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Abstract
Previous studies have reported a neuromodulatory effect of brain-derived neurotrophic factor (BDNF) on serotonin neurons in the
central nervous system. In the present study, we examined the effects of local infusion of BDNF on the electrophysioiogical activity of
serotonergic neurons in the rat dorsal raph6 nucleus with extracellular single unit recording in vivo. Compared with vehicle-infused rats,
chronic administration of BDNF (10-14 days) caused serotonergic neurons to fire in a significantly less regular pattern, without altering
the mean firing rate or other measures of electrical activity. These results suggest that the ability of similar infusions of BDNF to produce
behavioral effects (i.e. analgesia and an antidepressant-like effect) associated with elevated serotonin turnover may be in part the result of
more irregular firing patterns of dorsal raph6 neurons.
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1. Introduction
Brain-derived neurotrophic factor (BDNF) is a member
of the nerve-growth factor family of neurotrophic factors
(for review, see [20]). BDNF m R N A and protein immunoreactivity are widely distributed throughout the CNS
[18,21,43,44,46]. Neuronal somata within the dorsal or
median raph6 nuclei contain the m R N A for the BDNF
receptor, TrkB [24], bind BDNF with high affinity [8], and
accumulate BDNF via retrograde transport after its infusion into the forebrain [25,45]. Accordingly, recent findings show that the intracerebral administration of BDNF
produces neurochemical and behavioral effects that are
consistent with a mediation by central serotonin (5-HT)
neurons. Intracortical infusions of BDNF prevent the neurotoxin-induced loss of cortical 5-HT axons and promote a
sprouting of uninjured 5-HT axons in intact rats [22].
Furthermore, infusion of BDNF in the midbrain, near the
periaqueductal gray and dorsal raph6, elevates nociceptive
thresholds [31,34] confers antidepressant-like effects [33],
and increases 5-HT turnover in the forebrain and spinal
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cord, as determined by increases in 5-HIAA concentrations
and the 5 - H I A A / 5 - H T ratio [31,32]. The present study
was undertaken to determine if the known effects of
midbrain infusion of BDNF on serotonin metabolism and
related behaviors could be linked to effects on the electrical activity of dorsal raph6 serotonergic neurons.

2. Materials and methods

2.1. BDNF Infusions
Male Sprague-Dawley rats (Charles River) weighing
175-225 g were used and surgery was performed as
previously described [31,34]. Briefly, rats were anesthetized with chloral hydrate (149 m g / k g ) and sodium
pentobarbital (30.8 m g / k g ) and mounted in a stereotaxic
apparatus. Rats were implanted with cannulae (PLastics
One, Roanoke, VA, 6.8 mm length, 28 gauge) aimed at the
midbrain, near the periaqueductal gray and dorsal raph6
nucleus, at the following coordinates with respect to
bregma: AP - 7 . 6 mm, L 1.0 mm [27]. The cannulae were
attached via a 2 cm length of tubing to an osmotic pump
(Alzet 2002) which was implanted s.c. between the shoul-
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der blades. Animals received either phosphate-buffered
saline (PBS) or BDNF (12 /xg/day), a dose previously
shown to produce stable behavioral effects when infused
into the same locus [31,33,34]. All animals were treated in
strict accordance with guidelines set forth in the PHS
manual, Guide for the Care and Use of Laboratory Ani-

mals.
2.2. Extracellular recording
The electrophysiological studies were made on day
11-14 after the onset of the BDNF infusion. This time
point was chosen to allow comparison with previous neurochemical and behavioral studies of BNDF on the serotonergic system [31,32]. All recording experiments were
performed with the investigators blind to the treatment
groups. Rats were anesthetized with urethane (1.3 g/kg,
i.p.) and placed in a stereotaxic frame. Small burr holes
were drilled to allow placement of stimulating electrodes
in the neostriatum (from bregma: AP 0.5, L 3.4, D - 4 . 1
from cortical surface) and the medial forebrain bundle (AP
- 4 . 1 , L 1.3, D - 7 . 8 ) for antidromic identification of
dorsal raph~ serotonergic neurons [29]. For recording from
the dorsal raph6 a burr hole approximately 4 mm X 3 mm
was drilled over lambda and the sagittal sinus was ligated,
cut, and reflected.
Extracellular single units were recorded with glass micropipettes pulled from 2.0 mm capillary glass (WPI,
Sarasota, FL) on a Narishige PE-2 pipette puller (Narishige
Sci. Inst., Tokyo). Microelectrodes were filled with 1 M
NaC1 and possessed in vitro impedances of 4-10 MO.
Electrical stimulation applied during the search for serotonergic neurons (5.3-5.7 mm below the cortical surface)
consisted of monophasic square wave pulses (0.2-2.5 mA,
0.5 ms duration, 0.67/s). All data were recorded on
magnetic tape for off-line analysis. Filter settings were 100
Hz for low pass and 30 kHz for high pass. Analyses of
spike waveform and duration were made with a Nicolet
4094C (Nicolet Instruments Co., Madison, WI) oscilloscope interfaced to a Macintosh II computer by averaging
10 action potentials acquired at the filter settings described
above. Spontaneous activity was analyzed for firing rate
and pattern with first order interspike interval (ISI) histograms, calculation of the coefficient of variation of the
first order interspike intervals, and autocorrelograms with a
National Instruments MIO16L multifunction board and a
Macintosh Ilfx computer as previously described [39].
Firing rates, interspike intervals, and coefficients of variation of ISis were analyzed with a two-tailed, unpaired
t-test. Data are reported as mean __+S.E.M.

2.3. Neuronal identification
Serotonergic neurons were identified according to previously described electrophysiological criteria [26,29,41],
which included a regular spontaneous firing rate (0.1-3

spikes/s), a 2-5 ms di- or triphasic extracellular waveform, and long latency antidromic responses to neostriatal
or medial forebrain bundle stimulation. Some neurons
representing typical recordings of presumed serotonergic
and non-serotonergic neurons were tested for inhibition of
spontaneous firing by intravenous injection of 8-hydroxy2-(di-n-propylamino) tetralin (8-OH-DPAT), a selective
5-HTIA autoreceptor agonist [12,17], and by the reversal of
this inhibition by the antagonist, pindolol (1-[1H-indol-4yloxy]-3-[isopropylamino]-2-propanol, 1-2 m g / k g i.v.
[13]). 8-OH-DPAT was administered at 0.48 / x g / k g / m i n
until a total inhibition of firing was obtained.

2.4. Histology
At the end of each experiment the recording site was
marked by a small lesion created by passing 20-30 /xA
through the recording electrode for 20-30 min. Rats were
given a lethal overdose of urethane and perfused with
0.9% saline followed by 4% paraformaldehyde and 0.2%
glutaraldehyde in 0.15 M phosphate buffer (pH 7.4) and
the brains were removed.

3. Results

Extracellular recordings were obtained from a total of
99 dorsal raph6 serotonergic neurons: 31 from vehicletreated rats and 68 from BDNF-treated rats.
All neurons included in this report displayed waveforms
typical of serotonergic neurons [29]. Two representative
examples are shown in Fig. 1. All consisted of a 2-5 ms
wide biphasic positive-negative (Fig. 1A and C) or triphasic positive-negative-small positive spike (not shown), that
sometimes exhibited an inflection on the initial positive
phase or in the negative component (Fig. 1A). There was
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Fig. 1. Antidromic identification and waveforms of extracellularly
recorded spontaneous spikes from two typical serotonergic neurons
recorded in the DRN. A and C: biphasic waveforms. Note inflections on
waveforms marked with asterisk in A. B, D: electrical stimulation of
neostriatum evokes antidromic responses at long latencies for the neurons
shown in A and C. In all figures, positivity is up. The stimulus artifact is
labeled with a solid arrow and spontaneous spikes causing collision
extinction are marked with an open arrow.
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Fourteen of 99 neurons (14%) were antidromically activated by electrical stimulation from the neostriatum (25.6
+ 1.3 ms) and 6 of 99 neurons (6%) responded antidromically to stimulation of the medial forebrain bundle (7.4 +
0.6 ms) with latencies similar to previously published
values for serotonergic neurons [26,29] (Fig. 1B, D). The
latencies for antidromic responses from neostriatum were
similar for the neurons from vehicle-infused rats (25.5 +
1.2; n = 9) and B D N F - i n f u s e d rats (25.9 _ 3.0; n = 5).
F o u r a n t i d r o m i c a l l y activated n e u r o n s , p r e s u m e d to be
s e r o t o n e r g i c on the basis o f their w a v e f o r m and firing
pattern, and three additional

Fig. 2. The effect of intravenous administration of the 5-HT~A receptor
agonist, 8-OH-DPAT, and antagonist pindolol, on the spontaneous firing
of a representative serotonergic neuron. The concentration of 8-OH-DPAT
was doubled each minute (0.48, 0.48, 0.96, 1.9, and 3.8 /zg/kg), until
total inhibition of spontaneous firing was achieved. Subsequent administration of the 5-HT antagonist, pindolol (2 × 1 mg/kg, i.v.) reversed the
inhibition.

n e u r o n s , p r e s u m e d to be

n o n - s e r o t o n e r g i c , w e r e c h e c k e d for a d o s e - d e p e n d e n t inhibition o f the s p o n t a n e o u s firing by i n t r a v e n o u s injection o f
8-OH-DPAT

(increasing doses

ranging

from

0,48-3.8

/ ~ g / k g ) , and the reversal o f this s u p p r e s s i o n by p i n d o l o l
( n = 2). Fig. 2 s h o w s a r e p r e s e n t a t i v e putative s e r o t o n e r gic neuron. Each o f the four n e u r o n s p r e s u m e d to be
s e r o t o n e r g i c that w e r e tested w a s c o m p l e t e l y inhibited by

no difference in the frequency of these types of waveform
encountered between the vehicle- and BDNF-treated neurons.

8 - O H - D P A T , w h i l e the three p r e s u m e d n o n - s e r o t o n e r g i c
n e u r o n s w e r e u n a f f e c t e d (data not s h o w n ) .
T h e m e a n firing rate o f the s e r o t o n e r g i c n e u r o n s w a s
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Fig. 3. Typical spontaneous activity for 5-HT neurons from rats which received 11-14 days of infusion of PBS vehicle (12 ~l/day; A-C and D-F) or
BDNF (12 /xg/day; G-I and J-K). A and B: spike train from two representative vehicle-treated 5-HT neurons. G and J: spike train from two
representative BDNF-treated 5-HT neurons. Note the less regular pattern of firing in the BDNF-treated neurons. B and E: first order interval histograms
from the same vehicle-treated neurons. Mean interspike interval (ISI) (mean _+S.D.): 360 +_50 and 487 _+ 118 ms respectively. H and K: first order
interval histograms from the same BDNF-treated neurons. Mean ISI: 643 _+233 and 447 ± 233 ms respectively. For these neurons the coefficients of
variation are 0.14 and 0.24 for the vehicle-treated 5-HT neurons and 0.36 and 0.41 for the BDNF-treated neurons. Bin width - 5 ms. Autocorrelation
histograms from the same neurons. C and F: vehicle-treated neurons. I and L: BDNF-treated neurons. Note the regularly spaced peaks in histogram (C and
F) which identify a pacemaker-like firing pattern. Bin width = 20 ms.
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Table 1
Spontaneous serotonergic neuronal activity in dorsal raph6 nucleus from
rats which received 11-14 days of continuous infusion of PBS vehicle
(12 /zl/day) or BDNF (12 /xg/day)
Vehicle-treated BDNF-treated
5-HT neurons
5-HT neurons
n
Firing rate (spikes/s)
Interspike interval (ISI) (ms)
Coefficient of variation of lSl

31
1.93 + 0.13
606 + 46
0.29+ 0.01

68
1.72! 0.09
690 + 35
0.38+ 0.01 "

Values shown are mean+S.E.M. The coefficient of variation of the
interspike interval (ISI) is defined as standard deviation/mean.
a Signifies significantly (t = -4.22, df = 92, P < 0.0001) different from
coeficient of variation of vehicle-treated 5-HT neurons.

similar in the vehicle- and BDNF-infused groups (Table
1). However, the spontaneous firing pattern of the BDNFtreated neurons (Fig. 3G and J) was significantly less
regular than that of the vehicle-treated neurons (Fig. 3A
and D), as determined by analysis of first order interval
histograms and autocorrelograms of these neurons. The
first order interval histograms show a tight distribution of
the ISI around the mean of vehicle-infused rats (Fig. 3B
and E). However, the coefficient of variation of the interspike interval was significantly greater in the BDNF-infused rats ( t = - 4 . 2 2 d f = 92, P < 0.0001, Fig. 3H and
K; Table 1). The rhythmic peaks in the autocorrelogram
from the vehicle-infused rats (Fig. 3C and F) indicate a
typical 5-HT neuron that fires in a pacemaker-like mode
with very constant ISis. The BDNF-treated neurons produced autocorrelograms that are typical of neurons firing
in a more random mode (Fig. 3I and K).

4. Discussion
The present study is the first demonstration of the effect
of the neurotrophic factor, BDNF, on the electrical activity
of serotonergic neurons. The electrophysiological properties of the presumed serotonergic neurons analyzed in this
paper are consistent with the electrophysiological characteristics of serotonergic neurons reported in previous studies [5,10,29,40]. These characteristics include a slow spontaneous firing rate (0.1-3 spikes/s), an extremely regular
pacemaker-like rhythm (in the control animals), an extracellular action potential waveform of 2 - 5 ms duration,
long-latency antidromic responses to neostriatal and medial forebrain bundle stimulation, inhibition of spontaneous
unit activity after intravenous injection of the serotonergic
agonist 8-OH-DPAT [12,17], and the reversal of this inhibition by pindolol [13]. Dorsal raph6 cells with these
characteristics have been identified as serotonergic by
combinations of electrophysiological, histochemical, and
pharmacological techniques [1-4,26]. The types of waveforms observed belonged to neurons that could be an-

tidromically activated by electrical stimulation from neostriatum, again with a latency in accord with previous
reports [29].
Approximately one-third of the neurons in the dorsal
raph6 nucleus (DRN) are serotonergic [11,36] but the
majority of dorsal raph6 projections to the neostriatum are
serotonergic [9,29]. It is important to note that nonserotonergic raph6-striatal projections have also been identified by anatomical and electrophysiological methods
[29,35,42]. These non-serotonergic neurons can be discriminated from serotonergic neurons on the basis of their
differing electrophysiological properties, for example, the
opposite polarity of the extracellularly recorded waveforms
[29,41]. The first component of the waveform of serotonergic neurons is positive, whereas that of the non-serotonergic
neuron is negative. In addition, the spike duration of the
non-serotonergic neurons is shorter than that of serotonergic neurons, and the spontaneous firing pattern of non-5-HT
neurons is clearly more irregular than vehicle or BDNFtreated serotonergic neurons recorded in the present study.
Thus, by all criteria available with extracellular recordings,
the neurons we report on in the present study were serotonergic and the effect of BDNF on firing pattern cannot be
explained by a preferential recording of non-5-HT neurons
in BDNF versus vehicle-treated animals.
Previous studies have shown that administration of
BDNF increases serotonin turnover following midbrain
[31,32], intracerebroventricular [28,32], or supranigral delivery [7,23]. Central BDNF administration also produces
analgesia and an antidepressant-like effect [31,33] which
may be mediated by increases in the synaptic activity of
5-HT. However, microdialysis experiments have not detected an effect of midbrain-infused BDNF on extracellular
5-HT levels (M. Fritsche and C.A. Altar, unpublished
observations). It is possible that techniques other than
microdialysis may be required to observe the effects of
BDNF on the ongoing activity of serotonergic or other
neurotransmitter systems. For example, using microdialysis in the striatum, we have also not detected alterations in
extracellular dopamine levels during chronic supranigral
infusions of BDNF, even though these infusions elevate
striatal dopamine metabolism, augment spontaneous behaviors and behavioral responses to (+)-amphetamine,
and increase the accumulation of 3-methoxytyramine, a
sensitive measure of dopamine release [6,7,23]. Likewise,
microdialysis studies in the neostriatum fail to show significant increases in dopamine overflow when stimulation of
the MFB is delivered in a burst pattern compared to
equally spaced pulses [38]. Thus, measurements of electrical activity within identified nuclei may more readily
identify neurotrophin effects on specific neurotransmitter
populations than microdialyis measurements of extracellular neurotransmitter contents.
BDNF decreased the regularity of the spontaneous activity of serotonergic dorsal raph6 neurons without concomitantly changing the mean firing rate or other measures
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of electrical activity. Similar effects were observed in
dopaminergic neurons following chronic infusions of
BDNF above the substantia nigra [30]. However, in
dopaminergic neurons, the tendency toward increased
bursting was also accompanied by a 35% increase in the
mean firing rate and a doubling of the number of cells
encountered per track.
It is possible that the failure to note a significant change
in the mean firing rate of dorsal raph6 serotonergic neurons following BDNF treatment, despite the fact that similar treatment produced an increase in serotonin turnover
[31,32], was due to the fact that the recordings were
obtained from anesthetized rats. However, the slow and
regular firing pattern of central serotonergic neurons is
ubiquitous among neurons recorded from the dorsal raph6
nucleus in mice, cats and rats, whether they are freely
moving, unanesthetized but immobilized, or anesthetized
with urethane, chloral hydrate or chloralose [19]. In one
study, dorsal raph6 serotonergic neurons were recorded in
cat and monitored during the induction of chloral hydrate
anesthesia [16]. Although anesthesia produces significant
changes in the responsivity of serotonergic neurons to
external and pharmacological stimuli [37] there was only a
very modest decrease in firing rate and no apparent change
in the firing pattern of dorsal raph6 serotonergic neurons
after anesthesia was induced [16]. Thus, although we cannot rule out the possibility that anesthesia masked an
increase in spontaneous firing rate caused by chronic
administration of BDNF, it does not appear likely.
The relationship of the changes in firing pattern but not
frequency to the release of serotonin remains uncertain.
However, a growing body of recent literature suggests that
increases in neurotransmitter release can be correlated with
an increase in the bursting pattern of monoamine neurons.
Thus, the pattern of firing might be as significant a variable as the mean firing frequency in the presynaptic modulation of monoamine release [14,15]. Thus, the results of
the present study suggest that the less regular firing pattern
and increased tendency towards bursting caused by BDNF
may contribute to the elevation in serotonin turnover previously reported [29,30] as well as the elevated nociceptive
thresholds and antidepressant-like effects associated with
midbrain infusions of BDNF [31,33,34].
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