR followed by centrifugation
at 250 g for 10 min and resuspension. The final
pellet was resuspended in 250 �l of LMKR be-
fore protein content determination by the
Bradford method and assessment of BDNF–
TrkB signaling.

Ex vivo tissue treatment and assessments of
BDNF–TrkB signaling and TrkB–NMDAR as-
sociation. To determine the effect of rTMS on
TrkB signaling, brain slices were incubated for 30 min at 37°C in 0.5 ml of
LMKR without or with 50 ng/ml rhBDNF, 10 �M NMDA/1 �M glycine,
or 20 mM K �. The incubation mixture was aerated with 95% O2/5% CO2

every 10 min for 1 min during the incubation.
To determine rTMS effect on lymphocyte TrkB signaling, lympho-

cytes (200 �g) were incubated for 30 min at 37°C in 0.5 ml of LMKR
without or with 50 ng/ml rhBDNF. The incubation mixture was aer-
ated with 95% O2/5% CO2 every 10 min for 1 min during the
incubation.

Ligand stimulation was terminated by adding 1 ml of ice-cold Ca2�-free
LMKR containing 0.5 mM EGTA/0.1 mM EDTA and phosphatase
inhibitors followed by centrifugation. The resultant brain slices or
lymphocytes were homogenized in 0.25 ml of ice-cold immunoprecipi-
tation buffer. The homogenates were centrifuged at 1000 � g for 5 min
(4°C), and the supernatant (postmitochondrial fraction) was sonicated for
10 s on ice and solubilized in 0.5% digitonin/0.2% sodium cholate/0.5%
NP-40 for 60 min (4°C) with end-to-end rotation. The resultant lysates were
cleared by centrifugation at 50,000 � g for 5 min and diluted with 0.75 ml of
immunoprecipitation buffer and protein concentrations measured by the
Bradford method.

Assessment of TrkB activation; phospholipase C-�1, shc, and N-shc recruit-
ment; TrkB–NMDAR interaction; and ERK and PI3K activation by
coimmunoprecipitation
TrkB signaling complexes, ERK2, and Akt in 200 �g of tissue lysate were
immunoprecipitated separately by a 2 h incubation (4°C) with 1 �g of
immobilized anti-TrkB (for assessment of pY-TrkB; PLC-�1, shc, and
N-shc recruitment; and TrkB–NMDAR interaction), anti-ERK2 (pY-
ERK2), and mouse anti-Akt1/2 (pS 473-Akt) followed by addition of 25
�l of protein A/G-conjugated agarose beads, and incubation continued
at 4°C for 16 h. The resultant immunocomplexes were pelleted by cen-
trifugation (4°C), washed three times with 1 ml of ice-cold PBS, pH 7.2,

and centrifuged. The resultant immunocomplexes were solubilized by
boiling for 5 min in 100 �l of SDS-PAGE sample preparation buffer (62.5
mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol,
and 0.1% bromophenol blue). The contents of the pY-TrkB, PLC-�1,
shc, N-shc, NMDAR subunits, and PSD-95 in 50% anti-TrkB immuno-
precipitate, pY-ERK2 in 50% anti-ERK2 immunoprecipitate, and
pS 473Akt in 50% anti-Akt immunoprecipitate were determined by West-
ern blotting. The blots were stripped and reprobed with anti-TrkB,
-ERK2, or -Akt1/2/3 to illustrate even immunoprecipitation efficiency
and loading.

Western blot analysis. Solubilized immunoprecipitates size-fractionated
by either 7.5 or 10% SDS-PAGE were electrophoretically transferred to ni-
trocellulose membranes. The membranes were washed with PBS and
blocked overnight (4°C) with 10% milk in 0.1% Tween 20-containing PBS
(PBST). Following three 5 min 0.1% PBST washes, the membranes were
incubated at 25°C for 2 h with 1:500 to 1:1,000 dilutions of selected antibod-
ies. After three 2 min 0.1% PBST washes, membranes were incubated for 1 h
with anti-species IgG-HRP (1:5000 dilution) and washed three times with
0.1% PBST (2 min each). The signals were detected using a chemilumines-
cent method and visualized by exposure to x-ray film. Specific bands
were quantified by densitometric scanning (GS-800 calibrated densi-
tometer, Bio-Rad).

BDNF binding. PFCX synaptosomes of sham- and rTMS-treated rats
were the tissue source for determining rTMS effects on BDNF binding
characteristics. Membrane-bound proteins in the synaptosomes were
first biotinylated using a biotinylation kit. The biotinylated surface pro-
teins were extracted from synaptic membranes using 0.5% digitonin/
0.2% sodium cholate/0.5% NP-40. Following 1:5 dilution, the protein
concentrations were measured using the Bradford method. To coat the
plate with biotinylated proteins, streptavidin-coated plates (Reacti-Bind
NeutrAvidin high binding capacity 96-well plate) were washed three

Figure 1. rTMS treatments increase BDNF–TrkB signaling in prefrontal cortex. a– c, Representative blots (top) with normalized
densitometric data (bottom) showing the Western analysis of the effect of 5 d rTMS on tyrosine-phosphorylated (pY) TrkB levels
(a); the levels of PLC�1 and adaptor proteins, shc and N-shc, recruited to TrkB (b); and the levels of activated ERK2 (pY-ERK2) and
phosphorylated Akt (pS473-Akt) (c) in response to exogenously added rhBDNF or endogenously released BDNF by K �-
depolarization or 10 �M NMDA � 1 �M glycine in the anti-TrkB (a, b) and -ERK2 or Akt (c) immunoprecipitates of prefrontal
cortical slice lysates prepared from sham-treated or 5 d rTMS rats. The blots were stripped and reprobed with anti-TrkB (a, b) and
-ERK2 or Akt (c) to measure immunoprecipitation efficiency and loading. The densitometric quantification was done on six sham
control/rTMS pairs. Data are means � SEM of ratio of the optical intensity of the pY-TrkB (a) or PLC�1, Shc, or N-shc (b) to the TrkB
band or the pY-ERK2 (c) and pS473-Akt (c) to the ERK2 and Akt, respectively, derived from six independent determinations. *p �
0.01 compared to respective Krebs’–Ringer-treated level in the same group. #p � 0.01 compared to respective response in the
sham control group.
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times with 200 �l of ice-cold LMKR and then incubated at 30°C with 50
�g/well biotinylated receptor solution for 1 h in the presence of 5%
blocking reagent (Thermo). Following two LMKR washes, BDNF (100 fM

to 10 nM) was added, and incubation was performed at 30°C for 1 h. The
plate was washed with ice-cold LMKR and incubated at 30°C for 1 h with
anti-BDNF (0.5 �g/well), followed by FITC-conjugated anti-rabbit IgG
(0.5 �g/well) for 1 h. Plates were washed twice with 200 �l of ice-cold
LMKR, and the FITC signals were determined by a multimode plate
reader, DTX880 (Beckman). Negligible FITC signal was noted when ve-
hicle instead of BDNF was added.

Human subjects and treatment protocols
The experiments were conducted on eight healthy right-handed subjects,
without neuropsychiatric disorder (7 men, age range: 21–32 years; mean
age: 26 years). All subjects underwent a double blind, placebo-controlled,
crossover study where they received active or sham stimulation daily for
5 consecutive days. Stimuli were delivered through a repetitive biphasic
magnetic stimulator (Magstim Super-Rapid). Two eight-shaped coils
(outer diameters: 9 cm) were stacked over the motor hot spot of the first
dorsal interosseus muscle (FDI) with a 45° orientation, perpendicularly
to the central sulcus. For “active stimulation,” the coil directly contacting
the scalp was connected to the stimulator, whereas the other was not. For
“sham stimulation,” the reverse was true. Hence, the subjects have sim-
ilar perception of coil/scalp contact and discharge noise. The rTMS
intensity was set at 90% RMT. In both active and sham sessions, partic-
ipants received four 300-pulse rTMS trains (1200 stimuli) with 1 min
between-session interval daily for 5 consecutive days. Active and sham
rTMS sessions were given in a counterbalanced order a week apart.

RMT in the FDI was measured before each daily rTMS sessions and at
the end of the whole study according to international guidelines (Rossini
et al., 1994). After each RMT measurement, a suprathreshold single-
pulse TMS at an intensity of 125% of RMT every 5 s was delivered to
collect 20 consecutive MEPs from the right FDI at rest. Peak-to-peak
amplitude of each MEP was measured off-line, and the mean MEP am-
plitude was calculated. MEPs were recorded from Ag–AgCl surface elec-
trodes over the right FDI using a belly-tendon montage. The signal was
amplified and bandpass filtered (32 Hz to 1 kHz) by a DIGITIMER D150
amplifier (Digitimer) and stored at a sampling rate of 5 kHz on a personal
computer for off-line analysis (SigAvg Software, Cambridge Electronic
Design). EMG activity of the right FDI muscle was continuously moni-
tored with visual (oscilloscope) and auditory (speakers) feedback during
the entire experiment. For MEPs evoked by single transcranial stimuli
peak-to-peak amplitudes were measured and averaged for each experi-
mental condition, using NuCursor software (Sobell Research Depart-
ment of Motor Neuroscience and Movement Disorders, Institute of
Neurology, University College of London). No subject experienced ad-
verse effects of the rTMS and sham procedures or was able to differentiate
between rTMS and sham sessions.

To measure the rTMS effects on BDNF–TrkB signaling in lympho-
cytes, three blood samples were collected: first day, before the rTMS
session; same day immediately after the rTMS session; and the fifth day,
after the last stimulation.

All subjects gave written informed consent before the study. Institu-
tional ethics committees approved the experiments.

Statistical analyses
All data are presented as mean � SEM. Treatment effects were evaluated
by ANOVA with Greenhouse–Geisser correction for nonsphericity. Spe-
cifically, the treatment effects (rTMS vs sham) of the TrkB activation-
related biochemical indices in animal experiments were evaluated using
one-way ANOVAs. To analyze both biochemical and electrophysiologi-
cal data in the human studies, we used mixed model ANOVA with treat-
ment (rTMS vs sham) as a between-subject factor and time (before day 1,
after day 1, after day 5) as within-subject factor. Post hoc tests were then
used with Bonferroni corrections for multiple comparisons.

The threshold for significance was p � 0.05. Between-group compar-
isons were also conducted for all parameters.

Results
rTMS in rats facilitates TrkB activation and TrkB–NMDAR
interaction in PFC, but not in the hippocampus
Detailed statistical analyses performed on the results obtained
from PFCX and hippocampi are reported in Table 1.

In PFCX, the levels of the 145 and 95 kDa forms of TrkB
were similar in rTMS and sham groups with or without BDNF

Figure 2. rTMS treatments increase BDNF-induced association of the NMDARs and NMDAR
synaptic anchoring protein PSD-95 with TrkB in prefrontal cortex. a, b, A representative blot (a)
and normalized densitometric data (b) showing the Western analysis of the effect of 5 d rTMS on
the levels of NMDAR subunits NR1 and NR2A as well as NMDAR synaptic anchoring protein
PSD-95 associated with TrkB in response to exogenously added rhBDNF or endogenously release
BDNF by K �-depolarization or 10 �M NMDA � 1 �M glycine in the anti-TrkB immunoprecipi-
tates of prefrontal cortical slice lysates prepared from sham-treated or 5 d rTMS rats. The blots
were stripped and reprobed with anti-TrkB to measure immunoprecipitation efficiency and
loading. The data are means � SEM of ratio of the optical intensity of the NR1, NR2A, and
PSD-95 to the TrkB-145 kDa band derived from six independent determinations. *p � 0.01
compared to respective K–R-treated level in the same group. #p�0.01 compared to respective
response in the sham control group.

Table 2. Quantitative analysis of BDNF–TrkB signaling and TrkB–NMDAR linkage in
the hippocampus of sham- and rTMS-treated rats

K–R
NMDA/
glycine K � rhBDNF

SHAM
pY-TrkB 145 kDa/TrkB 145 kDa 0.13 � 0.01 1.01 � 0.07 1.09 � 0.05 1.28 � 0.09
pY-TrkB 95 kDa/TrkB 95 kDa 0.15 � 0.02 0.82 � 0.06 0.70 � 0.04 0.89 � 0.09
PLC�1/TrkB 145 kDa 0.03 � 0.01 0.69 � 0.09 0.61 � 0.08 0.81 � 0.13
N-Shc/TrkB 145 kDa 0.14 � 0.01 1.15 � 0.11 1.04 � 0.08 1.34 � 0.11
Shc/TrkB 145 kDa 0.15 � 0.01 1.63 � 0.16 1.46 � 0.16 1.90 � 0.14
NR1/TrkB 145 kDa 0.23 � 0.03 1.12 � 0.06 0.96 � 0.06 1.34 � 0.07
NR2A/TrkB 145 kDa 0.18 � 0.04 0.81 � 0.03 0.62 � 0.03 0.89 � 0.05
PSD-95/TrkB 145 kDa 0.21 � 0.03 1.19 � 0.08 1.08 � 0.08 1.37 � 0.07
pY-ERK2/ERK2 0.21 � 0.02 0.90 � 0.05 0.92 � 0.04 0.95 � 0.04
pS 473-Akt/Akt 0.07 � 0.01 0.40 � 0.04 0.35 � 0.04 0.45 � 0.02

rTMS
pY-TrkB 145 kDa/TrkB 145 kDa 0.15 � 0.02 1.07 � 0.08 1.11 � 0.06 1.18 � 0.10
pY-TrkB 95 kDa/TrkB 95 kDa 0.15 � 0.02 0.86 � 0.06 0.76 � 0.05 0.90 � 0.06
PLC�1/TrkB 145 kDa 0.03 � 0.01 0.70 � 0.08 0.60 � 0.06 0.80 � 0.12
N-Shc/TrkB 145 kDa 0.14 � 0.02 1.06 � 0.07 0.98 � 0.05 1.05 � 0.06
Shc/TrkB 145 kDa 0.16 � 0.02 1.68 � 0.16 1.39 � 0.13 1.53 � 0.11
NR1/TrkB 145 kDa 0.24 � 0.05 1.16 � 0.10 0.98 � 0.11 1.25 � 0.10
NR2A/TrkB 145 kDa 0.16 � 0.03 0.83 � 0.04 0.68 � 0.07 0.86 � 0.05
PSD-95/TrkB 145 kDa 0.27 � 0.04 1.25 � 0.09 1.13 � 0.08 1.28 � 0.09
pY-ERK2/ERK2 0.18 � 0.01 0.85 � 0.05 0.75 � 0.04 0.96 � 0.05
pS 473-Akt/Akt 0.07 � 0.02 0.42 � 0.03 0.41 � 0.02 0.47 � 0.03
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exposure (Fig. 1a). BDNF was released from brain slices endog-
enously by 10 �M NMDA/1 �M glycine (presumably from post-
synaptic dendritic fields) or by 20 mM K�-depolarization
(presumably from presynaptic axonal terminals) or added exog-
enously (50 ng/ml). In slices obtained from sham-treated ani-
mals, BDNF significantly increased tyrosine-phosphorylated
full-length TrkB (pY-145 kDa TrkB) and truncated TrkB (pY-95
kDa TrkB). In the rTMS group, the level of BDNF-induced pY-
145 kDa TrkB was significantly higher than in the sham group.
There were no significant differences between the two groups for
the level of pY-95 kDa TrkB (Fig. 1a). The finding of BDNF-
induced TrkB phosphorylation/activation in the rTMS group was
substantiated by the higher levels of Shc, N-Shc, and PLC-�1
recruited to pY-TrkB (average increases: 60%) (Fig. 1b). A
similar conclusion is also supported by the activation of the
downstream signaling cascades of TrkB. In fact, BDNF-
induced activation of ERK2 and PI3K was significant greater
in rTMS group as indicated by a higher phosphorylated ERK
(pY-ERK, average increase: 50%) (Fig. 1c) and Akt (pS 473-akt,
average increase: 75%) (Fig. 1c).

BDNF–TrkB activation regulates synaptic plasticity such as
LTP. This is thought to be mediated through an interaction with
NMDARs. We therefore measured the levels of the obligatory
NMDAR subunit, NR1; the regulatory subunit, NR2A; and the
postsynaptic NMDAR anchoring protein, PSD-95, that coimmu-
noprecipitated with TrkB. BDNF stimulation increased the asso-
ciation of TrkB with NMDAR in both groups. Specifically, in the
anti-TrkB immunoprecipitate of sham-treated rats, BDNF elic-

ited a fourfold to fivefold increase of NR1 and NR2A subunits
(Fig. 2a,b). The increases of NR1 and NR2A levels in the anti-
TrkB immunoprecipitates of rTMS-treated rats were signifi-
cantly higher than in sham-treated animals (average increase:

Figure 3. The effect of rTMS treatments on TrkB and pro-BDNF/BDNF expression levels. a– d, Representative blots (left) with normalized densitometric data (right) showing the Western analysis
of the effect of 5 d rTMS on the expression levels of 145 and 95 kDa TrkB, pro-BDNF (32 kDa), and BDNF (14 kDa) in PFCX and hippocampus (a); the expression levels of 145 and 95 kDa TrkB in
lymphocytes (b); and the expression level of BDNF in CSF (c) and in plasma (d).

Figure 4. rTMS treatments increase BDNF affinity to TrkB in prefrontal cortex. The effect of 5 d
rTMS on the interaction of BDNF with TrkB was assessed by a ligand binding assay. The membrane-
boundproteinswerefirstbiotinylatedusingabiotinylationkit.Followingdetergentsolubilizationand
then dilution, the biotinylated surface proteins were coated onto streptavidin-coated plates (Reacti-
Bind NeutrAvidin high binding capacity coated 96-well plate). Plates were washed and incubated at
30°C with K–R, and BDNF (100 fM to 10 nM) was added for 1 h. The plate was washed and then
sequentially incubated with anti-BDNF followed by FITC-conjugated anti-rabbit IgG. Plates were
washed and the residual FITC signals were determined by a multimode plate reader, DTX880 (Beck-
man). Nonlinear regression data curve fit was performed using Prism. Data points are means and
vertical bars are the SEM derived from six independent rats in each treatment group.
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80%) (Fig. 2a,b). In addition, BDNF stimulation induced a four-
fold increase in the PSD-95 level in the sham group (Fig. 2a,b),
whereas in the rTMS group the increase in TrkB-associated
PSD-95 was 100% over that of the sham group (Fig. 2a,b). Col-

lectively, these data indicate that a 5 d
rTMS treatment improves the efficacy
of BDNF–TrkB signaling and TrkB–
NMDAR interaction in the rat PFCX.

As in the PFCX, the levels of both 145
and 95 kDa forms of TrkB in hippocampal
slices were unaffected by rTMS when mea-
sure in the presence or absence of BDNF. In
the sham-treated animals, BDNF evoked a
7.8- to 9.8-fold increase in pY-145 kDa TrkB
and a 4.9- to 5.9-fold increase in pY-95 kDa
TrkB (Table 2). In contrast to PFCX, rTMS
did not significantly affect BDNF-induced
pY-145 kDa or pY-95 kDa TrkB levels ( p �
0.28) (Table 2). These effects were corrobo-
rated by the increased levels of shc and
PLC-�1 recruited to the pY-TrkB. PLC-�1,
shc, and N-shc levels were comparable in
the rTMS-treated and sham-treated animals
( p � 0.32) (Table 2). Further support of the
BDNF-induced TrkB activation was drawn
from activation of the signaling cascades
downstream of TrkB activation. In hip-
pocampus, BDNF-induced ERK2 and PI3K
activation as indicated by the increases in
phosphorylated ERK (pY-ERK) and akt
(pS473-akt) was again similar in rTMS- and
sham-treated rats ( p � 0.44 for pY-ERK
and p � 0.35 for pS473Akt) (Table 2). In
both PFCX and hippocampus, rTMS did
not alter the expression levels of 145 or 95
kDa TrkB, pro-BDNF (32 kDa), or BDNF
(14 kDa) (Table 2). In keeping with the reg-
ulatory role of TrkB in NMDAR-dependent
synaptic plasticity, BDNF stimulation also
increased the level of TrkB–NMDAR asso-
ciation in the hippocampus. This is sup-
ported by the data showing that BDNF
increased NR1 (4.1- to 5.5-fold) and NR2A
(3.6- to 4.6-fold) subunits in the anti-TrkB
immunoprecipitate derived from the hip-
pocampal slices of sham-treated rats (Table
2). In addition, BDNF stimulation also
induced a 3.6- to 4.5-fold increase in the
abundance of PSD-95. The BDNF-induced
increase in TrkB-associated NMDARs and
PSD-95 in hippocampus was, however, not
affected by the 5 d rTMS treatment ( p �
0.17) (Table 2). Thus, these data indicate
that 5 d rTMS treatment improves the effi-
cacy of BDNF–TrkB signaling in PFCX but
not in the hippocampus, although there are
no discernible changes in the expression of
145 and 95 kDa TrkB (Fig. 1a), pro-BDNF
(32K-Da), and BDNF (14 kDa) in both
brain regions (Fig. 3a).

One reason for this discrepancy could
be that TMS reached only the prefrontal
areas and not the hippocampal structures

because PFCX is more superficial. However, the short distance (1
cm) between the two and the high stimulation intensity used
(50%) makes it unlikely that the hippocampus was not reached
by TMS. Alternatively, the lack of effect at the hippocampal level

Figure 5. rTMS treatments increase BDNF–TrkB signaling and TrkB–NMDAR interaction in lymphocytes. a– c, Representative blots
(top) with normalized densitometric data (bottom) showing the Western analysis of the effect of 5 d rTMS on tyrosine-phosphorylated (pY)
TrkB levels (a); the levels of PLC�1, adaptor protein shc, and NMDAR-NR1 subunit recruited to TrkB (b); and the levels of activated ERK2
(pY-ERK2) and phosphorylated Akt (pS473-Akt) (c) in response to exogenously added rhBDNF in the anti-TrkB (a, b) and -ERK2 or Akt (c)
immunoprecipitates of lymphocyte lysates prepared from sham-treated or 5 d rTMS rats. The blots were stripped and reprobed with
anti-TrkB (a, b) and -ERK2 or Akt (c) to measure immunoprecipitation efficiency and loading. The densitometric quantification was done on
six sham control/rTMS pairs. Data are means�SEM of the ratio of the optical intensity of the pY-TrkB (a) or PLC�1, Shc, or NR1 (b) to the
TrkBbandorthepY-ERK2(c)andpS473-Akt(c)totheERK2andAkt,respectively,derivedfromsixindependentdeterminations.*p�0.01compared
to respective Krebs’–Ringer-treated level in the same group. #p � 0.01 compared to respective response in the sham control group.

Figure 6. The effects of rTMS on RMT and on the amplitude of MEP. a, RMT is plotted as a function of day for the rTMS and sham
treatment. RMT significantly decreased in the rTMS but not in the sham session starting from the second day of treatment. The
asterisk indicates significant differences ( p � 0.005) with a post hoc test. b, c, Mean MEP amplitude before and immediately after
sham (b) and rTMS (c) are plotted as a function of day. MEP amplitude significantly increased only after each rTMS treatment
(asterisks: p�0.0001). d, The poststimulation changes (computed as the pre–post stimulation MEP differences normalized by the
pre-MEP amplitude for each day) did not differ across days ( p � 0.1) for either sham or rTMS treatment.
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could be due to the fact that TrkB activa-
tion in this area may saturate faster and
also decrease faster than in the other areas,
so that 24 h after the last stimulation when
the animals were killed, no detectable ef-
fect remained.

Improved BDNF binding affinity is
responsible for
rTMS-induced increase in TrkB
signaling in PFCX
The increased BDNF-induced TrkB acti-
vation following rTMS in PFCX could
have resulted from altered BDNF binding
affinity, since no discernible changes in
TrkB level were found. We thus used a
modified binding assay with biotinylated
surface receptors as the tissue source and
fluorescence detection. We found that the
saturation curves of the BDNF in PFCX
from both sham- and rTMS-treated rats
fit significantly better when the nonlinear
regression curve-fit algorithm assumed
the presence of two saturation sites rather
than one (r 2 � 0.92). The calculated Kd

values for the sham-treated brains were
1.79 pM and 3.37 nM (Fig. 4). As shown in
Figure 4, in the rTMS-treated animals,
BDNF binding affinities significantly in-
creased by �10-fold, to 0.11 pM and 0.53
nM. These data strongly suggest that the
improved BDNF binding affinity is re-
sponsible for rTMS-induced BDNF–TrkB signaling increase.

rTMS increases BDNF–TrkB signaling and TrkB–NMDAR
association in lymphocytes
To determine whether rTMS also affected BDNF–TrkB signaling
and their interaction with the NMDARs in peripheral tissues, we
measured BDNF-induced TrkB activation in isolated lympho-
cytes. The results of the statistical analyses are reported in Table 1
(Lymphocytes).

BDNF-induced TrkB activation was detected in lymphocytes
from both sham- and rTMS-treated rats, as indicated by the in-
creased pY-TrkB levels. As in brain slices, BDNF stimulation did
not affect the levels of both 145 and 95 kDa forms of TrkB in
lymphocytes from both animal groups (Fig. 5a). BDNF increased
the levels of pY-TrkB 145 and 95 kDa in the lymphocytes of all
animals, although both were barely detectable in Krebs’–Ringer
(K–R)-exposed lymphocytes (Fig. 5a). Interestingly, the levels of
BDNF-induced pY-TrkB 145 kDa were significantly greater (by
�120%) in the lymphocytes from rTMS-treated rats than in
those of the sham-treated group. However, neither pY-TrkB 95
kDa levels (Fig. 5a) nor TrkB expression levels (Fig. 3b) in lym-
phocytes were affected by rTMS treatment.

In contrast with the finding that rTMS did not affect BDNF
level in the PFCX, hippocampus, and CSF (for CSF, see Fig. 3c),
plasma BDNF levels in the rTMS group increased by almost
threefold compared to the sham group, without evidence of pro-
BDNF (Fig. 3d). Interestingly, in the lymphocytes of all animals,
we did not find detectable levels of either pro-BDNF or BDNF.

The greater BDNF-induced TrkB activation in the lympho-
cytes of the rTMS group compared to the sham group was also
reflected by the significantly higher levels of BDNF-induced pY-

TrkB, Shc, and PLC-�1 recruited (Fig. 5b), as well as of phosphor-
ylated ERK (pY-ERK) and Akt (pS473-akt) (Fig. 5c). Similarly to
the findings in PFCX, NR1 subunit level in the anti-TrkB immu-
noprecipitate was significantly elevated from nearly undetectable
in K–R-incubated lymphocytic extract (Fig. 5b). In addition, the
rTMS group showed a significantly higher TrkB–NMDAR asso-
ciation in lymphocytes than the sham-treated animals (average:
100%) (Fig. 5).

To verify whether the results in lymphocytes predict those in
the PFCX, we determined whether the levels of BDNF–TrkB sig-
naling components and TrkB–NMDAR interaction in the lym-
phocytes are correlated with their counterparts in PFCX of the
two animal groups. The results summarized in Table 1 (PFCX)
indicate that BDNF-induced pY-TrkB (145 kDa), TrkB-
associated PLC-�1, and Shc levels in lymphocytes significantly
predicted the corresponding levels in PFCX.

Figure 7. rTMS treatments increase BDNF–TrkB signaling and TrkB–NMDAR interaction in lymphocytes from healthy human
subjects. a– c, Representative blots (a, b) with normalized densitometric data (c) showing the Western analysis of the effect of
rTMS on tyrosine-phosphorylated (pY) TrkB levels (a) and the levels of PLC�1 and adaptor protein shc and NMDAR-NR1 subunit (b)
recruited to TrkB in response to exogenously added rhBDNF in the anti-TrkB immunoprecipitates of lymphocyte lysates. Lympho-
cytes were prepared from blood drawn from human volunteers 1 d prior to (1pr) or after (1po) and 5 d after (5po) sham/rTMS
treatments. The blots were stripped and reprobed with anti-TrkB to measure immunoprecipitation efficiency and loading. The
densitometric quantification was done on five subjects who completed all sham and rTMS sessions. Data are means � SEM of
the ratio of the optical intensity of the pY-TrkB, PLC�1, Shc, or NR1 to the TrkB band. *p � 0.01 compared to respective response
in the sham control group.

Table 3. Pearson r coefficients for BDNF–TrkB signaling correlations in rat and
human experiments

NMDA/Gly K � rhBDNF

BDNF–TrkB signaling in lymphocytes and PFCX in rats
pY-TrkB (145 kDa) 0.66 0.74 0.55
PLC-�1 0.64 0.67 0.72
Shc 0.66 0.59 0.69

BDNF–TrkB signaling in lymphocytes and RMT changes
in humans

pY-TrkB (145 kDa) 0.73
Shc 0.69
pY-ERK2 0.76
BDNF/albumin 0.82

Bold indicates significant results ( p � 0.05).
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Altogether, these data suggest that 5 d rTMS treatment im-
proves the efficacy of BDNF–TrkB signaling in lymphocytes. The
significant correlation between the levels of BDNF–TrkB signal-
ing in lymphocytes and PFCX further suggests that TrkB function
in lymphocytes reflects changes in the brain cortex.

rTMS increases BDNF–TrkB signaling and TrkB–NMDAR
association in human lymphocytes
The second set of experiments was performed in humans to as-
certain whether 5 consecutive days of rTMS treatment affected

BDNF–TrkB signaling and TrkB–
NMDAR interaction in lymphocytes. In
addition, we measured changes of electro-
physiological markers of cortical activity
and determined whether they were corre-
lated with changes in BDNF–TrkB activity
in the lymphocytes. No subject experi-
enced adverse effects of the rTMS proce-
dure. Multiple rTMS, but not sham,
sessions induced a significant decrease of
RMT (treatment: F(1,56) � 3.3, p � 0.9;
day: F(4,56) � 2.7, p � 0.04; treatment �
day: F(1,4) � 3.45, p � 0.01) (Fig. 6a). This
decrement was already evident on the sec-
ond day and was maintained throughout
the entire rTMS treatment ( post hoc: p �
0.005) (Fig. 6a). The RMT changes at the
end of the rTMS session (8.80 � 2.20%)
were significantly greater than those at the
end of the sham session (�0.15 � 1.77%;
F(1,14) � 21.3, p � 0.0004). The mean
MEP amplitude did not change after each
sham stimulation but, as previously shown
(Quartarone et al., 2006), it increased after
each 5 Hz rTMS session (time: F(1,112) �
33.8, p � 0.0001; treatment: F(1,112) � 40.03,
p � 0.0001, time � treatment: F(1,1) �
30.94, p�0.0001) (Fig. 6b–d). This increase
was similar over all 5 d (time: F(4,28) � 1.07,
p � 0.39) (Fig. 6c,d) and did not signifi-
cantly differ on day 5 compared to day 1
( post hoc: p � 0.12) (Fig. 6d).

To evaluate the acute effects of rTMS stimulation on BDNF–
TrkB signaling in peripheral lymphocytes, three blood samples
were collected: on the first day of each session— before and 1 h
after the stimulation—to verify the presence of acute effects, and
on the fifth day—after the last stimulation—to assess chronic
effects. As in the animal study, BDNF-induced TrkB activation
was detected in lymphocytes from both sham and rTMS sessions,
as indicated by the 5- to 10-fold increase in pY-TrkB 145 and 95
kDa levels. The levels of both 145 and 95 kDa TrkB in lympho-
cytes were similar with or without BDNF stimulation, without
differences between the rTMS and sham sessions (Fig. 7a,b). Sig-
nificant changes were found only following a 5 d treatment and
not after a single rTMS session (for statistical analysis details, see
Table 3). Specifically, after a 5 d rTMS treatment, the abundance
of BDNF-induced pY-TrkB 145 kDa was significantly elevated in
the rTMS compared to the sham session (Fig. 7a– c). This in-
creased level was accompanied by significant increases in TrkB-
associated Shc and PLC-�1 (Fig. 7b,c) and in activated (pY)-ERK
and Akt (pS 473-Akt) (Fig. 8) in response to BDNF stimulation.
Moreover, compared to sham treatment, BDNF-induced TrkB–
NMDAR interaction increased, as indicated by significant in-
creases of NR1 subunit level in the anti-TrkB immunoprecipitate
(Fig. 7c). Similar to the findings made in rat study, 5 d rTMS
treatment increased the plasma BDNF levels by 30% compared to
the sham and 1 d rTMS, without evidence of pro-BDNF (Fig. 9).

We then determined whether the electrophysiological
changes predicted the increased BDNF–TrkB signaling and Trk-
B–NMDAR interaction in the lymphocytes. Indeed, we found
that the RMT changes from day 1 to day 5 significantly correlated
with the corresponding changes in pY-TRKB 145, Shc, NR1,
pSAkt2, and BDNF levels [Tables 2 (rTMS) and 4]. In contrast,

Figure 8. rTMS treatments increase TrkB downstream ERK2 and Akt activation in lymphocytes from healthy human subjects. A
representative blot (a, b) with normalized densitometric data (c, d) showing the Western analysis of the effect of rTMS on the levels
of pY-ERK2 and pS473-Akt in response to exogenously added rhBDNF in the anti-ERK2 and -Akt immunoprecipitates of lymphocyte
lysates. Lymphocytes were prepared from blood drawn from human volunteers 1 d prior to (1pr) or after (1po) and 5 d after (5po)
sham/rTMS treatments. The blots were stripped and reprobed with anti-ERK2 or -Akt to measure immunoprecipitation efficiency
and loading. The densitometric quantification was done on five subjects who completed all sham and rTMS sessions. Data are
means � SEM of ratio of the optical intensity of the pY-ERK2 and pS473-Akt to the ERK2 and Akt band, respectively. *p � 0.01
compared to respective response in the sham control group.

Figure 9. The effect of rTMS treatments on the expression levels of BDNF, NT-3, and NT-4 in
sera from healthy human subjects. a. A representative blot showing the Western analysis of the
effect of sham and rTMS treatments on BDNF, NT-3, NT-4, and albumin levels in sera prepared
from blood drawn from human volunteers on 1 d prior to (1pr) or after (1po) and 5 d after (5po)
treatments. b. Normalized densitometric quantification data with albumin showing the effect
of sham and rTMS treatments on BDNF, NT-3, and NT-4 levels in sera. The densitometric quan-
tification was done on five subjects who completed all sham and rTMS sessions. Data are
means � SEM of the ratio of the optical intensities of the BDNF, NT-3, or NT-4 to the albumin
band. *p � 0.01 versus respective level in each of three conditions (1pr, 1po, or 5po) in the
sham control group by a two-tailed Student’s t test.
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there was no correlation between the changes in MEP amplitude
and BDNF–TrkB signaling in lymphocytes.

Discussion
The results of our animal work show that multiple rTMS sessions
uplift BDNF–TrkB signaling and TrkB–NMDAR interaction, not
just in PFCX, but also in lymphocytes. Importantly, the magni-
tudes of such activations in the two sites were significantly corre-
lated. In humans, we found that a 5 d 5 Hz rTMS protocol
similarly increased BDNF-induced TrkB activation in lympho-
cytes. Importantly, this increase correlated with the RMT decre-
ment induced by rTMS treatment.

rTMS increases BDNF–TrkB signaling in PFCX of rats
This is the first direct demonstration that rTMS produces cortical
plastic changes by promoting BDNF–TrkB signaling and TrkB–
NMDAR interaction. Similar findings have been reported in an-
imals using transcranial direct current stimulation (Fritsch et al.,
2010). BDNF–TrkB signaling regulates multiple brain functions,
from differentiation and neuronal survival to synaptogenesis and
activity-dependent forms of synaptic plasticity (Lu et al., 2008).
Particularly relevant is the previous finding that BDNF–TrkB
signaling mediates synaptic plasticity-related learning and mem-
ory with fear learning and extinction paradigms (Soliman et al.,
2010). Thus, it is conceivable that 5 d rTMS treatment increases
synaptic efficacy to promote LTP, a cellular correlate of learning
and memory (Esser et al., 2006; Quartarone et al., 2006; Di Laz-
zaro et al., 2010). The effects of rTMS on BDNF–TrkB signaling
are likely on both presynaptic and postsynaptic compartments,
since both K�-depolarization and NMDA/glycine stimulation
lead to a significantly higher levels of activated (pY) 145 kDa TrkB
but not of the dominant-negative, truncated 95 kDa TrkB (Eide
et al., 1996). Since the expression of BDNF and TrkB were not
altered, the improved BDNF–TrkB signaling must be the result of
increased TrkB affinity for BDNF. Indeed, the combination of
increased sensitivity of TrkB for BDNF and sustained, robust
TrkB–NMDAR interaction leads to higher and more persistent
NMDAR-dependent LTP (Figurov et al., 1996), as well as to syn-
aptogenesis (Elmariah et al., 2005). These events ultimately result
in a protracted, if not permanent, upregulation of synaptic excit-
ability, as BDNF-induced TrkB activation enhances glutamater-
gic neurotransmission (Levine et al., 1995), rapid NMDAR
subunit phosphorylation (Suen et al., 1997), and LTP (Figurov et
al., 1996).

rTMS increases cortical excitability in humans
Our study in humans revealed that, in agreement with previous
studies (Quartarone et al., 2005, 2006), subthreshold 5 Hz rTMS
over the motor cortex induced acutely an increase in the MEP
amplitude and, over the course of a few treatments, a reduction of
RMT. RMT is the minimum intensity that produces MEPs in the

target muscle on 50% of trials (Rothwell et al., 1999). The thresh-
old for producing an MEP in resting muscle reflects the excitabil-
ity of a central core of neurons, located in the proximity of the
stimulating coil. As it can be influenced by drugs affecting sodium
and calcium channels, RMT value must indicate membrane ex-
citability (Hallett, 2000) and, thus, could probably reflect mech-
anisms other than synaptic changes. On the other hand, turning
up stimulus intensity increases MEP size as a function of stimulus
strength. The bases of MEP amplitude are less well understood,
but they must involve neurons other than those in the core region
activated at threshold. These neurons have higher threshold for
activation, either because they are intrinsically less excitable or
because they are further from the center of activation by the
magnetic stimulus. In addition, at intensity above 80%, TMS
induce a descending volley that produces remote spinal effects.
Thus, at higher intensity, TMS aftereffects become very complex
and may reflect excitability changes of both cortical, subcortical
(Strafella et al., 2003) and spinal synaptic relays. For these rea-
sons, it is not surprising that only the RMT changes, which are
purely cortical in nature, significantly correlated with the corre-
sponding changes in pY-TRKB 145, Shc, NR1, pSAkt2, and
BDNF levels at lymphocyte level. The complex TMS interaction
within the motor system at higher intensities makes correlation
with NMDA transmission extremely unlikely.

rTMS increases BDNF levels in the plasma
One of the novel findings is that multiple rTMS treatments ele-
vate the BDNF levels in the plasma of both rats and humans, in
agreement with previous reports of increased BDNF levels in the
serum of depressed patients following multiple rTMS treatments
(Yukimasa et al., 2006; Zanardini et al., 2006). Interestingly, the
results of our animal study suggest that the sources of BDNF
increase may likely reside outside the CNS, since both rTMS- and
sham-treated rats had similar BDNF levels in the corticospinal
fluid and the brain. BDNF increases could have resulted from the
activation of muscles during the last rTMS treatment. However,
this is unlikely, as the increase of plasma BDNF in humans fol-
lowing exercise seems to be independent from that produced by
muscles (Matthews et al., 2009). Hence, the origin of increased
plasma BDNF following rTMS remains elusive. Nevertheless, our
findings that rTMS improves BDNF–TrkB signaling and in-
creases plasma BDNF level support the application of rTMS for
the treatment of depression. In fact, in depression and anxiety
disorder with impaired extinction learning and hypofunctional
PFCX, lower plasma BDNF levels have been associated with the
reduced BDNF–TrkB signaling (Martinowich et al., 2007; Soli-
man et al., 2010).

rTMS increases BDNF–TrkB signaling in lymphocytes
The most intriguing finding of this study is that the effects of
rTMS in both rats and humans extended beyond the CNS. In fact,

Table 4. Results of ANOVA for BDNF–TrkB signaling and TrkB–NMDAR linkage comparing sham and rTMS treatments in humans

Treatment (rTMS, sham) Time (pre1, post1, post5) Treatment � time
rTMS versus Sham: post5
pF(1,24) p F(2,24) p F(1,2) p

pY-TRKB(145 kDa) 21.700 <0.0001 9.704 0.0008 12.409 0.0002 0.0028
pY-TRKB (95 kDa) 2.592 0.1205 0.118 0.8894 0.345 0.7118 —
PLC-�1 6.691 0.0162 1.628 0.2172 4.580 0.0207 0.0250
Sch 4.134 0.0532 7.289 0.0034 5.733 0.0092 0.0078
NR1 15.941 0.0005 2.259 0.1262 12.245 0.0002 0.0015
pY-ERK2 16.704 0.0004 13.723 0.0001 23.185 <0.0001 0.0009
pS-AKT 25.607 <0.0001 23.995 <0.0001 20.151 <0.0001 0.0005

Bold indicates significant results.
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following 5 d rTMS treatment, BDNF–TrkB signaling and TrkB–
NMDAR interaction increased in the lymphocytes. Together
with the fact that rTMS increased plasma BDNF but not NT3 or
NT4 levels (Fig. 9), the data from the studies in rats strongly
suggest that rTMS may selectively upregulate the efficacy of
BDNF–TrkB signaling by uplifting the TrkB sensitivity for
BDNF and/or increasing BDNF levels. Importantly, the in-
creased BDNF–TrkB signaling, but not TrkB–NMDAR inter-
action in lymphocytes, was significantly correlated with those
in PFCX. These findings are further supported by the results of
the human studies, in which we found correlations between
changes in RMT and BDNF–TrkB signaling, but not TrkB–
NMDAR interaction. Altogether, the human and animal re-
sults suggest that the enhanced BDNF–TrkB signaling in
lymphocytes parallels BDNF–TrkB cortical activity.

It is well documented that TrkB are present in the lympho-
cytes (Schuhmann et al., 2005; De Santi et al., 2009), although
their function in these cells has not been thoroughly elucidated.
Through TrkB activation, BDNF promotes maturation of the
immune system as well as development, maintenance, and sur-
vival of lymphocytes (Schuhmann et al., 2005). The link between
the immune system and the brain does not come as a surprise, as
numerous studies have now shown that the two systems can in-
teract bidirectionally, through common receptors and ligands,
such as interleukin-1� and other proinflammatory cytokines
(Derecki et al., 2010; Yirmiya and Goshen, 2011). The results of
the present study further suggest that the induction of plasticity-
related phenomena in the brain also has an effect on the immune
system. This conclusion is in agreement with studies showing that
young mice receiving lymphocytes from senescent mice de-
creased their learning abilities to the level of senescent mice and
showed senescence-like serum– brain reactivity (Lal et al., 1986).
Moreover, there is evidence that immune processes may be in-
volved in the pathogenesis of the neurological disorders with
altered synaptic plasticity, such as Alzheimer’s disease (Zotova et
al., 2010).

The precise functional meaning of a parallel BDNF–TrkB sig-
naling in cortex and lymphocytes remains speculative at the pres-
ent time, since a causal link between the two phenomena has yet
to be established. Nevertheless, given the correlation between
BDNF–TrkB signaling in lymphocytes and PFCX in rats and with
RMT changes in humans, it is plausible that TrkB function in
lymphocytes might represent a promising “in vivo” marker to
predict changes of that activity in cortical regions.

Relevance of these findings to neuropsychiatric disorders
There is increasing evidence that NMDA-dependent cortical
plasticity is altered in many neuropsychiatric illnesses (Harding-
ham and Bading, 2010), including Alzheimer disease (Wang et
al., 2009), Parkinson’s disease (Meoni et al., 1999), dystonia
(Akopian et al., 2008), and amyotrophic lateral sclerosis (Gredal
et al., 1996). However, reliable and accessible peripheral markers
of brain plasticity are still lacking. The results of our study suggest
that BDNF–TrkB signaling is involved in cortical synaptic plas-
ticity and that such activity might be reflected in lymphocytes. Ad
hoc-designed studies are now needed to determine a causal rela-
tionship between the two findings and, thus, to ascertain whether
TrkB activity in the lymphocytes can be used as a reliable predic-
tor of cortical synaptic plasticity. Indeed, elucidating the cellular
and molecular bases of the effects of TMS on brain and other
tissues will be invaluable for characterizing neurological dysfunc-
tions and for promoting effective treatments in diverse neurolog-
ical and psychiatric disorders.
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