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Background: Vagus nerve stimulation (VNS) is a recent intervention for treatment-resistant depression. Electrophysiological recordings in
the rat brain showed that VNS increases the firing rate of norepinephrine (NE) neurons after 1 day of stimulation and that of serotonin 
(5-HT) neurons after 14 days. This study was conducted to further characterize these effects. Methods: We implanted rats with a VNS
electrode and stimulator. We used the selective noradrenergic toxin DSP-4 to lesion NE neurons of the locus coeruleus. We recorded dor-
sal raphe 5-HT neurons under chloral hydrate anesthesia. We recorded hippocampus CA3 pyramidal neurons using 5-barreled ion-
tophoretic pipettes. Results: Analysis of a previously published data set revealed that VNS increased not only the spontaneous firing rates
of NE neurons, but also the percentage of neurons firing in bursts. The enhancement of the 5-HT neuron firing rate by VNS was abolished
by lesioning NE neurons. We found that VNS increased the degree of activation of postsynaptic α1-adrenoceptors on 5-HT neurons, prob-
ably through an increased release of endogenous NE. The tonic activation of postsynaptic 5-HT1A receptors in the hippocampus was
enhanced after 14 days of VNS, as with other antidepressant treatments. Limitations: Our study limitations include the fact that we turned
off the stimulator during the electrophysiological recordings, which likely decreased the vagal tone to the brain. Also, we obtained the data
while the animals were under anesthesia, therefore studies need to be carried out in unanesthetized rats to ascertain whether the anes-
thetic agent influenced the changes observed between control rats and those treated with VNS. Conclusion: Vagus nerve stimulation
initially increases the firing activity and pattern of NE neurons and subsequently those of 5-HT neurons, presumably as a cascade effect
via α1-postsynaptic adrenoceptors. To date, VNS appears to be a unique antidepressant treatment increasing 5-HT transmission and
enhancing the firing activity of NE neurons. These effects could contribute to the effectiveness of VNS in treatment-resistant depression.
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Introduction

The vagus nerve is usually considered to be a parasympa-
thetic efferent nerve. However, this nerve is in fact composed
of about 80% afferent sensory fibres carrying information to
the brain.1 Stimulating the afferent fibres has proven to be an
effective antiepilepsy treatment,2 and vagus nerve stimula-
tion (VNS) has become the most widely used nonpharmaco-
logical treatment for refractory epilepsy. Mood improvement
has been observed in epileptic patients treated with VNS,
even in those with no change in seizure frequency,3,4 suggest-
ing that VNS might have antidepressant effects. Clinical
studies in patients with treatment-resistant depression and
without epilepsy reported a 31% response rate and 15%
remission rate after 10 weeks of VNS.5 These response and re-
mission rates were sustained at 1 year6 and improved 2 years

after surgery.7 In a recent open-label study, VNS has shown
antidepressant efficacy in patients with treatment-resistant
depression; the level of clinical response increased to 53%
and the remission rates reached 33% after 1 year of treat-
ment.8 Recently, it has been shown that VNS produces an
antidepressant-like effect in the forced-swim test in rats9 with
about the same efficacy as that of the tricyclic antidepressant
desipramine and electroconvulsive shock (ECS). Both
Canada and Europe approved VNS therapy for use in drug-
resistant depression in 2001 and the US Food and Drug
Administration approved its use in 2005, but further clinical
trials are needed to ascertain its effectiveness in the treatment
of major depression.10

The mechanism of action for this therapy is not fully
understood. However, it is believed to be mediated by the
central projections of the vagus nerve via the nucleus of the
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tractus solitarius, which in turn innervates multiple brain
areas implicated in mood regulation. Functional neuroimag-
ing studies have confirmed that VNS alters the activity of
many such cortical and subcortical regions.11 It is well estab-
lished that the antidepressant efficacy of medications is medi-
ated through monoaminergic neurotransmission, primarily
the serotonin (5-HT) and/or norepinephrine (NE) systems.

Serotonin neurons are mainly concentrated in the dorsal
raphe nucleus and the median raphe nuclei and project
throughout the brain. In turn, 5-HT acts via a variety of sub-
types of receptors. The 5-HT1A receptors are located either on
the soma of 5-HT neurons, where they subserve an auto-
receptor function, or on postsynaptic neurons, with their
greatest density in the hippocampus and septal nuclei. The
somatodendritic 5-HT1A autoreceptors are important in the
regulation of the firing activity of 5-HT neurons. An en-
hanced activation of these autoreceptors by an increased
level of 5-HT decreases the firing activity of 5-HT neurons
through a negative feedback action. Thus, acute administra-
tion of antidepressants such as selective serotonin reuptake
inhibitors (SSRIs), which initially enhance extracellular 5-HT
levels, decreases the firing rate of 5-HT neurons. However,
following long-term administration of SSRIs, 5-HT1A auto-
receptors desensitize and 5-HT neurons in the dorsal raphe
nucleus recover their normal firing rate.12

When activated, postsynaptic 5-HT1A receptors also induce
a suppression of neuronal firing. These receptors appear to
be important in the mediation of antidepressant effects.13,14 In
particular, long-term administration of various classes of
antidepressants and repeated ECS leads to their enhanced
tonic activation by 5-HT.15

Locus coeruleus neurons give rise to 90% of the noradren-
ergic innervation of the forebrain. This brainstem nucleus
receives afferent fibres from the nucleus of the tractus solitar-
ius and sends a monosynaptic projection to the dorsal raphe
nucleus. The firing activity of NE neurons is also controlled
by autoreceptors of the α2-adrenergic subtype located on
their cell bodies.16 The same subtype of α2-adrenergic autore-
ceptors is located on NE terminals and regulates the amount
of NE released per action potential.17,18 Long-term admin-
istration of NE reuptake inhibitors desensitizes terminal 
α2-autoreceptors but not their somatodendritic counter-
parts.19,20 Nevertheless, this still results in a net increase of NE
levels in the forebrain despite an attenuated firing activity.

At the postsynaptic level, α1-adrenoceptors are present on
the soma of 5-HT neurons in the dorsal raphe nucleus. When
these receptors are activated by an exogenous agonist like
phenylephrine or cirazoline, the firing activity of the neurons
on which they are located is increased.21,22 Endogenously re-
leased NE activates these α1-adrenoceptors on the cell body
of 5-HT neurons in the dorsal raphe nucleus, as revealed by
their inhibition produced by the selective α1-adrenoceptor
antagonist prazosin.

Recent electrophysiological studies have shown that the
basal firing rates of neurons in the dorsal raphe nucleus and
locus coeruleus were significantly increased following
2 weeks of VNS, but the enhancement of locus coeruleus
neurons firing activity occurred before that of 5-HT neurons

in the dorsal raphe nucleus.23 Unexpectedly, a desensitiza-
tion of 5-HT1A and α2-autoreceptors was not observed follow-
ing VNS,23 which suggests that other mechanisms might be
at play in the enhancement of firing of 5-HT and NE neurons
by VNS.

The aim of the present study was to further elucidate the
role of 5-HT neurons in the mechanism of action of VNS
using electrophysiological paradigms in anaesthetized rats.
First, we analyzed the firing pattern of NE and 5-HT neurons
after VNS to determine whether burst activity alterations
could enhance neurotransmitter release. Second, we investi-
gated the role of NE neurons in altering the firing of 5-HT
neurons following VNS by determining whether the lesion
of NE neurons would prevent the effect of VNS on 5-HT
neurons. Third, we examined the degree of activation of 
α1-adrenoceptors on 5-HT neurons as a possible mechanism
by which VNS could enhance the firing rate of these neurons.
Finally, we assessed the tonic activation of postsynaptic 
5-HT1A receptors in the hippocampus after sustained VNS to
ascertain that a net enhancement of 5-HT transmission could
be obtained by this intervention.

Methods

Animals

We performed the experiments on male Sprague–Dawley
rats (Charles River, St. Constant, Que.) weighing a minimum
of 275 g at the time of the implantation of the VNS device and
housed under standard laboratory conditions (12:12 light–
dark cycle with free access to food and water). We main-
tained body temperature at 37°C during the surgery and elec-
trophysiological experiments. We handled all animals
according to the guidelines of the Canadian Council on Ani-
mal Care, and the McGill University Animal Care Committee
approved our experiments.

Surgery

Using sterile techniques, we performed the surgery while an-
imals were under equithesine (1 mL intraperitoneally/300-g
rat [4.26% chloral hydrate and 0.96% sodium pentobarbital]).
We administered supplemental doses of equithesine intra-
peritoneally, 0.1 mL at a time, to maintain constant anesthesia
and to prevent any nociceptive reaction to a tail pinch. We
made a horizontal incision in the ventral aspect of the neck.
We carefully separated the skin and muscles and we isolated
the left vagus nerve, which lies lateral to the carotid artery.
We wrapped bipolar leads around the left carotid artery and
vagus nerve, allowing close contact between the vagus nerve
and the electrodes. We sutured the leads to the underlying
muscle. We tunnelled the leads subcutaneously toward an
incision made in the back and connected them to the stimula-
tor. We then placed the stimulator in a dorsal pocket under
the back skin wiped with iodine, and we administered anti-
biotics and fluid replacements to ease recovery. Sham ani-
mals (control group) underwent the same surgical procedure
with leads and a dummy 102-pulse stimulator in place. We
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checked the lead impedance to ensure a tight connection be-
tween the nerve and the coil, using the device diagnostic set-
ting on the NeuroCybernetic Prosthesis hand-held computer
and programming wand (Cyberonics Inc.). After a 2-day re-
covery, we turned on the stimulator for 2 weeks in treated
rats and programmed it with output similar to those used in
humans (30 s on and 5 min off, continuous cycle, frequency
of 20 Hz, pulse width of 500 μs and intensity of 0.25 mA).5

Noradrenergic neuronal lesion

We injected animals with a single dose of a selective nora-
drenergic toxin DSP-4 (N[2-chloroethyl]-N-ethyl-2-bromo-
benzylamine; Sigma) intraperitoneally at 50 mg/kg in a vol-
ume of 2 mL/kg 5 days before the stimulator implant; DSP-4
has been shown to produce a robust decrease (90%) of NE
levels in the hippocampus, and its action is restricted to locus
coeruleus axons.24,25

Electrophysiological experiments

We anesthetized the rats with 400 mg/kg of chloral hydrate
administered intraperitoneally, and we mounted them on a
stereotaxic apparatus. Prior to the recording, we inserted a
catheter in a lateral tail vein for intravenous administration of
drugs. We performed the experiments with the VNS device
in place but inactivated for the duration of the experiment (a
2- to 3-hour period) to avoid electrical interference.

Recordings of 5-HT neurons in the dorsal raphe nucleus

We performed in vivo electrophysiological extracellular
unitary recordings using single glass micropipettes. We
filled the electrodes with a 2-M NaCl solution with an
impedance range of 2–4 MΩ. We drilled a burr hole on the
midline 1 mm anterior to lambda, and we encountered 5-HT
neurons in the dorsal raphe nucleus over a distance of 1 mm
starting immediately below the ventral border of the
Sylvius aqueduct. We identified 5-HT neurons in the dorsal
raphe nucleus using the criteria of Aghajanian and
Vandermaelen:26 slow flow (0.5–2.5 Hz), regular firing rate
and long duration (0.8–1.2 ms) positive action potentials. To
determine the average firing rate for each group, we made
at least 5 electrode descents per rat at 100 µm distance from
the first descent. We recorded each neuron for at least 
1 minute. We calculated neuronal firing rates by adding
each discharge per 10-second histogram (as obtained by the
Spike2 program [CED, Cambridge, UK] during recording)
and dividing by the length of time recorded in seconds. We
added together all neuronal firing rates for one group and
divided the sum by the number of neurons recorded per
group. We used 5–6 rats per group.

We assessed the responsiveness of neurons in the dorsal
raphe nucleus to the intravenous administration of the 
α1-adrenoceptor antagonist prazosin after the injection. We
expressed the change in firing rate due to the antagonist for
each neuron as a percentage of basal firing rate. We analyzed
1 neuron per rat. We used 2–9 rats per dose of prazosin.

Analysis of the firing pattern of NE and 5-HT neurons

We analyzed the firing pattern of NE neurons by interspike
interval burst analysis, using 5–9 rats per group, according to
the criteria set by Grace and Bunney.27 We defined the onset
of a burst as the occurrence of 2 spikes with an interspike
interval shorter than 0.08 s. We defined the termination of
burst as an interspike interval of 0.16 s or longer.

We analyzed the firing pattern of 5-HT neurons by inter-
spike interval burst analysis, using 5–7 rats per group, ac-
cording to the criteria set by Hajos and colleagues.28 We de-
fined the onset of a burst as the occurrence of 2 spikes with
an interspike interval shorter than 0.01 s. We defined the
termination of burst as an interspike interval of 0.012 s or
longer.

Recordings from CA3 dorsal hippocampus 
pyramidal neurons

We performed recording and microiontophoresis using 
5-barelled glass micropipettes. We filled the central barrel
with a 2-M NaCl solution and used it for extracellular unitary
recordings. The side barrels contained 5-HT creatinine sulfate
(Sigma; 5 mM in 200 mM NaCl, pH4), quisqualate (Sigma;
1.5 mM in 400 mM NaCl, pH8) and 2 M NaCl used for auto-
matic current balancing. We lowered the microelectrodes at
4.2 mm lateral and 4.2 mm anterior to lambda into the CA3

region of the dorsal hippocampus. We identified the pyra-
midal neurons by their large amplitude (0.5–1.2 mV), long
duration (0.8–1.2 ms) and such simple spikes alternating with
complex spike discharges.29 Because most hippocampus
pyramidal neurons are not spontaneously active under chlo-
ral hydrate anesthesia, we used a leak or a small ejection cur-
rent of quisqualate (+1 to –2 nA) to activate them within their
physiologic range.30 Two minutes before the intravenous ad-
ministration of WAY 100635, we decreased the firing activity
of the quisqualate-activated CA3 pyramidal neurons tested
(by a lower ejection current of quisqualate) to less than 5 Hz
to allow the detection of possible changes in firing activity
after the 5-HT1A receptor antagonist WAY 100635 administra-
tion in treated and control rats. We used 6 rats per group.

Drugs and materials

We dissolved all drugs, DSP-4 (Sigma), prazosin (Sigma) and
WAY 100635 (Sigma) in distilled water. Cyberonics provided
the leads, 102-pulse stimulators and dummy stimulators;
they were not involved in the research.

Statistical analysis

We expressed electrophysiological data as means (and stan-
dard errors of the means [SEM]) of the firing rate, number of
bursts, percentage of spikes occurring in bursts, mean spikes
per burst and mean burst length. We performed statistical
comparisons of treated and control rats using linear mixed
model analysis to address the number of neurons nested in
each rat because we tested several neurons in each rat (we
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reported type 3 tests of fixed effects). We compared control
rats with those treated with 14 days of VNS following DSP-4
lesion using a linear mixed model, in which we treated rats
as a random effect (we reported type 3 tests of fixed effects).
We used logistic regression analysis to construct dose–
response curves and assess the effective dose for inhibiting
neuronal activity by 50% (ED50). We performed statistical
comparisons of dose–response curves of the effects of
WAY 100635 on the CA3 pyramidal neuron firing rate among
treated and control rats using 2-way repeated-measures
analysis of variance. We compared the percentage of 5-HT
and NE neurons discharging in a burst mode among treated
and control rats separately using generalized estimating
equations (GEE model) to take into account the effect of
repeated-measures taken from the same rats. When running
the GEE model, we used an exchangeable working correlation
matrix (we reported score statistics for type 3 GEE analysis).

Results

Firing pattern of NE and 5-HT neurons

The reanalysis of a published data set23 using the same para-
meters as those in the present study showed that rats treated
with VNS had double the percentage of NE neurons display-
ing bursts after 14 days of treatment compared with control
rats (Table 1; χ2

1 = 7.6, p = 0.006). Fourteen days of treatment
with VNS did not change the mean burst length of locus
coeruleus NE neurons, but significantly enhanced the mean
spikes per burst by 19% (F1,15 = 4.8, p = 0.040), the number of
bursts per minute by 151% (F1,15 = 48.6, p < 0.001) and the per-
centage of spikes occurring in bursts by 148% (F1,15 = 47.5,
p < 0.001; Fig. 1).

After 90 days of treatment with VNS, the percentage of NE
neurons displaying burst activity remained twice as high in
treated rats as in control rats (Table 1; χ2

1 = 5.0, p = 0.030). The
burst length increased by 110% (F1,12 = 23.1, p < 0.001) and
the mean number of spikes per burst increased by 80%
(F1,12 = 39.4, p < 0.001). The number of bursts per minute
remained stable compared with that in rats treated with
14 days of VNS, and the percentage of spikes occurring in
bursts was 365% greater than that in control rats (Fig. 1).

In the case of 5-HT neurons, the mean spikes per burst,
burst length, number of bursts per minute and the percent-
age of spikes in bursts were not significantly altered (data not
shown). The percentage of 5-HT neurons discharging in
bursts was increased by more than 50% after 90 days of treat-
ment with VNS (Table 2), although this increase did not
reach statistical significance.

Effect of VNS on 5-HT neurons in the dorsal raphe nucleus
following DSP-4 lesion

In the current study, 14 days of treatment with VNS signifi-
cantly increased the basal firing rate of 5-HT neurons in the
dorsal raphe nucleus by 44% when compared with control
rats (F1,9 = 45.4, p < 0.001; Fig. 2). A selective lesion of locus
coeruleus NE neurons following the administration of the
selective noradrenergic toxin DSP-4 completely prevented
the enhancing action of VNS on 5-HT neuron firing activity
in the dorsal raphe nucleus (Fig. 2B).

Effect of VNS on the degree of activation of 
α1–adrenoceptors on 5-HT neurons

We constructed dose–response curves for the α1-adrenoceptor
antagonist prazosin to assess the degree of activation of these

Table 1: Effect of vagus nerve stimulation (VNS) treatment on the
neuron firing pattern of norepinephrine (NE) in the locus coeruleus

NE neurons

Group Analyzed, no. Displaying bursts, no. (%)

Control 59 24 (41)

VNS 14 d 33 29 (88)*
VNS 90 d 20 17 (85)†

We determined significance using the generalized estimating equations model and
comparison with control rats: *p < 0.01, †p < 0.05.

Fig. 1: Histograms representing mean (and standard errors of the
mean [SEM]) (A) burst length, (B) spikes per burst, (C) number of
bursts per minute and (D) percentage of spikes in bursts of locus
coeruleus norepinephrine neurons in control rats and in rats treated
with 14 or 90 days of vagus nerve stimulation (VNS). We used 5–9 rats
per group. We determined significance using the linear mixed model.

300

250

200

150

100

50

0

6

5

4

3

2

1

0

60

50

40

30

20

10

0

30

20

10

0

B
ur

st
le

ng
th

,m
s

N
o.

sp
ik

es
/b

ur
st

N
o.

bu
rs

ts
/m

in

%
of

sp
ik

es
in

bu
rs

ts

M
ea

n
(S

E
M

)

Groups

p < 0.001 p < 0.001

p < 0.001

p < 0.001
p < 0.001

p < 0.001

p < 0.05

Control rats, 59 neurons recorded

Rats treated with 14 days of VNS, 33 neurons recorded

Rats treated with 90 days of VNS, 20 neurons recorded

A B

C D

Table 2: Effect of vagus nerve stimulation (VNS) on the neuron firing
pattern of serotonin (5-HT) in the dorsal raphe nucleus

5-HT neurons

Group Analyzed, no. Displaying bursts, no. (%)

Control 56 11 (20)

VNS 14 d 70 15 (21)
VNS 90 d 65 21 (32)
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receptors. We administered various doses of prazosin intra-
venously (5–200 µg/kg). The ED50 value for control rats was
116 µg/kg (Fig. 3 and Fig. 4). A selective lesion of locus
coeruleus NE neurons following DSP-4 administration nearly
abolished the inhibitory effect of prazosin (Fig. 4), therefore
indicating the noradrenergic nature of this effect. The ED50 for
prazosin in the rats treated with 14 days of VNS was
19 µg/kg (Fig. 3 and Fig. 4), thus indicating an enhanced NE
activation of 5-HT neurons.

Effect of VNS on 5-HT1A postsynaptic receptors

The intravenous administration of the selective 5-HT1A recep-
tor antagonist WAY 100635 (25–200 µg/kg) did not modify
the firing activity of dorsal hippocampus CA3 pyramidal

neurons in control rats, as previously reported.15 In contrast,
in the rats treated with 2 weeks of VNS, the administration of
WAY 100635 significantly increased the firing activity of CA3

pyramidal neurons (F1,69 = 9.3, p = 0.012), therefore indicating
a greater tonic activation of the inhibitory postsynaptic 
5-HT1A receptor (Fig. 5).

Discussion

Our results confirmed the enhancing action of VNS on the
firing rate of 5-HT neurons and revealed that VNS markedly
enhanced the burst firing activity of NE neurons. In addition,

Fig. 2: Histograms representing mean (and standard errors of the
mean [SEM]) spontaneous firing rates of serotonin (5-HT) neurons
in the dorsal raphe nucleus. We used 5–6 rats per group. (A) Aver-
age firing rates for controls and rats treated with 14 days of vagus
nerve stimulation (VNS). We determined significance using the lin-
ear mixed model. (B) Average firing rates for control rats and rats
treated with 14 days of VNS following DSP-4 lesion. There was no
significant difference between the 2 groups.
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Fig. 3: Examples of the response of serotonin (5-HT) neurons in
the dorsal raphe nucleus to the α1-adrenoceptor antagonist pra-
zosin. Histograms of one 5-HT neuron in the dorsal raphe nucleus
in (A) control rats and (B) rats treated with 14 days of vagus nerve
stimulation (VNS). 
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we found that the stimulatory effect of VNS on 5-HT neur-
onal firing was mediated by a noradrenergic mechanism.
Finally, the VNS-induced changes in the activity of 5-HT
neurons produced a net increase in 5-HT transmission in the
hippocampus.

Prior experiments showed that sustained VNS enhanced
the spontaneous firing rate of NE and 5-HT neurons in a
time-dependent manner.23 Further reanalysis of this data
set showed that the firing pattern of these 2 types of neur-

ons was also altered, albeit not to the same extent. After
14 days of VNS, the percentage of NE neurons displaying
bursts and the number of bursts per minute were more
than doubled, which lead to a similar enhancement of the
percentage of spikes occurring in bursts (Fig. 1). The latter
parameter is likely the more reliable indicator that a subset
of neurons has significantly shifted its overall firing pattern
from single spiking activity to burst discharging. Presum-
ably, this shift would be the most reliable indicator of ro-
bust enhancement of NE release. Indeed, it was shown that
this mode of firing led to greater NE release than single
pulses in the rat frontal cortex.31 After 90 days of VNS, the
percentage of neurons displaying bursts remained stable
compared with 14 days of VNS, but an increase in spikes
per burst and burst length were then detectable, presum-
ably contributing to the further increase in the mean firing
rate of NE neurons. Finally, it is important to note that the
percentage of spikes occurring in bursts was about 4 times
greater among rats having 90 days of VNS when compared
with control rats (Fig. 1).

None of the previously mentioned firing pattern param-
eters of 5-HT neurons was affected after 14 and 90 days of
VNS. However, after 90 days of VNS, the percentage of 5-HT
neurons discharging in bursts increased to 32% from a value
of 20% in controls, although this increase did not reach statis-
tical significance. Taken together, these reanalyses indicate
that, despite the observation that the mean firing rate of both
NE and 5-HT neurons is doubled by 90 days of VNS,23 NE
neurons undergo the most important shift of firing activity.
Consequently, based on such parameters, it is expected that
VNS would lead to a greater increase in NE than 5-HT re-
lease in postsynaptic structures. This hypothesis is currently
being tested using microdialysis experiments. It is notewor-
thy that sustained administration of the NE and dopamine
releaser bupropion for 14 days significantly increases the per-
centage of both NE and 5-HT neurons discharging in bursts,
but that only the mean firing rate of 5-HT neurons is signifi-
cantly increased.32,33 Therefore, whereas VNS and bupropion
have some commonality in their action on NE and 5-HT
neurons, VNS doubles the NE firing rate and triples the per-
centage of spikes occurring in bursts after 14 days of treat-
ment (Fig. 1). Thus, VNS seems to exert a more important
action on NE neurons than bupropion.

With VNS, the increase of NE neuronal firing activity ap-
peared sooner and was greater than that observed in 5-HT
neurons.23 Such an increase in the firing rate of NE neurons
likely explains the prompt increase in extracellular NE in
postsynaptic areas.34,35 This suggests that the effect of VNS on
5-HT neurons is indirect and might be mediated through
an activation of the NE system. To test this hypothesis, we
examined the effect of a specific lesion of locus coeruleus
neurons on the capacity of VNS to alter the firing of 5-HT
neurons using the selective toxin DSP-4. This lesion, which
leaves unaltered the firing rate of 5-HT neurons,36 completely
prevented the effect of VNS on 5-HT neuronal firing activity
in the dorsal raphe nucleus. This confirms the crucial role of
NE neurons on the effect of VNS on 5-HT neurons. This ob-
servation is therefore consistent with the fact that the vagus

Fig. 5: Integrated firing rate histograms of 2 dorsal hippocampus
CA3 pyramidal neurons showing their responsiveness to the intra-
venous administration of WAY 100635 (25–200 µg/kg) in (A) a con-
trol rat and in (B) a rat treated with 14 days of vagus nerve stimula-
tion (VNS). We activated these neurons with quisqualate. (C)
Dose–response curves of the effects of WAY 100635 on the CA3

pyramidal neuron firing rate in control rats and rats treated with
14 days of VNS. We used 6 rats per group. We determined signifi-
cance using 2-way repeated-measures analysis of variance.
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nerve sends afferents to the nucleus of the tractus solitarius,
which in turn sends direct inputs to the locus coeruleus, but
not to the dorsal raphe nucleus.37,38 In fact, the nucleus of the
tractus solitarius projects to the locus coeruleus through di-
synaptic pathways: a system localized in the nucleus paragi-
gantocellularis containing excitatory amino acids39 and a 
γ-aminobutyric acid (GABA)ergic inhibitory system localized
in the nucleus prepositus hypoglossi, acting primarily on the
GABAA receptor subtypes on locus coeruleus neurons.40 Our
results suggest that VNS facilitates the excitatory pathway to
the locus coeruleus neurons more than the inhibitory one.
The locus coeruleus would then modify the firing rate of 
5-HT neurons through its monosynaptic input to the dorsal
raphe nucleus. Vagus nerve stimulation is therefore believed
to act first on the locus coeruleus, and then indirectly on 
5-HT neurons in the dorsal raphe nucleus (Fig. 6). This hy-
pothesis is also consistent with the fact that VNS produced an
acute activation of the locus coeruleus, which is revealed by
an increase of the short-term neuron activation biomarker 
c-fos, but a more delayed activation of the dorsal raphe nu-
cleus shown by a significant increase of ΔFosB after chronic
treatment.41 It remains to be determined whether the firing
activity of median raphe 5-HT neurons, the second most im-
portant source of 5-HT innervation of the forebrain, could
also be affected by VNS.

An increase in the firing rate of 5-HT neurons is usually
associated with an increase in endogenous 5-HT release42,43

that activates the somatodendritic autoreceptors. However,
with VNS, no change in 5-HT1A autoreceptor sensitivity was

observed, suggesting that the increased firing was obtained
through an alternative mechanism.23 The basal firing activ-
ity of 5-HT neurons in the dorsal raphe nucleus is stimu-
lated by NE input44 via α1-adrenergic receptors. It has been
established that these receptors are tonically activated,
as demonstrated by a reduction of the firing activity of 
5-HT neurons following the acute administration of an 
α1-adrenoceptor antagonist.16,44 Thus, we compared the ef-
fect of acute administration of the α1-adrenergic antagonist
prazosin in control rats and in rats that had 14 days of
VNS. The effect of prazosin on the firing activity of 5-HT
neurons was much greater in treated rats than in controls,
suggesting that the tonic activation of these dorsal raphe
nucleus α1-adrenoceptors was increased through an en-
hanced release of endogenous NE.

The hippocampus is a structure that appears central in the
mediation of the therapeutic effect of various classes of anti-
depressant treatments.14 More specifically, the degree of
activation of postsynaptic 5-HT1A receptors in this brain re-
gion is enhanced after long-term administration of a variety
of antidepressant strategies, including electroconvulsive
shock.13,15 The CA3 region of the dorsal hippocampus receives
its serotonergic input from raphe nuclei. In freely moving
rats, the intravenous administration of the 5-HT1A antagonist
WAY 100635 increases the firing rate of hippocampal pyra-
midal neurons, whereas in anesthetized rats this antagonist
is without effect, which indicates that there is no tonic
activation of these receptors, presumably resulting from the
lower firing rate of 5-HT neurons under the latter condition.45

Fig. 6: The vagus nerve sends afferents to the nucleus tractus solitarius (NTS), which in turn projects to the locus coeruleus through disynap-
tic pathways: one via the nucleus paragigantocellularis (Pgi) containing excitatory amino acids and a γ-aminobutyric acid (GABA)ergic in-
hibitory system via the nucleus prepositus hypoglossi (PrH), acting primarily at the GABAA receptor subtypes on neurons in the locus
coeruleus. Vagus nerve stimulation (VNS) would facilitate the excitatory pathway on neurons in the locus coeruleus more than the inhibitory
one. The locus coeruleus would then modify the firing rate of serotonin (5-HT) neurons through its monosynaptic input to the dorsal raphe nu-
cleus. Therefore, VNS is believed to act first on the locus coeruleus, and then indirectly on 5-HT neurons in the dorsal raphe nucleus. It leads
to a marked enhancement of norepinephrine (NE) and 5-HT transmission.
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However, after long-term treatment with different anti-
depressant strategies, including drug combinations, the ad-
ministration of the 5-HT1A receptor antagonist WAY 100635
markedly increases the firing activity of CA3 pyramidal neur-
ons.15,46,47 These results indicate that these treatments increase
the tonic activation of such receptors. In the present study,
the acute administration of WAY 100635 markedly increased
the firing activity of CA3 hippocampal pyramidal neurons in
rats that had 14 days of VNS, suggesting that VNS, like clas-
sical antidepressant treatments, enhances the tonic activation
of forebrain postsynaptic 5-HT1A receptors.

Limitations

Our study has some limitations. First, the stimulator was
turned off during the electrophysiological recordings, which
likely decreased the vagal tone to the brain. Nevertheless, we
still observed firing rates higher than those recorded in con-
trol rats, thus indicating that sustained changes had been
triggered owing only to prolonged stimulation. Therefore,
this enhanced activity of the neurons represents their firing
rate when the stimulator is off during the 5 minutes of each
duty cycle. Second, we obtained the data while the animals
were under anesthesia, and it is known that in anesthetized
animals the firing activity of presumed 5-HT neurons cor-
responds to that occurring during slow-wave sleep (about
1 Hz).48 Recordings would therefore need to be carried out in
unanesthesized rats to ascertain that the difference between
the control rats and those treated with VNS observed herein
is not influenced by the anesthetic agent. Third, we did not
verify the extent of the NE depletion by DSP-4 in these
experiments. In addition, we did not deem it necessary to
protect 5-HT neurons using an SSRI when injecting DSP-4
because results from our laboratory have shown that the
firing of 5-HT neurons as well as the content in the dorsal
raphe nucleus remains unchanged by DSP-4.36,49

Conclusion

In conclusion, this study showed that the effects of VNS on
the 5-HT system are mediated through its robust effect on in-
creasing the rate and altering the pattern of firing of NE neur-
ons. In keeping with all the other forms of antidepressant
treatments, VNS increased the tonic activation of postsynap-
tic 5-HT1A receptors. Since VNS appears to be efficient in
treatment-resistant depression,5 its effects should not be ex-
pected to be the same as the other treatments. Indeed, despite
some similarities of VNS and various antidepressant drugs
(used alone or in combination) on the 5-HT and NE systems,
only VNS has been shown thus far to double the firing rate of
NE neurons in a sustained manner and quadruple their num-
ber of action potentials occurring in the bursting mode. These
features of VNS can therefore begin to provide an explana-
tion for its effectiveness in treatment-resistant depression.
Investigation of the effects of VNS on other chemospecific
neuronal systems should provide additional insight into its
mechanism of action, and ultimately its therapeutic benefits
in depression.
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