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Therapeutic Modalities for Treatment Resistant Depression: Focus on Vagal
Nerve Stimulation and Ketamine
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Treatment resistant depression (TRD) is a global health concern affecting a large proportion of depressed patients who then
require novel therapeutic options, One such treatment option that has received some attention in the past several years is vagal
nerve stimulation (VNS). The present review briefly describes the relevance of this treatment in the light of other existing pharma—
cological and non—pharmacological options, It then summarizes clinical findings with respect to the efficacy of VNS, The anatomi—
cal rationale for its efficacy and other potential mechanisms of its antidepressant effects as compared to those employed by
classical antidepressant drugs are discussed. VNS has been approved in some countries and has been used for patients with
TRD for quite some time, A newer, fast—acting, non—invasive pharmacological option called ketamine is currently in the limelight
with reference to TRD, This drug is currently in the investigational phase but shows promise, The clinical and preclinical findings
related to ketamine have also been summarized and compared with those for VNS, The role of neurotrophin factors, specifically
brain derived neurotrophic factor and its receptor, in the beneficial effects of both VNS and ketamine have been highlighted,
It can be concluded that both these therapeutic modalities, while effective, need further research that can reveal specific targets

for intervention by novel drugs and address concerns related to side—effects, especially those seen with ketamine,
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INTRODUCTION

Major depressive disorder (MDD) is a serious world-
wide public health concern. The point prevalence of MDD
is 4.7% (4.4-5.0%) at the global level and 4.0%
(3.4-4.6%) within East/Southeast Asia.”” MDD also im-
poses a huge economic burden. A recent study in South
Korea estimates the total cost of the disorder at about 4 bil-
lion with USD 153 million being contributed by direct
healthcare costs.” Treatment options for MDD primarily
involve antidepressant (AD) drugs. One of the first agents
with AD properties, iproniazid, was discovered in 1952.
This drug acts by slowing down the enzymatic breakdown
of monoamines such as norepinephrine (NE) or serotonin
(5-HT) and belongs to a class of ADs called monoamine
oxidase inhibitors (MAOIs) due to their mechanism of
action. Another class of drugs called tricyclic ADs
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(TCAs), named based on their three-ring chemical struc-
ture, was discovered around the same time.” Based on
mechanism of action, AD drugs can be classified as se-
lective 5-HT reuptake inhibitors (SSRIs), selective NE re-
uptake inhibitors (selective NRIs) and dual 5S-HT/NE re-
uptake inhibitors (SNRIs), 5-HT modulators and NE/5-
HT modulators. All of these classes mainly target central
serotonergic and noradrenergic systems whereas MAOIs
and dopamine (DA)-NE reuptake inhibitors also affect the
dopaminergic system.4'6)

MAIN SUBJECTS

Response, Remission, Recovery, Relapse and
Recurrence with Reference to Treatment of Major
Depressive Disorder

‘Response’ is defined as a clinically meaningful reduc-
tion in symptoms of depression usually seen along with
better mood, reduction in pain/distress and improved daily
function. It has been defined as a =50% reduction in the
severity of symptoms that were seen pretreatment, based
on standardized rating scales for the severity of depression
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such as the Hamilton or Montgomery-Asberg Rating
Scales for Depression.m) ‘Remission’ is used when the
signs and symptoms of depression are either absent or al-
most absent. Based on the Hamilton Rating Scale for
Depression, remission would require a score of <5 or 7.
‘Recovery’ suggests an extended period of remission im-
plying that a major depressive episode (MDE) is not prob-
able in the near future. There is no clear consensus on the
duration of remission required to define recovery. The
American College of Neuropsychopharmacology Task
Force recommends 4 months whereas previously, others
have used 6 months of remission to define recovery. Both
‘remission’ and ‘recovery’ may be used irrespective of
whether the patients are undergoing treatment. ‘Relapse’
and ‘recurrence’ both imply the reappearance of an MDE.
The term ‘relapse’ is used if the MDE occurs during re-
mission; however, ‘recurrence’ occurs only after the onset
of recovery.g’lo)

The classical AD drugs mentioned earlier are fre-
quently only moderately effective and most studies have
found no difference in efficacy between different classes
of ADs or even between individual drugs.“) In fact, up to
two-thirds of the patient population does not respond to
the first prescribed AD. Further, about 15% of the pop-
ulation does not respond to multiple treatment options in-
cluding psychotherapy.'” These patients are diagnosed
with treatment resistant depression (TRD).

Treatment Resistant Depression

The impairment, morbidity and economic burden asso-
ciated with MDD are further augmented in TRD." Over
the years, the definition of TRD has been subject to de-
bate; however, the general consensus is that for a diag-
nosis of TRD, treatment with ADs from different pharma-

Table 1. Thase and Rush Staging Model

Stage Description

0 Failure of any medication frial fo be adequate

1 Failure of at least 1 adequate frial of 1 major class
of ADs

5 Failure of at least 2 adequate trials of 2 distinct
classes of ADs

3 Stage 2 plus failure of an adequate frial with a TCA

2 Stage 3 plus failure of an adequate trial with an
MAOI

5 Stage 4 plus a course of bilateral ECT

Adapted from the article of Thase and Rush' (J Clin Psychiatry
1997:58(Suppl)13:23-29).

AD, anfidepressant; TCA, fricyclic AD; MAQOI, monoamine oxidase
inhibitor; ECT, electroconvulsive therapy.

cological classes is needed.'” TRD has been classified by
several staging methods that incorporate factors such as
treatment trials, severity and chronicity of the disorder. An
example of one such model is the Thase and Rush Staging
Model (Table 115)), developed as a guideline for psychia-
trists and based on the number and classes of ADs that
have not produced a response.

Other staging methods or models include the Antide-
pressant Treatment History Form, the European Staging
Model, the Massachusetts General Hospital Staging
Model and the Maudsley Staging Method. These models
have different advantages and disadvantages leading to
varying predictive utility and reliability.16) However, TRD
must not be confused with chronic depression.”)

Treatment Options for Treatment Resistant Depression
Pharmacological treatment

Switching strategies

This involves switching treatment from the initially
prescribed drug to another AD. The newer prescription
may be for an AD from the same class (within-class
switching) or from another class with a different mecha-
nism of action (between-class switching). There is a lack
of evidence suggesting that one of these two strategies is
better than the other to achieve response or re-
mission.'""*?” The first line of treatment is often an SSRI.
If this is the case, the second prescribed drug for the be-
tween-class switching strategy belongs to one of the fol-
lowing groups: TCAs, mianserin, dual acting agents (such
as venlafaxine), MAOIs or agents acting on the dop-
aminergic and/or noradrenergic systems (such as bupro-
pion and reboxetine).lg)

Combination/augmentation strategies

This strategy involves combining one AD with another
or with some drug with a different primary indication.
Drugs commonly used for augmentation include lithium,
bupropion, mirtazapine, atypical antipsychotics, anti-
convulsants, DA agonists, stimulants, buspirone, mod-
afinil, pindolol, thyroid hormone, estrogen or testoster-
one, herbal agents etc. Although these drugs can be bene-
ficial, there are a variety of side-effects associated with
most of their use. Upon scanning through data for the re-
sponse and remission rates, it appears that lithium and lio-
thyronine (a form of triiodothyronine) are most effective
as drugs for this strategy.s)
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Psychotherapy

Psychotherapy in the form of cognitive behavioral ther-
apy (CBT) is based on the premise that MDD is associated
with negative cognitive biases.”” Several studies have
shown its effectiveness in reducing vulnerability and in
preventing relapse of MDD when used alone,” in combi-
nation with™>¥ or sequentially after pharmacotherapy.zs)
The use of CBT in treating TRD also seems promising.26'29)
Efficacy of psychotherapy may depend on mechanisms
underlying the etiology of depression in each patient.
Some studies’ ™" suggest regional differences in brain ac-
tivity in response to psychotherapy versus pharma-
cotherapy.

Somatic therapies

Other non-pharmacological options include electro-
convulsive therapy (ECT), repetitive transcranial mag-
netic stimulation (rTMS), magnetic seizure therapy, deep
brain stimulation (DBS) and vagal nerve stimulation
(VNS).>* The latter two options require surgical inter-
vention. VNS and rTMS were approved by the US Food
and Drug Administration (FDA) for treatment of TRD in
2005 and 2008 respectively. The use of DBS for treating
TRD is still not FDA-approved and remains in the ex-
perimental stage.

Vagal Nerve Stimulation

VNS therapy consists of implantation of a generator
connected to bipolar electrodes (Cyberonics Inc.,
Houston, TX, USA) that deliver chronic intermittent elec-
trical signals at a low frequency to the vagus nerve. The
pulse generator is surgically implanted subcutaneously in
the anterior chest wall and the electrodes wrapped around
the left vagus nerve through an incision in the neck (Fig.
1). The parameters of the stimulation provided by the gen-
erator via the electrodes can be programmed and con-
trolled noninvasively using a telemetric wand that is
linked to a hand-held computer.

The left nerve is preferred to the right for electrode
placement as there are more cardiac efferent fibers from
the right and stimulation of this side would cause more fre-
quent adverse cardiac effects.” Further, pre-clinically, we
have evaluated the stimulation parameters that we use in
our studies, which are the same ones as those used initially
in clinical studies, and have observed no significant ef-
fects on heart rate and blood pressure.34) Chronic VNS in
patients does produce a few side-effects such as voice al-
teration, cough, pharyngitis, throat discomfort and
dyspnea. Other common complications include headache,

Demipulse ‘
generator —~ %)
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Fig. 1. lllustration depicting the electrodes (negative electrode,
positive electrode and anchor tether) wrapped around the left
vagus nerve and connected to a Demipulse generator via a thin
flexible lead. The Demipulse generator is subcutaneously im-
planted in the chest region. Figure kindly supplied by Cyberonics,
Inc. (Houston, TX, USA) and used with their permission.

nausea, vomiting and dyspepsia.33)

Approval of VNS for TRD and clinical studies

VNS therapy is now approved for the treatment of TRD
in the United States, Europe, Canada, Mexico, Brazil,
Australia and New Zealand (personal communication
from Cyberonics Inc.). Clinical studies show promising
results with long-term treatment with VNS for patients
with TRD. An early 10-week randomized controlled trial
of TRD patients with VNS in combination with treatment
as usual showed no significant efficacy of VNS over just
treatment as usual (TAU).35) However, subsequent treat-
ment of these patients for 9 months or 12 months (for those
that initially received sham treatment) produced an in-
crease in the efficacy of VNS over time with response and
remission rates of 27.2% and 15.8% respectively.36) In an-
other long-term observational study, George et al’” com-
pared response and remission rates for patients receiving
TAU to rates for patients from the previous study36) who
received TAU plus VNS for 1 year. Among the VNS +
TAU group, 27% were responders whereas only 13% of
the patients in the TAU group responded. Further, the
number of patients achieving remission in the VNS+
TAU group was twice that in the TAU group. A study con-
ducted in Europe by Schlaepfer et al*® also showed a re-
duction in the severity of depression with VNS treatment.
This study reported response and remission rates of 37%
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and 13%, respectively, after 3 months of treatment and
53% and 33%, respectively, after one year of treatment. A
more recent re-analysis of this study and additional clin-
ical data confirmed the beneficial effects following VNS
in at least one out of three patients suffering from chronic
and highly medication-refractory unipolar depression.”)
Studies looking at the two-year outcome of VNS treat-
ment show response rates of 42-53% and remission rates
of 22-39%.***" Several single cases with positive effects
of VNS have also been reported.42) Overall, these clinical
studies show an increase in efficacy of VNS over time
with the effect being sustained in most patients who
respond.36’43) Further, another recent clinical study
showed that VNS significantly lowered relative risk of
suicidal ideation and reduced all-cause mortality and sui-
cide rates by about half as compared to those for patients
with just TAU.*”

VNS and dosage

For VNS, ‘dosage’ refers to a combination of various
stimulation parameters, which include current (milliam-
peres, mA), pulse width (microsec, /s), frequency (hertz,
Hz) and the duty cycle (amount of time the stimulation is
ON [in seconds] and OFF [in minutes]). These parameters
determine the electrical output characteristics. Not many
studies have accounted for the effects of different doses of
VNS. Aaronson et al.*” addressed this issue by conduct-
ing a dose-response study for VNS in TRD patients. They
studied the effects of three different doses defined as
‘low’, ‘medium’ and ‘high’ based on the magnitude of the
output current (0.25, 0.5-1.0 and 1.25-1.5 mA, re-
spectively) and pulse width (150 /s for ‘low’and 250 s
for ‘medium’ and ‘high’). The frequency and duty cycle
were identical for all three doses. Patients were assessed at
the end of 50 weeks of treatment. There were more fre-
quent reports of suicide attempts among the ‘low’ dose
group than among the ‘medium’ or ‘high’ dose groups.
Also, patients in the ‘low’ dose group were significantly
more likely to relapse at 50 weeks than patients in the
‘medium’ and ‘high’ dose groups combined suggesting a
more sustained AD effect of VNS at the higher doses.

Anatomical rationale for use of VNS

The vagus nerve is a mixed nerve with efferent fibers
having an autonomic function and afferent fibers carrying
sensory information from the periphery to the dorsal me-
dullary complex to the nucleus tractus solitarius (N TS).46)
The left vagus nerve bifurcates in the medulla and in-
nervates the NTS bilaterally. The NTS projects to the par-

abrachial nucleus, cerebellum, dorsal raphae nucleus
(DRN), locus coeruleus (LC) and the periaqueductal
gray.47’48) There are several projections from these primary
areas to limbic, paralimbic and cortical regions. Brain
areas activated in response to acute VNS have been stud-
ied in rats by immunohistochemical staining of brain sli-
ces for c-fos, an immediate early gene product.34’49) These
studies were followed by immunohistochemical staining
for 4FosB, an indicator of long-term neuroadaptations,
in brain slices from rats treated chronically (2-3 weeks)
with VNS> Collectively, these pre-clinical studies in-
dicate that stimulation of the vagus nerve activates areas
of the brain that are involved in mood regulation and im-
plicated in MDD. Using immunohistochemical analysis,
we have also compared 4 FosB staining in different brain
areas with VNS to that with classical ADs, desipramine
and sertraline, and found a higher number of 4FosB
-positive cells in the dorsal raphae, bed nucleus of the stria
terminalis, nucleus accumbens and peripeduncular nu-
cleus in the VNS-treated rats.””

Consistent with these observations, clinical neuro-
imaging studies (fMRI, PET, SPECT) also show changes
in medial temporal regions such as the hippocampus, par-
ahippocampus and amygdala as well as the orbito- and
pre-frontal cortices.”' > However, a thorough review of
these reports reveals that the changes were bilateral in
some studies whereas they were limited to one side in
others. The direction of change for some brain regions,
such as the amygdala,”"*® was also inconsistent. These
few contradictory observations may be due to small sam-
ple sizes and differences in the duration and parameters of
the VNS treatment used for the studies. In addition, there
may be an influence of the varied pharmacological treat-
ments that the participants were undergoing along with
VNS therapy.

Theories for depression

There are several hypotheses regarding the cause of de-
pression as well as the mechanisms of action of AD treat-
ments such as the monoaminergic neurotransmission
theory, the neurotrophic hypothesis and the neurogenesis
theory. Here, we briefly review the current status of re-
search associated with these theories specifically with ref-
erence to VNS.

As mentioned earlier, most classical ADs target either
the serotonergic and/or noradrenergic systems4’6) and re-
sult in an enhancement of neurotransmission in these sys-
tems, forming the basis of the monoaminergic neuro-
transmission theory of depression.””>”
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VNS increases 5-HT and NE neuronal firing rates in the
DRN and LC, respectively, in a time-dependent manner.
Spontaneous firing activity increases in the LC first, after
an hour to 3 days of stimulation whereas it increases after
14 days in 5-HT neurons in the DRN. SSRIs cause a time
dependent subsensitivity of serotonergic autoreceptors
but this does not occur with VNS.*” Reanalysis of these
data revealed that VNS enhances the firing rate of 5-HT
neurons and the burst firing activity of NE neurons, with a
greater effect on NE firing activity.m) Additionally, lesion
and pharmacological studies revealed that VNS increases
tonic activity of 5-HT neurons in the DRN via nora-
drenergic neurons in the LC that target @ 1-adrenergic re-
ceptors on the 5-HT neurons.””

Consistent with the increase in firing activity in NE
neurons in the LC, acute VNS treatment also increases NE
release in the cortex, medial prefrontal cortex (PFC),
amygdala and hippocampus as measured using micro-
dialysis,éz'“) Chronic administration of VNS for 14 days
has been reported to cause an increase in extracellular NE
in the PFC and hippocampus. Extracellular levels of 5-HT
were only increased in the DRN but not in the PFC or
hippocampus.(’s) In line with these observations, we have
shown that the anxiolytic-like and AD-like effects of
chronic administration of VNS are abolished by lesioning
either serotonergic or noradrenergic systems.66) These re-
sults were obtained using the novelty suppressed feeding
test (NSFT) and the forced swimming test (FST), widely
used to study anxiolytic and AD effects of drugs,
respectively.“’ég) In fact, the AD-like effect of VNS in the
FST had been shown previously by Krahl et al.® with 30
min of continuous VNS, administered daily for 4 days.

Interestingly, in spite of DA cells in the ventral tegmen-
tal area (VTA) decreasing their firing rate in response to
VNS, extracellular DA levels in the PFC and nucleus ac-
cumbens were increased.®” Thus, in contrast to traditional
ADs, VNS does seem to have effects on dopaminergic
neurons.

The neurogenesis theory suggests that there is a
stress-induced decrease in adult neurogenesis in the hip-
pocampus, leading to depression and this decrease is re-
versed by AD treatment.”” Biggio et al™” reported that
acute VNS (3 h) increased neurogenesis in the dentate gy-
rus (of the hippocampus) as seen by an increase in
BrdU-positive cells 24 h and 3 weeks post-cessation of
VNS. Revesz et al.”” showed that acute (48 h) VNS in-
creased proliferation but did not affect progenitor cell sur-
vival within the dentate gyrus. Chronic VNS (4 weeks),
however, did not have this effect 3 weeks post-cessation of

the treatment,”” so the effect on neurogenesis may be rela-
tively short-lived. A recent study looked at the effects of
chronic VNS treatment (8 weeks) on hippocampal neuro-
genesis in an animal model of depression (bulbectomized
rats). The decrease in neuronally differentiated BrdU-pos-
itive cells within the dentate gyrus, seen due to bulbec-
tomy, was prevented by VNS. However, there was no in-
crease in BrdU-positive cells upon chronic stimulation in
the sham-bulbectomized rats.””

Unlike positive results with acute VNS, acute treatment
with classical ADs does not increase neurogenesis; how-
ever, acute ECT does.”” ADs usually require at least 2
weeks to produce an increase in proliferation although this
effect has not been consistently reproduced over various
studies.”” The neurogenesis theory of depression has
been expanded to suggest that plasticity and synaptic re-
modeling (independent of neurogenesis) in the hippo-
campus and PFC may be more critical for therapeutic effi-
cacy of ADs.”” Both, acute and chronic VNS increased
dendritic arborization of doublecortin-positive (DCX+)
neurons. DCX or doublecortin is a microtubule associated
protein expressed by neuronal precursor cells and marker
for adult neurogenesisgo) in the dentate gyrus. This effect
was detected 3 weeks post-cessation of treatment and was
similar to the effect of chronic treatment with fluoxe-
tine.”"*" Ketamine, a rapidly acting drug with AD-like ef-
fects (discussed later), also induces synaptogenesis and
synaptic protein synthesis approximately 2 h after

BDNF or NT-4/5

Y515 9 —» Ras/MAPK_,
pathway
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Fig. 2. TrkB signaling. Upon ligand-binding (BDNF or NT-4/5), the
receptor (which itself is a tyrosine kinase) undergoes transacti-
vation by phosphorylation at tyrosine residues within the catalytic
domain (Y705, is one such residue) and at other tyrosine residues
such as Y515 and Y816. Phosphorylation at these latter two
residues friggers distinct downstream signaling cascades which
can eventually lead to gene franscription, cell proliferation and
survival. BDNF, brain derived neurotfrophic factor; NT, neurofro-
phin.
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treatment.*”

The neurotrophic theory of depression is based on stud-
ies that show opposite effects of stress and ADs on ex-
pression of certain neurotrophic factors in brain areas re-
lated to mood regulation. The most widely studied and
perhaps the most relevant neurotrophic factor in this con-
text is brain derived neurotrophic factor (BDNF). Along
with BDNF, TrkB, the tyrosine kinase receptor for BDNF
(and neurotrophin-4 [NT-4]) has also been studied (Fig.
2). From a functional perspective, the neurotrophic hy-
pothesis is linked to the neurogenesis hypothesis as the in-
crease in expression of neurotrophins with AD treatment
may block or reverse the neuronal loss associated with
depression.83)

Chronic treatment (21 days) with classical ADs belong-
ing to different classes increases expression of mRNAs for
BDNF and TrkB in the hippocampus (CA1, CA3 and den-
tate gyrus).84’85) Others have reported similar results as
well.™ Acute as well as chronic (10 days) treatment with
ECT increased expression of mRNA for BDNF and the
truncated form of TrkB in the frontal cortex and
hippocampus.84) Similarly, chronic (11 weeks) repeated
TMS also increased mRNA and immunoreactivity for
BDNF in the hippocampus (CA3 and dentate gyrus) and
in the parietal and piriform cortices.”” Acute VNS treat-
ment (3 h) increased mRNA for BDNF in the hippo-
campus as well as in the cortex.””

Drawing conclusions based on changes in mRNA for
BDNF or protein levels can be complicated due to factors
such as translation, proteolytic cleavage and release that
are not accounted for. Hence, analyzing activation of the
receptor, TrkB, may provide additional clues about the ef-
fect of AD treatment on BDNF function. We have shown
that both acute (2 h) and chronic (14 days) VNS activate
the TrkB receptor as evident from its phosphorylation at 3
tyrosine residues (Y705, Y816 and Y515). In contrast,
acute and chronic AD treatment caused phosphorylation
at Y705 and Y816 but not at Y515.*” Similar results have
been shown with AD drugs in mice.*®* Y705 is the auto-
phosphorylation site whereas Y816 and Y515 are linked
with the PLC 7 1 and MAPK/PI3K signaling pathways,
respectively. Consistent with the phosphorylation of the
tyrosine residues, acute VNS as well as ADs caused phos-
phorylation of PLC 7 1, however, this was not maintained
with chronic treatments. However, only acute and chronic
VNS caused phosphorylation of ERK1/2 and Akt that are
downstream of Y515.%7%"

There is an abundance of literature showing that serum
levels of BDNF are decreased in patients with MDD and

that ADs normalize these levels.”” The source of this
BDNEF in the periphery, however, is still not clear. There
are reports suggesting that BDNF in the periphery may de-
rive from the brain via active transport through the blood
brain barrier’> and from cells such as leukocytes and vas-
cular endothelial cells in the periphery.%'%) To the au-
thors’ knowledge, there have not been many studies look-
ing at serum BDNF levels in VNS treated patients. Lang et
al’® report no change in serum BDNF levels in patients
treated for 4 weeks with VNS or rTMS. Considering that
the patients had been previously treated with AD drugs,
one explanation could be that the serum BDNF levels be-
fore initiating VNS/TMS treatments were already
normalized. Also, although patients showed clinical im-
provement, one could also speculate that a longer duration
of treatment may lead to different results.

Ketamine

Both pre-clinical and clinical research have been car-
ried out focusing on other pharmacological agents for
TRD rather than the classical ones targeting serotonergic
and/or noradrenergic systems. These so called “novel” or
“alternative” targets for TRD might include ones aimed at
dopaminergic or glutamatergic systems, but are not neces-
sarily limited to them.””*”

Regarding the glutamatergic system, N-methyl-D-as-
partate receptor (NMDA-R) antagonists in particular have
long been linked to the pathophysiology of MDD and the
mechanism of action of AD drugs.w) The first pre-clinical
work testing the hypothesis that various NMDA-R antag-
onists have AD-like effects was carried out in mice, where
the authors showed that such agents caused a significant
reduction of immobility in the FST and the tail suspension
test,”” two tests with high predictive validity for AD
treatments.”'*”

Among NMDA-R antagonists, the anesthetic ketamine
in particular is clinically relevant for treatment refractory
depression. The first randomized controlled trial inves-
tigating the AD properties of a single intravenous low
dose of ketamine (0.5 mg/kg) in patients diagnosed with
MDD showed a significant improvement in depressive
symptoms within 72 hours after ketamine administration,
and not with placebo.wl) Since this first trial, others have
corroborated the rapid AD effects of ketamine admini-
stration.'”" " When given to TRD patients, single sub-
anesthetic dose of ketamine typically improves mood
within hours following ketamine administration and can
persist, for the most part, for about two weeks.'” """ It also
produces a rapid decrease in suicidal ideation in both bipo-
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lar depression and MDD, %1112 Rapid-acting pharma-
cotherapy could readily reduce hospitalization time and
allow disabled people to resume their daily routine includ-
ing being able to work.

It is important to note that aside from the promising and
consistent results gained in the clinic, ketamine poses
some serious problems with regard to its acute psychoto-
mimetic and physiological (increased blood pressure and
heart rate) side effects. In addition, chronic use of ket-
amine has been associated with dependence.113'115)

Sub-anesthetic low dose ketamine can also produce
rapid and sustained AD-like responses in rodents. Studies
carried out in mice reported a decrease in immobility in
the FST shortly after a single systemic injection, with a
persistent response for up to one week, """ analogous to
some of its effects previously reported in humans as dis-
Cussed above.108,109,111,116-118)

Pre-clinical studies have focused on the mechanisms of
action of ketamine. The AD-like effects of ketamine are
blocked by pretreatment with 2, 3-dihydroxy-6-nitro-7-
sulfamoyl-benzol[f]quinoxaline-2,3-dione (NBQX), an
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor antagonist.m) An early study revealed
decreased spontaneous activity of GABAergic interneur-
ons and an increased firing rate of glutamatergic pyr-
amidal neurons in the PFC of rats given ketamine, 1) sug-
gesting that NMDA-R antagonism by ketamine blocked
spontaneous GABAergic activity resulting in enhanced
glutamatergic transmission. Stimulation of AMPA re-
ceptors leads to activity-dependent BDNF release. 129 The
use of conditional knockout mice has suggested that
BDNEF is required for the AD-like effect of ketamine.''®
Similar to VNS, ketamine also shows an activation of neu-
rotrophin signaling. In particular studies have shown a
rather transient increase in the phosphorylation of the
BDNF/NT-4 receptor, namely TrkB, following a single
sub-anesthetic injection of ketamine in rodents."*"*" Ina
randomized control trial with ketamine, plasma BDNF
levels were found to be significantly higher in responders
compared to that in non-responders.*” However, as men-
tioned, VNS therapy was not associated with increased
plasma BDNF levels.”

Moreover, both VNS (as mentioned earlier) and ket-
amine seem to modulate signaling pathways downstream
of the TrkB receptor, for example the mammalian target of
rapamycin (mTor) within the hippocampus.%’lz” Interest-
ingly whereas ketamine cause a rapid and transient activa-
tion of the mTor pathway, VNS seems to require more
chronic treatment for the same effect.””'*" Pre-clinical

studies reviewed by Dwyer and Duman'*” report that acti-
vation of the mTor pathway following single low-dose of
ketamine administration is required to rescue the malad-
aptative responses to chronic stress.

Some studies have shown a positive correlation be-
tween plasma levels of mTor**"*” and its downstream ef-
fectors, glycogen synthase kinase-3beta (GSK-3 £) and
dephosphorylation of eukaryotic elongation factor 2
(e-EFE)IZS) in patients who responded to ketamine. This
has not yet been tested with respect to the VNS-induced
mTor signaling activation in humans. Since phosphory-
lated e-EF?2 is associated with inhibition of translation, its
dephosphorylation, via mTor signaling activation, leads to
increased protein synthesis, including BDNF synthesis. 129
It is worth noting that patients carrying a single nucleotide
polymorphism, namely Val66Met in the gene encoding
for BDNF, show a reduced response to ketamine.'>”

CONCLUSION

In conclusion, TRD, is a serious public health concern
given the morbidity, and mortality due to suicide, asso-
ciated with it. With improved and more standardized cri-
teria for its definition, it has become more amenable to
proper scientific investigation. This review covered in
some detail two treatments for it. One, VNS has been ap-
proved for use in many countries but not yet in Korea. The
other, ketamine is still in the investigational stage but the
clinical data are very encouraging, especially in light of
the rapidity of its clinical response. These two treatments
do share some effects in common that differ from those
produced by traditional AD drugs, e.g., mTor, p70S6 kin-
ase, etc. downstream of the TrkB receptor. The role that
such effects play in their effectiveness in TRD, which by
definition does not respond to traditional ADs, is an im-
portant subject for future research.
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