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ABSTRACT Chronic infusions of brain-derived neuro-
trophic factor (BDNF) immediately above the substantia nigra
augment spontaneous locomotion, rotational behavior, and
striatal dopamine (DA) turnover, indicating that BDNF in-
creases functions of the nigrostriatal DA system. Because the
function of the nigrostriatal DA system is related to the
electrical activity of DA neurons, we investigated the effect of
BDNF on the electrical activity ofDA neurons in the substantia
nigra pars compacta in vivo. Chronic supranigral infusions of
BDNF (12 zg/day), nerve growth factor (11 pg/day), or
phosphate-buffered saline were started 2 weeks before the
electrophysiological recordings. BDNF increased the number
of spontaneously active DA neurons by 65-98%, increased the
average firing rate by 32%, and increased the number ofaction
potentials contained within bursts. Neither nerve growth factor
nor phosphate-buffered saline infusions altered any of these
properties relative to unoperated animals. In addition, ex-
tremely fast-fring DA neurons (>10 spikes per sec) were
commonly found only in the BDNF-infused nmal. These
results demonstrate neurotrophin effects on the electrical ac-
tivity of intact central nervous system neurons in vivo and
suggest that the increases in locomotor behavior and striatal
dopamine turnover obtained during supranigral BDNF infu-
sions may result from increases in the electrical activity of DA
neurons.

It has been demonstrated that neurotrophic factors play
important roles in development and maintenance of the
mammalian central nervous system. A potential for neuro-
trophic factors in the etiology or treatment of Parkinson
disease has been suggested by several lines of research (1-3).
The in vitro survival, differentiation, and function of dopa-
mine (DA) neurons are promoted by brain-derived neuro-
trophic factor (BDNF; refs. 4-9), a member of the neurotro-
phin family. BDNF increases the number ofDA neurons that
survive in mesencephalic cultures, promotes their neurite
outgrowth, and increases high-affinity DA uptake and tyro-
sine hydroxylase (TH) activity (5-8). In addition, BDNF
protects cultured DA neurons against toxic effects of 6-hy-
droxydopamine or N-methyl-4-phenylpyridinium ion (6, 9).
Recent in vivo studies demonstrate potentiating effects of

BDNF on nigrostriatal DA neurons. In adult rats, chronic
infusions (12 pg/day) of BDNF above the substantia nigra
pars compacta (SNC) increase the metabolism of DA in the
striatum, as indicated by elevations in the ratios of the DA
metabolites homovanillic acid and dihydroxyphenylacetic
acid to DA (10, 11). In contrast to supranigral infusions,
similar chronic intrastriatal infusions of BDNF produce less
of an elevation in DA turnover and far fewer contraversive
rotations following (+)-amphetamine administration (10),
probably due to a limited diffusion of BDNF within the

infused striatum (12). The function enhancing effects of
BDNF on DA neurons has also been shown by the ability of
supranigral BDNF infusions to decrease the number of
(+)-amphetamine-induced ipsiversive rotations in animals
with partial DA lesions, to induce many more contraversive
rotations in these animals, and to greatly increase DA me-
tabolism in the surviving neurons (13).
The ability of supranigral infusions of BDNF to increase

locomotor activity (11) and to induce rotational behavior that
is directed contralaterally to the BDNF-infuked hemisphere
after systemic injections of (+)-amphetamine (10) also sug-
gests that supranigral BDNF infusions produce an elevation
of DA release in the ipsilateral striatum. However, while
supranigral infusions of BDNF reliably elevate striatal DA
metabolism, they produce only small increases in striatal DA
release, as determined by increases in the ratio of 3-meth-
oxytyramine to DA. In vivo microdialysis within the neostri-
atum of the BDNF-infused hemisphere has also shown small
but inconsistent elevations in extracellularDA before or after
systemic (+)-amphetamine injections (C.A.A. and M.
Fritsche, unpublished data). Thus, a more sensitive measure
of DA neuron activity may be required to reveal whether
these neurons are functionally activated by BDNF. Because
increased striatal DA synthesis, metabolism, and release are
observed with increased DA neuron impulse flow (14-16), it
is possible that the potentiating effects of chronic BDNF
infusions on DA functions are mediated by the increased
impulse flow within SNC DA neurons. To test this possibil-
ity, we have used extracellular single unit recording tech-
niques to study the spontaneous electrical activity of DA
neurons in the substantia nigra after chronic infusions of
BDNF in the rat.

MATERIALS AND METHODS
Animal Surgery. Male Sprague-Dawley rats (240-300 g; n

= 9-15 per group) were housed individually and maintained
in compliance with National Institutes of Health guidelines.
Each animal was anesthetized by an i.p. injection of chloro-
pent (148.75 mg of chloral hydrate per kg of body weight and
30.8 mg of sodium pentobarbital per kg of body weight). A
6.4- or 6.8-mm-long, 28-gauge stainless steel cannula (Plastics
One, Roanoke, VA) was connected to an Alzet 2002 osmotic
minipump (Alza; flow rate, 0.5 1l/hr) containing the sterile
filtered phosphate-buffered saline vehicle (PBS; 0.1 M),
BDNF (1 mg/ml; Amgen-Regeneron Partners, Thousand
Oaks, CA, and Tarrytown, NY), or recombinant human
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nerve growth factor (NGF; 0.9 mg/ml; Amgen). The cannula
was implanted as described (10) to terminate above the right
substantia nigra (interaural coordinates: anterior, 2.5 mm;
lateral, 2.7 mm). A separate control group of animals re-
ceived the same surgical procedures but without cannula
implantation.

Electrophysiological Recording. Fourteen to 15 days after
the implantation, animals were anesthetized with chloral
hydrate (400 mg/kg, i.p.) and placed in a stereotaxic appa-
ratus. Body temperature was monitored and maintained at
36-370C. The cannula and the skull overlaying the midbrain
were removed. Single unit extracellular neuronal activity was
recorded with single barrel glass micropipettes (World Pre-
cision Instruments, Sarasota, FL) filled with 2 M NaCl (in
vitro impedance, 2-7 MU at 135 Hz). Single unit activity was
monitored with a high-input impedance amplifier (bandpass
filter settings, 0.3-3 kHz). The output was sent to an analog
oscilloscope, audiomonitor, window discriminator, and a
personal computer. Spontaneously active DA neurons were
identified by their characteristic waveforms and firing pat-
terns (17). The recording electrode was passed systematically
through a stereotaxically defined block of SNC tissue (32
electrode tracks: 3.0-4.4 mm anterior to interaural line,
1.8-2.4 mm lateral, and 6.0-8.0 mm ventral to brain surface;
ref. 18). Electrode tracks were separated by 200 Jm. Each
DA neuron was recorded for 1-5 min. The average numbers
of spontaneously active DA neurons per electrode track (cells
per track) were determined in each rat. Average firing rates
of DA neurons were determined for all DA neurons sampled
within each group.

Interspike intervals (ISIs) of individual DA neurons were
determined from 500 consecutive action potentials obtained
from each DA neuron to analyze the firing pattern (17, 19).
Firing pattern analysis was performed on the ISI files with the
Burstan program (19). The onset of a burst was defined by an
ISI of <80 msec and a burst termination with the next ISI of
160 msec or greater. Firing patterns were analyzed by the
following parameters for each individual DA neuron: coeffi-
cient of variation (SD/mean), burst number (percentage of
action potentials that were present within the bursts), within-
burst ISI (average ISI within individual bursts), postburst
inhibitory period (average period between the offset of a
burst and the next action potential), burst length (average
number of action potentials within bursts), and percentage of
within-burst action potentials grouped as doublets (a burst
containing two action potentials).
To examine cannula placement after electrophysiological

recording, 20 animals implanted with either a 6.4- or a 6.8-mm
cannula were perfused with O.9o saline and 4% paraformal-
dehyde (in 0.1 M PBS), and the brains were removed for TH
immunohistochemistry as described (13). Histological data
revealed that the cannulae were placed consistently in the
area above the right substantia nigra. The tips of the 6.4-mm
cannulae were typically seen 0.1-0.5 mm above the lateral
SNC. The tips of the 6.8-mm cannulae were usually closer
(0.2 mm to contact) to the SNC cell layer and 60%o of them
contacted the layer of TH-positive neurons in the SNC. A
minor decrease in TH immunostaining was also observed in
tissue immediately adjacent to the 6.8-mm cannula tip.
Data Analysis. The comparisons between groups for num-

bers of spontaneously active DA neurons and firing rates
were made by a one-way ANOVA followed by Tukey HSD
post hoc tests (CSS Software, Tulsa, OH). Because DA
neurons in animals infused with BDNF discharged at much
higher rates than normally observed in control group animals
(see below), and burst activities were correlated with firing
rate, the analysis of firing pattern parameters between these
two groups was performed only in neurons with firing rates
between 3 and 8 spikes per sec; to further control the group
differences in firing rates, random block design analysis was

used in which the burst parameters were compared in differ-
ent firing rate ranges (3-4, 4-5, 5-6, 6-7, and 7-8 spikes per
sec). Two-way multivariate ANOVA or univariate ANOVA
was performed to analyze the intercorrelated firing pattern
parameters. The comparisons between correlation coeffi-
cients were performed with Z tests following Fisher's r-to-Z
transformation (20).

RESULTS
Body Weight. The chronic supranigral infusions of BDNF

or NGF significantly decreased the percentage gain in body
weight during the 2-week infusion period. The average per-
centage gain in body weight from preoperative levels was 1%
and 6% in the NGF- and BDNF-infused animals, compared
to 19%o and 18% in the nonimplanted and PBS-infused ani-
mals, respectively.
Number of Spontaneously Active DA Neurons and Firing

Rates. Animals implanted with the 6.4-mm cannulae and
infused with BDNF demonstrated a 98% increase in the
numbers of spontaneously active DA neurons (1.13 + 0.10
cells per track; mean ± SEM; n = 10) compared with animals
infused with PBS (0.57 ± 0.10 cell per track; n = 9; Fig. 1).
The numbers of spontaneously active DA neurons did not
differ among the PBS-infused animals (0.57 ± 0.10 cell per
track; n = 9) and nonimplant control animals (0.56 ± 0.09 cell
per track; n = 10) or NGF-infused animals (0.57 ± 0.09 cell
per track; n = 9; Fig. 1). 1 Similar results were obtained from
the animals implanted with the 6.8-mm cannulae. In these
animals, the number of spontaneously active DA neurons in
the BDNF-infused animals was increased by 65% (0.80 ±
0.07 cell per track; n = 15) when compared to the number of
spontaneously active DA neurons in PBS-infused animals
(0.48 ± 0.05 cell per track; n = 12; Fig. 2).

In animals implanted with the 6.4-mm cannulae, there were
no differences in the average firing rates among the nonim-
planted control animals (4.6 ± 0.1 spikes per sec; n = 179
cells from 10 animals), PBS-infused (4.8 ± 0.2 spikes per sec;
n = 160 cells from 9 animals), or NGF-infused (4.7 ± 0.2
spikes per sec; n = 167 cells from 9 animals) animals. In
contrast, BDNF increased the average firing rate to 6.3 ± 0.2
spikes per sec (n = 351 cells from 10 animals), which
represented a 32% increase compared to the average firing
rate in PBS-infused animals. Compared to infusions of PBS
(4.5 ± 0.1 spikes per sec; n = 186 cells from 12 animals),
BDNF infusions via the 6.8-mm cannula increased the firing
rate by 33% to 6.0 ± 0.2 spikes per sec (n = 380 cells from
15 animals; Fig. 1).
The frequency distributions of the DA neuronal firing rates

observed in non-BDNF-infused animals (data combinedfrom
nonimplanted control animals, NGF-, and all PBS-infused
animals) and all BDNF-infused animals are presented in Fig.
2. In non-BDNF-infused animals, only 10%6 of the SNC DA
neurons had firing rates of >8 spikes per sec, while in
BDNF-infused animals, 34% of the DA neurons sampled
discharged at rates of >8 spikes per sec. Firing rates of >10

"The numbers of spontaneously active DA neurons (0.56-0.57 cell
per track) in these groups are lower than the numbers observed in
previous studies (0.80-0.83 cell per track; refs. 21 and 22). This is
most likely due to the difference in sampling procedures. In the
present study, 32 electrode penetrations were made in order to
cover the entire rostral-caudal extent of the medial SNC (18), while
in previous studies, the 12 electrode penetrations usually covered
the caudal to central portion of the medial SNC. The SNC contains
distinct populations ofDA neurons that display different electrical
activities and responses to DA agonists throughout its rostral-
caudal extent (23). The use of 32 electrode tracks in the present
study represents a more complete sampling of SNC DA neurons
than previously reported.
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FIG. 1. Number of spontaneously active SNC DA neurons (c)
and their firing rates (0) in nonimplanted control (CON), PBS-,
NGF-, and BDNF-infused rats. Male rats were implanted with a
6.4-mm (first four groups) or a 6.8-mm cannula (last two groups) that
delivered PBS (0.5 pl/hr), NGF (0.45 pg/hr), or BDNF (0.5 pg/hr)
for 14-15 days. Nonimplanted control animals underwent the same
surgical procedures but were not implanted with a cannula. The
numbers of spontaneously active SNC DA neurons are shown as
cells per track (average number of DA neurons encountered from
each electrode penetration) ± SEM. *, P < 0.05; **, P < 0.01; **,
P < 0.001; BDNF vs. PBS groups compared at equal cannula length;
@, P < 0.05 BDNF with 6.8-mm cannulae vs. BDNF with 6.4-mm
cannulae.

spikes per sec were obtained in 24% ofDA neurons sampled
in BDNF-infused animals and in only 3% of control animals.
Changes in Burst-Firing Pattern After BDNF Treatment.

The six burst parameters studied did not differ among the
nonimplanted controls, animals infused with PBS (two
groups implanted with the 6.4- or 6.8-mm cannulae), or
NGF-infused animals (one group with the 6.4-mm cannulae),
and these data were combined for statistical purposes. There
was also no difference in any ofthe burst parameters between
the two BDNF-infused groups implanted with 6.4- or 6.8-mm
cannulae, and these data were combined to form the BDNF
group. BDNF infusions increased the number of bursts and
length of individual bursts. A significant positive correlation
(r = +0.73, n = 292, from 40 animals; P < 0.01) was obtained
between the firing rate and burst number in the control group.
This correlation in the BDNF-infused group (r = +0.87, n =
250, from 25 animals; P < 0.01) was enhanced (Z test; P <
0.001) compared to the control group (Fig. 3). To obtain a
better linear relationship between firing rate and burst length,
the correlations were calculated between the firing rate and
the logarithmic value of burst length. A positive correlation
between the firing rate and log burst length was also observed
in both the control (r = +0.71, n = 261, from 40 animals; P
< 0.01) and, to an even greater extent, in the BDNF-infused
group (r = +0.85, n = 244, from 25 animals; P < 0.01; Fig.
3). The clustering of cells was much more prominent in the
low end of firing rate/burst number for controls and in the
high end for BDNF-infused animals (Fig. 3).
DA neurons from the control and BDNF-infused groups

were significantly different in firing pattern parameters (Ta-
ble 1). In BDNF-infused animals, DA neurons with firing
rates between 3 and 8 spikes per sec displayed a higher
coefficient ofvariation (P <_0.001; ANOVA) and higher burst
numbers (P < 0.001; ANOVA). Differences in the coefficient
of variation and burst number between control and BDNF-
infused animals diminished in cells with higher firing rates.
For example, burst number of DA neurons between 3 and 6
spikes per sec was increased by 90%6 in BDNF-infused
animals. This increase was reduced to 10% for DA neurons
with firing rates between 6 and 8 spikes per sec. When DA
neurons displaying burst activity (at least 3 doublets or one
burst with 3 or more action potentials) were examined,
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FIG. 2. Frequency distribution histograms of average firing rates
of SNC DA neurons in control animals (Upper) (combination of data
from nonimplanted controls, animals infused with NGF, and animals
infused with PBS and implanted with 6.4- or 6.8-mm cannulae) and
all BDNF-infused animals (Lower). In the BDNF-infused animals,
24% ofDA neurons discharged at rates of >10 spikes per sec where
only 3% ofDA neurons in control animals showed firing rates of :10
spikes per sec.

neurons in BDNF-infused animals had shortened within-
burst ISIs and increased postburst inhibitory period and burst
length (Table 1). The percentage of within-burst action po-
tentials grouped as doublets was also decreased in BDNF-
infused animals (Table 1).

DISCUSSION
The results from the present study show that the spontaneous
electrical activity of SNC DA neurons is substantially in-
creased by chronic BDNF infusions in the area above the
substantia nigra. It has been estimated that only 40-50% of
SNC DA neurons normally display spontaneous activity (17).
The remaining "silent" DA neurons do not generate action
potentials due to excessive hyperpolarization of their cell
membranes (24). The increases in the number of spontane-
ously active DA neurons and their firing rate by chronic
infusions of BDNF indicate that BDNF can initiate action
potentials in these normally silent DA neurons. The increase
in firing rate did not appear to disrupt the basic firing pattern
of SNC DA neurons, since the positive correlations between
the firing rate and either the burst number or burst length
were preserved in both control and BDNF-infused animals.
The higher correlations in BDNF-infused animals reflect the
ability ofBDNF to induce a higher range of firing rate, burst
number, and burst length. However, when the firing patterns
are compared at equal firing rates, an increase in burst
activity is still observed in the BDNF-infused animals. Such
an increase in burst activity reflects an increased number of
action potentials within each burst, increased postburst in-
hibitory period, and shortened ISIs within each burst.
Our results also indicate that the placement ofcannula tips

can optimize the potentiating effects of BDNF on the spon-
taneous activity ofSNC DA neurons. The 98% increase in the
number of spontaneously active DA neurons obtained with
the shorter, 6.4-mm cannulae was greater than the 65%
increase observed when the longer, 6.8-mm cannulae were
used. The reason for this difference may involve a contact of
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FIG. 3. Scatter plots for relationships between firing rate and two firing pattern parameters: burst number (percentage of action potentials
present within bursts) and burst length (average number ofaction potentials within each burst) in control and BDNF-infused animals. Burst length
was converted to logarithmic values to obtain linearity. Significant positive correlation coefficients were observed between firing rate and burst
number or burst length. DA neurons in BDNF-infused animals (Lower) showed higher correlation between firing rate and burst number (P <
0.001) and between firing rate and burst length (P < 0.01) than obtained with control animals (Upper).

TH-positive SNC neurons with the 6.8-mm cannula. This
contact may have attenuated the electrical activity of DA
neurons by causing partial damage, as noted by the slightly
diminished TH immunohistochemistry and/or local astro-
cyte proliferation (25). The shorter cannulae produced little
or no damage to DA neurons, as determined by their normal
TH immunostaining, equivalent spontaneous activity, and
equivalent firing rates among the nonimplant controls and
PBS- or NGF-infused animals.

Consistent with previous findings (10, 11), supranigral
infusions of BDNF were found here to decrease the normal
gain in body weight. Although the mechanism for this effect
is unknown, it is clearly not due to the increase in DA neuron
firing, since NGF, which also decreased the weight gain, did
not increase the firing rate ofDA neurons. By a similar logic,
the elevation of DA neuron firing rates by BDNF was
probably not a result of the lower body weight gain, since
lower body weights but no changes in SNC electrical activity

were obtained with NGF-infused animals. A role for the
high-affinity receptor for NGF, TrkA, can also be ruled out.
The SNC does not possess high-affinity NGF binding sites
(26) or transcripts for TrkA receptors for NGF (27, 28), and
NGF infusions here are without neurochemical, behavioral
(10, 13), or electrical effects on nigral DA neurons. On the
other hand, NGF receptor activation can increase the firing
rates of fetal septal neurons grafted to the anterior chamber
of the eye (29) presumably via NGF binding sites, which are
normally found on rat septohippocampal neurons (e.g., see
ref. 26).

Rather than through changes in body weight, the mecha-
nism ofBDNF's potentiating effects on DA neuronal activity
may involve direct or transynaptic effects on membrane
properties through BDNF binding to TrkB receptors located
on SNC DA neurons (3, 27, 28, 30). This possibility may be
better understood after electrophysiological actions of
BDNF are characterized withDA neurons maintained in vitro

Table 1. Firing pattern parameters for DA neurons in control and BDNF-infused animals at
different firing rates

Firing rate, BN,*** WB ISI,*** PB INB,* PD,***
spikes per sec CV*** % msec msec BL** %

Control
3-4 0.54 ± 0.03 16 ± 2 62 ± 1 416 ± 18 2.25 ± 0.04 76 ± 3
4-5 0.48 ± 0.03 15 ± 2 66 ± 1 323 ± 6 2.27 ± 0.03 75 ± 3
5-6 0.52 ± 0.03 23 ± 3 72 ± 1 273 ± 8 2.32 ± 0.05 71 ± 3
6-7 0.52 ± 0.04 41 ± 4 80 ± 2 241 ± 6 2.93 ± 0.13 49 ± 4
7-8 0.56 ± 0.03 61 ± 3 81 ± 2 238 ± 7 3.60 ± 0.14 28 ± 3

BDNF
3-4 0.68 ± 0.07 25 ± 5 59 ± 3 438 ± 21 2.50 ± 0.10 62 ± 5
4-5 0.64 ± 0.04 32 ± 3 61 ± 2 348 ± 10 2.53 ± 0.06 55 ± 4
5-6 0.66 ± 0.03 42 ± 3 65 ± 2 314 ± 9 2.71 ± 0.08 45 ± 4
6-7 0.57 ± 0.03 50 ± 3 75 ± 2 255 ± 6 3.23 ± 0.11 31 ± 3
7-8 0.60 ± 0.05 65 ± 2 78 ± 2 231 ± 4 3.44 ± 0.10 25 + 2

CV, coefficient variation; BN, burst number; WB ISI, within-burst ISI; PB INB, postburst inhibitory
period; BL, burst length; PD, percentage of within-burst action potentials grouped as doublets. CV and
BN were taken from all DA neurons. The rest ofthe parameters were taken fromDA neurons displaying
at least three doublets or one burst with three or more action potentials. *, P < 0.05; **, P < 0.01; ***,
P < 0.001 for main effects between control and BDNF-infused animals.
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(5-9). The BDNF-induced increases in firing rate and, in
particular, burst activity indicate that these changes may also
have been mediated indirectly via afferent inputs, because
DA neurons in in vitro slice preparations do not display burst
activity (31, 32). DA neurons may be activated in vivo by
increases in direct excitatory inputs or decreases in inhibitory
inputs. For example, intranigral administration of acetylcho-
line (33), excitatory amino acids (19), neurotensin (34), or the
tachykinins substance P (35) and substance K (36) directly
excite DA neurons. Alternatively, enkephalins (37, 38) can
activate DA neurons by attenuating their tonic inhibition by
nigral -y-aminobutyric acid (GABA)ergic interneurons. The
potentiating effects ofBDNF on the neuronal activity ofDA
neurons may be due to its effect on increasing the outputs of
one or more of these afferents. This possibility is supported
by the observation that BDNF exposure to developing Xe-
nopus neuromuscular cultures increases synaptic currents
through an increase in the presynaptic release of acetylcho-
line (39). Future studies with lesion techniques and receptor
antagonists to the modulatory systems mentioned above may
help define the contributions of these afferents in mediating
the effects of BDNF on DA neuronal activity.
BDNF mRNA is found most abundantly in the adult brain

(40, 41). It is thus not surprising that BDNF can affect the
maintenance and regulation of mature neurons (1-3). The
results from the present study support this speculation by
demonstrating that BDNF can potentiate the electrical ac-
tivity ofSNC DA neurons in the adult central nervous system
in vivo. Furthermore, our data suggest that BDNF or other
TrkB agonist ligands may possess a therapeutic potential for
treating Parkinson disease. Both animal and clinical studies
in Parkinson disease have shown that severe movement
deficits are associated with large depletions ofDA neurons in
the substantia nigra (42, 43). By increasing the spontaneous
electrical activity of the remaining neurons, BDNF may
increase the endogenous synthesis and release ofDA (14-16)
in otherwise untreated patients or during treatment with the
anti-Parkinson drug L-dihydroxyphenylalanine (L-Dopa;
refs. 44 and 45).

We appreciate the supply of recombinant human NGF by Dr.
Randy Hecht, Amgen Pharmaceuticals.
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