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A B S T R A C T

Late-life depression is characterized by both lower mood and poor cognitive performance, symptoms that often
do not fully respond to current antidepressant medications. Nicotinic acetylcholine receptor (nAChR) agonists
such as nicotine may serve as a novel therapeutic approach for this population. Both preclinical and preliminary
clinical studies suggest that nAChR agonists can improve depressive behavior in animal models and improve
mood in depressed individuals. Substantial literature also supports that nAChR agonists benefit cognitive per-
formance, particularly in older populations. These potential benefits may be mediated by the effects of nAChR
stimulation on neural network function and connectivity. Functional neuroimaging studies detail effects of
nAChR agonists on the default mode network, central-executive network, and salience network that may oppose
or reverse network changes seen in depression. We propose that, given the existent literature and the clinical
presentation of late-life depression, nicotine or other nAChR agonists may have unique therapeutic benefits in
this population and that clinical trials examining nicotine effects on mood, cognition, and network dynamics in
late-life depression are justified.

1. Introduction

Late Life Depression (LLD), or major depressive disorder occurring
in adults 60 years or older, is a significant public health issue. LLD has a
prevalence of approximately 5% in community-dwelling older adults,
and the number of individuals with LLD is expected to rise with global
population aging. LLD is characterized by high healthcare costs and a
high risk of suicide (Blazer, 2003; Taylor, 2014). Complicating this
picture, individuals with LLD often exhibit a poor response to currently
available antidepressants (Beekman et al., 2002). Systematic reviews
and meta-analyses support that between five to eight patients must be
treated to have one achieve treatment response (i.e. number needed to
treat (NNT)) with no differences in response rates between anti-
depressant drug classes (Nelson et al., 2008; Taylor and Doraiswamy,
2004). Jointly, these data support the need for new, effective treat-
ments.

The purpose of this review is to examine the hypothesis that

nicotinic acetylcholine receptor (nAChR) agonists may benefit both
mood and cognitive symptoms in LLD. After a brief review of cognitive
symptoms in LLD, we describe the cholinergic system and how it is
relevant to the etiology of depression, specifically focusing on the
nAChR system. We next summarize preclinical and clinical studies ex-
amining the effects of nAChR agonists on depressive behavior, de-
pressive symptoms, and cognitive performance. We next utilize a cog-
nitive neuroscience framework to describe intrinsic network alterations
in LLD, how nAChR agonists affect these networks, and how such ef-
fects may benefit patients with LLD. Finally, we discuss clinical trial
design considerations when testing this clinical neuroscience model.

2. Cognitive impairment in late life depression

Beyond the diagnostic affective symptoms, LLD is also associated
with poorer cognitive performance. Even in the absence of dementia,
individuals with LLD exhibit poor performance across multiple
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cognitive domains, including executive function, processing speed,
episodic memory, and visuospatial ability (Sexton et al., 2012; Sheline
et al., 2006). While cognitive performance can improve with depression
remission, often patients do not reach performance levels seen in psy-
chiatrically healthy elders (Bhalla et al., 2006; Butters et al., 2000; Lee
et al., 2007; Taylor et al., 2002) and such deficits are associated with
greater disability (Alexopoulos et al., 2002; Murphy and Alexopoulos,
2004). LLD is a strong risk factor for dementia, associated with an ap-
proximately two-fold increase in risk of all cause dementia (Diniz et al.,
2013). Such cognitive deficits may be related to underlying brain pa-
thology, however post-mortem neuro-pathologic studies found that
depressive symptoms had an association with cognitive decline that was
independent of underlying neuropathological findings (Wilson et al.,
2014). Thus, while depression and pathologic brain aging both con-
tribute to overall poorer cognitive performance, these factors interact to
produce greater impairment than either alone.

These cognitive deficits are a significant predictor of poor anti-
depressant medication response. Executive function is the best studied
domain, with several studies associating executive dysfunction with
poor acute treatment response, lower remission rates, and increased
relapse and recurrence rates (Alexopoulos et al., 2004, 2002, 2000;
Kalayam and Alexopoulos, 1999; McLennan and Mathias, 2010;
Pimontel et al., 2012). Other cognitive domains are similarly predictive
of poor treatment response, including processing speed, episodic
memory, and language processing (Sheline et al., 2010). Unfortunately,
despite cognitive symptoms being common and often disabling, there is
no current clinical treatment for LLD that effectively improves both the
mood and cognitive symptoms of the disorder.

3. Overview of the central acetylcholine system: focus on
nicotinic receptors

While acetylcholine (ACh) in the Peripheral Nervous System serves
as an excitatory neurotransmitter, in the Central Nervous System (CNS)
ACh plays a widespread neuromodulatory role. ACh is synthesized in a
single step from Acetyl CoA and choline by the enzyme choline acet-
yltransferase; it is later hydrolyzed and degraded by acet-
ylcholinesterase. Cholinergic projection neurons originate in discrete
nuclei, specifically the basal forebrain nucleus basalis of Meynert, the
medial septal nucleus, and the pedunculopontine and laterodorsal
tegmental nuclei of the ponto-mesencephalotegmental complex. The
two primary sources of ACh in the brain include long axon projection
neurons and local interneurons. Long-axon cholinergic neurons project
widely and diffusely, innervating neurons throughout the CNS. Local
tonically-active cholinergic interneurons are found primarily in the
striatum and nucleus accumbens.

Acetylcholine receptors (AChRs) consist of two major subtypes: the
metabotropic (G-protein-coupled, slow) muscarinic acetylcholine re-
ceptors (mAChR) and the ionotropic (ion channel, fast) nicotinic acet-
ylcholine receptors (nAChRs). Both subtypes bind ACh and many non-
endogenous ligands, actually being named for their respective non-en-
dogenous ligands: mAchRs are activated by the toxin muscarine and
nAChRs by nicotine (Albuquerque et al., 2009; Philip et al., 2010).

The nAChR system has a widespread neuromodulatory role. There
are various nAChR subtypes, the most common being the homomeric
α7 and heteromeric α4β2. These receptors are distributed in different
neuronal compartments and found throughout the brain’s cortex and
various subcortical regions, including the hippocampus, thalamus, hy-
pothalamus, amygdala, basal ganglia, and substantia nigra. Changes in
nAChR activity modulate the synaptic release of acetylcholine itself, but
also other neurotransmitters including dopamine (DA), norepinephrine
(NE), serotonin (5-hydroxytryptamine, 5-HT), glutamate (Glu), and γ-
aminobutyric acid (GABA) (Jensen et al., 2005). In animal models,
nicotine administration increases the extracellular concentration of DA
in the hippocampus, frontal cortex, cingulate cortex, and pontine nu-
cleus, 5-HT in the cingulate gyrus and frontal cortex, and NE in the

substantia nigra, cingulate gyrus, and pontine nucleus (Toth et al.,
1992).

4. Effects of nAChR agonists and antagonists on depressive
behavior and mood

Although hypothesized to play a role in the etiology of depression
for decades, the cholinergic system has been overshadowed by the
monoamine hypothesis of depression. In 1972, Janowsky and collea-
gues proposed the cholinergic–adrenergic theory of depression, postu-
lating that emotional affect is governed by a balance between choli-
nergic and noradrenergic systems and over-activation of or
hypersensitivity to the cholinergic system leads to depressive symptoms
(Janowsky et al., 1972). This hypothesis derived from clinical ob-
servations demonstrating that acetylcholinesterase inhibitor drugs,
such as diisopropylfluorophosphonate (insecticide) and physostigmine,
both increase central ACh concentration and exacerbate depressive
symptoms (Janowsky et al., 1974; Reynolds et al., 2011). However, it is
largely unclear whether this effect is related to a specific ACh receptor
type. Early data supporting a potential benefit of nAChR agonists came
from studies of depressed smokers, who after quitting tobacco use ex-
hibited an increased risk of depression relapse (Covey et al., 1997;
Glassman et al., 2001).

4.1. Preclinical studies examining animal models of depressive behavior

Pre-clinical data demonstrates antidepressant effects for both
nAChR agonists and antagonists. Differences exist between anti-
depressant effects of nicotine in rat versus mouse models (Andreasen
and Redrobe, 2009a). In rats the more consistent finding is anti-
depressant-like effects for nicotine but not the nAChR antagonist me-
camylamine, with nicotine being associated with decreased depressive
behaviors after both acute and chronic administration of up to 2 weeks
(Semba et al., 1998; Tizabi et al., 1999; Vázquez-Palacios et al., 2004).
Conversely, in mice, the more consistent finding is antidepressant-like
effects of mecamylamine (nAChR antagonist), with nicotine demon-
strating no antidepressant-like effects except in select strains
(Andreasen and Redrobe, 2009a,b; Popik et al., 2003). In both rat and
mouse depression models, pre-clinical data demonstrates that nicotine
may augment monoamine-based antidepressant drugs. In a mouse
model, nicotine had no antidepressant-like effect alone, but it sig-
nificantly enhanced the antidepressant-like effect of imipramine (Popik
et al., 2003). Similar findings were observed in a rat model using
fluoxetine (Vázquez-Palacios et al., 2004).

4.2. Explaining discrepant results: nAChR pharmacology

Species differences aside, pharmacologic effects may explain in-
consistencies in the pre-clinical data for nAChR agonists and antagonist
effects on mood (Picciotto et al., 2008). One hypothesis is that with
chronic administration, nAChR agonists cause desensitization of nAChR
receptors, ultimately resulting in decreased nAChR activity similar to
what may be seen with antagonists. As with other ligand-gated ion
channels, the nAChR channel pore opens in response to the binding of
an agonist (“activation”), however it can also rapidly shift to a con-
formational state that is refractory to further binding and activation
(“desensitization”) (Fenster et al., 1997; Shytle et al., 2002). Because of
nAChR desensitization, chronic exposure to nAChR agonists can lead to
functional nAChR antagonism (Gentry and Lukas, 2002; Quick and
Lester, 2002; Semba et al., 1998; Shytle et al., 2002). Desensitization is
consistent with theories that reductions in cholinergic neurotransmis-
sion benefit depression and explain how nAChR agonists might have
similar antidepressant effects as nAChR antagonists.

There are caveats to this theory. For example, a rat study found that
the nAChR antagonist mecamylamine blocks the antidepressant effect
of nicotine (Tizabi et al., 1999). Thus, activation of nAChRs may play a
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role in the antidepressant effects of nAChR agonists. This is concordant
with the known pharmacology of nAChRs as even with desensitization,
acute nAChR activation still occurs and nAChR expression increases in
response to chronic nAChR agonist exposure (Picciotto et al., 2008).
While the mechanism underlying this receptor upregulation is not fully
understood, nicotine may act as a molecular chaperone for nAChRs
both intracellularly and at the cell surface (Lester et al., 2009). The
increased number of nAChRs may be a compensatory response to the
functional decrease in nAChR activity induced by desensitization, and is
comparable to observations that nAChR antagonists also increase nA-
ChR receptor numbers (Fenster et al., 1997).

These data support that chronic use of nAChR agonists may result in
a dynamic balance between desensitization and increased receptor
number (Picciotto et al., 2008). This balance is influenced by multiple
factors, including dose, duration, type of nAChR agonist administered,
and whether the ligand binds to a specific nAChR subtype. For example,
relatively low nicotine concentrations like that experienced by smokers
leads to preferential desensitization in the ventral tegmental area of
α4β2 nAChRs compared with α7 nAChRs. In turn, this has the func-
tional consequence of favoring glutamatergic over GABAergic tone,
inducing greater dopaminergic activity in the mesolimbic circuit
(Corringer et al., 1998; Fenster et al., 1997; Mansvelder et al., 2002;
Mansvelder and McGehee, 2000). Similar nAChR modulation of
monoamine systems may occur in other brain regions.

4.3. Clinical studies examining antidepressant effects of drugs modulating
nAChR activity

A small number of clinical trials in humans have examined the effect
of nAChR agonists and antagonists in depressed populations with si-
milarly mixed results. These inconsistencies may be explained by
methodological differences in duration or timing of drug administration
and differences in dosage that determine pharmacologic effect at the
nAChR. The nAChR antagonist mecamylamine showed effective anti-
depressant augmentation in a small clinical trial (George et al., 2008)
but larger-scale trials examining mecamylamine’s S-enantiomer (dex-
mecamylamine) failed to support antidepressant efficacy (Moller et al.,
2015; Vieta et al., 2014). Varenicline, a nicotinic partial agonist at the
α4β2 receptor and full agonist at α7 receptors, is FDA approved for
smoking cessation but with concerns for negative effects on mood. Early
case reports of varenicline in smokers suggested increased depressive
and suicidal behavior (Harrison-Woolrych and Ashton, 2011; Moore
et al., 2011; Williams et al., 2011), however a recent meta-analysis of
placebo controlled trials concluded the evidence did not support in-
creased risk for depression or suicide (Thomas et al., 2015).

Studies of nAChR agonists primarily focus on nicotine, reporting
that nicotine benefits depressive symptoms in depressed non-smokers.
In a short-term 4-day open-label trial, transdermal nicotine decreased
depression symptoms and increased REM sleep time (Salin-Pascual,
2002), although in a small 8-day randomized controlled trial, the effect
of transdermal nicotine on depression severity did not differ from pla-
cebo (Cox et al., 2003). In contrast, a small, randomized placebo-con-
trolled trial of transdermal nicotine over 4 weeks demonstrated de-
creased depression severity after 8 days. Moreover, it showed evidence
for improvement in attention measured by the Connors Continuous
Performance Task (CPT) (McClernon et al., 2006). Finally, a small 8
month randomized controlled trial of transdermal nicotine demon-
strated long-term antidepressant efficacy comparable to fluoxetine
(Haro and Drucker-Colín, 2004). While preliminary and of insufficient
duration compared with current antidepressant clinical trials, they
support the hypothesis that nicotine administration may benefit de-
pressive symptoms.

5. Effects of nAChR agonists on cognitive performance

Links between the cholinergic system and cognition arose from

clinical observations in the 1950s that central anticholinergic drugs,
then used for conscious sedation during childbirth, produced a “de-
mentia-like” syndrome with concomitant memory loss (Bartus et al.,
1985). A series of early influential experiments demonstrated that the
mAChR antagonist scopolamine induced robust memory deficits that
were not reversed by stimulants such as amphetamines, but were
ameliorated by the cholinesterase inhibitor physostigmine (Drachman
and Leavitt, 1974). The nAChR system was implicated after reports that
smokers exhibited subjective decline in cognitive performance during
abstinence, with improvement in psychomotor vigilance during nico-
tine administration (Frankenhaeuser et al., 1971; Heimstra et al.,
1967).

5.1. Preclinical studies examining animal models of cognition

Pre-clinical data demonstrate that nAChR agonists improve
memory, learning, and attention in both normal and cognitively im-
paired rodents. Across studies in cognitively normal animals, nicotine
improves working memory without any diminishment in effect when
comparing acute to chronic administration (Arendash et al., 1995;
Levin, 2013; Levin et al., 2006). Beyond benefits to working memory,
nicotine also improves attention for some rodent strains (Levin et al.,
2006). Cognitively impaired rodents similarly benefit from nAChR
agonists. Studies in rats with spatial working memory deficits induced
by lesions to the nucleus basalis of Meynert or the medial septum
cholinergic projection systems demonstrate that nicotine can reverse or
attenuate such deficits (Decker et al., 1992; Levin et al., 1993; Tilson
et al., 1988). Studies of aged animals demonstrates that both aged and
young rats exhibit improvements in working memory after acute ni-
cotine administration, but aged rats failed to benefit from chronically
administered nicotine (Attaway et al., 1999; Levin and Torry, 1996).
However, both aged and young monkeys demonstrated comparable
improvement in working memory with chronic administration when
the aged monkeys received a higher pre-treatment dose of nicotine
(Buccafusco and Jackson, 1991).

5.2. Clinical studies examining cognition

Trials of nicotine in cognitively intact human populations show
mixed results for cognition, with differences being largely dependent on
what cognitive domain is being examined and how it is being measured.
Whereas nicotine administration in animals improves memory and
learning, most human data support that nicotine improves attentional
performance. Across studies in smokers and non-smokers, nicotine ad-
ministration results in improved attentional performance as measured
by rapid visual information processing and continuous performance
tests (File et al., 2001; Foulds et al., 1996; Harte and Kanarek, 2004;
Kelemen and Fulton, 2008; Lawrence et al., 2002; Levin et al., 1998;
Myers et al., 2008; Poltavski and Petros, 2006). However, other at-
tentional tests, such as the signal detection task and attention network
test, do not always demonstrate drug effects (Barr et al., 2008; Ernst
et al., 2001; Heishman and Henningfield, 2000; Kleykamp et al., 2005).
Studies of long term memory (File et al., 2001; Foulds et al., 1996;
Kelemen and Fulton, 2008; Perkins et al., 2008) and working memory
(Heishman and Henningfield, 2000; Jacobsen et al., 2006; Kleykamp
et al., 2005), mostly conducted in non-smokers, also have mixed results
that may be related to the tasks. For example, a blinded trial in smokers
and never-smokers showed that nicotine only benefitted working
memory accuracy during a distracting condition, suggesting that nico-
tine benefits performance but only for attentionally demanding tasks
(McClernon et al., 2003).

Recent work supports a more generalized cognitive benefit. A meta-
analysis by Heishman and colleagues examined studies of non-abstinent
smokers and non-smokers, concluding that nicotine benefitted both
attention and memory, specifically in response time (RT) (Heishman
et al., 2010). They describe positive benefits of nicotine in five domains:
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alerting attention accuracy and RT, orienting attention RT, short-term
episodic memory accuracy, and working memory RT. In contrast, do-
mains of working memory accuracy and long term episodic memory
accuracy did not show benefit across studies. It is possible that benefits
to memory may be mediated primarily through improvements in at-
tentional functioning (Newhouse et al., 2004) and explained as down-
stream effects of the primary optimization of attentional function. Such
improvements in ‘front-end’ attentional functioning are required to
achieve the basic steps of memory function including acquisition, en-
coding, storage and retrieval of information. Although informative, this
meta-analysis was limited by few studies allowing for evaluation of
nicotine’s effects on executive function or performance on higher order
real-world tasks. Relevant to our focus on LLD, studies of elderly pa-
tients were excluded from this analysis.

5.3. Explaining discrepant clinical results

Two hypotheses, reviewed by Newhouse and colleagues (Newhouse
et al., 2004), may explain discrepancies across individual studies. First,
studies generally show that nicotine does not improve cognitive func-
tioning or may actually impair cognition in healthy non- or never-
smokers but does improve cognitive functioning in smokers or neuro-
psychiatric populations (Newhouse et al., 2004). This suggests that
nicotine may have more benefit in groups with altered cholinergic
system function or underlying nAChR dysfunction. Second, studies in
non-smokers that most consistently show benefits of nicotine utilize
cognitively demanding tasks requiring sustained or focused attention
despite distracting stimuli. Thus, nicotine’s effect on cognitive perfor-
mance depends on both the subject’s underlying cholinergic activity
and the level of effort required by the task itself. Studies suggest that
nicotine’s effect on cognitive performance can be modeled as an in-
verted “U” shape dose-response relationship for each task, with inter-
mediate levels of nAChR activity producing optimal performance on the
task while either low or high levels of nAChR activity results in poorer
performance (Buccafusco and Jackson, 1991; Perkins et al., 1993). This
model has two findings (Fig. 1). First, administration of a nAChR ago-
nist in individuals with relatively normal nAChR activity may improve
performance on cognitively difficult tasks, but worsen performance on
easier tasks (Fig. 1a). Second, in individuals with lower inherent
baseline nAChR activity such as smokers or individuals with neu-
ropsychiatric pathology, administration of a nAChR agonist may im-
prove performance on both cognitively difficult and less difficult tasks
(Fig. 1b).

5.4. Clinical studies in older populations

Evidence supports a potential benefit of nicotine in age-related
neuropsychiatric conditions including Alzheimer’s dementia (AD)
(Newhouse et al., 1988), Mild Cognitive Impairment (MCI) (Newhouse
et al., 2012), and Age Associated Memory Impairment (AAMI) (White
and Levin, 2004), but also schizophrenia (Harris et al., 2004) and at-
tention-deficit hyperactivity disorder (ADHD) (Levin et al., 2001). Al-
tered cholinergic function, including altered nAChR activity, may
contribute to the cognitive symptoms in these neuropsychiatric dis-
orders (Beane and Marrocco, 2004; Court et al., 2001; Freedman et al.,
2000; Picciotto and Zoli, 2002; Sabbagh et al., 2006). Cholinergic
dysfunction is best studied in AD, a disorder characterized by decreased
cortical and striatal α4β2 nAChRs (Court et al., 2001) where the current
primary treatments are acetylcholinesterase inhibitors. Newhouse and
colleagues first used intravenous nicotine in AD, demonstrating evi-
dence of improved cognitive functioning characterized as decreased
intrusion errors on an immediate recall task, interpreted as an im-
provement in attentional focus (Newhouse et al., 1988). Subsequent
clinical studies of nicotine in AD demonstrated improvements in rapid
visual information processing (Sahakian et al., 1989) and continuous
performance tests (White and Levin, 1999). Importantly for AD

subjects, attentional improvement did not diminish over four weeks of
transdermal nicotine patch administration, reinforcing the notion that
nicotine’s cognitive effects are not diminished with chronic adminis-
tration (White and Levin, 1999).

Nicotine also benefits cognitive performance in other older popu-
lations, including individuals with MCI or AAMI. Newhouse et al.
(Newhouse et al., 2012) and White et al. (White and Levin, 2004) hy-
pothesized that MCI and AAMI, respectively, may show greater re-
sponse to nicotine administration compared with AD as the nAChR
system is relatively more intact (Sabbagh et al., 2006) and thus able to
respond to stimulation by nicotine. In a recent 6-month double blind
RCT of subjects with amnestic MCI, compared with placebo, partici-
pants receiving transdermal nicotine showed greater improvements in
attentional performance and episodic memory (Newhouse et al., 2012).
In AAMI, White et al. showed similar results in a 4-week double-blind
RCT of transdermal nicotine, observing not only improvement in at-
tention, but also that participants endorsed a subjective improvement in
memory (White and Levin, 2004).

6. Neural network models of nAChR agonist activity and
applicability to depression

Functional neuroimaging provides an opportunity to move beyond
behavioral or cognitive measures into an assessment of how nicotine or
other nAChR agonists affect brain activity and functional connectedness
of neural networks. Initial work examining nicotine effects on brain
function utilized task-based functional MRI, examining how nicotine
changes brain activity during cognitive tasks (for review, see
(Newhouse et al., 2011)). More recent work incorporates our under-
standing of the brain’s functional organization and the identification of
multiple intrinsic functional networks. These functional networks re-
present brain regions exhibiting synchronous coupling of spontaneous
fluctuations in activity during both active tasks and during rest. This
coupling is referred to as “functional connectivity” and represents the
temporal coherence of the MRI BOLD signal within or between regions
(Friston, 2011; Menon, 2011). While there are several intrinsic net-
works discussed in the literature, we focus on key networks implicated
in MDD (Hamilton et al., 2013; Kaiser et al., 2015; Mulders et al., 2015)
that also appear to be affected by nAChR agonists.

6.1. Overview of key intrinsic functional networks

The Default Mode Network (DMN, initially referred to as the “task-
negative network”) is a set of brain regions where activity decreases
during externally-driven task performance and increases at rest
(Raichle et al., 2001). The DMN consists of interconnected subsystems
that converge on two key subnetwork “hubs,” specifically the anterior
medial prefrontal cortex hub and a posterior hub centering on the
posterior cingulate cortex and precuneus cortex (Buckner et al., 2008).
The DMN is important in internally-directed and self-referential mental
activity (Buckner et al., 2008), with the posterior hub also being related
to memory processing (Andrews-Hanna et al., 2014, 2010).

The Central-Executive Network (CEN, also referred to as the
“cognitive control network” or “executive control network”) is a set of
regions more active during external cognitive tasks. CEN regions are
primarily located in the frontoparietal cortices with network hubs in the
dorsolateral prefrontal cortex (dlPFC) and posterior parietal cortex
(Seeley et al., 2007). The CEN is hypothesized to be involved in at-
tention, working memory, and executive functions such as decision
making and conflict resolution (Seeley et al., 2007).

During normal brain functioning there exists an antagonistic re-
lationship between the DMN and CEN observed both during tasks and
at rest (Fox et al., 2005). Typically activity increases in the CEN and
decreases in the DMN during externally focused tasks, with the pattern
reversed during rest or self-reflection. This balance is believed to be a
basis for the normal cognitive ability to alternate effectively between
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introspective or internally oriented information processing and in-
formation processing of external stimuli (Fox et al., 2005; Fransson,
2006, 2005; Sonuga-Barke and Castellanos, 2007).

Switching between the DMN and CEN is mediated by the Salience
Network (SN) which has the role of monitoring and responding to
environmental stimuli (Goulden et al., 2014). The primary hub of the
SN is the insula cortex and includes the amygdala, other frontotemporal
areas, and the anterior cingulate cortex (ACC) (Seeley et al., 2007). It is
activated in response to salient environmental stimuli including acute
stressors, serving to provide awareness of and response to relevant
environmental stimuli. It also plays a role in emotional control, al-
though potentially at the expense of CEN function (Hermans et al.,
2014).

6.2. Effects of nAChR agonists on intrinsic network function

Numerous studies, primarily focusing on smokers with a smaller
number examining nonsmokers, have examined the effect of nicotine
and other nAChR agonists on brain function (Newhouse et al., 2011).
Cumulatively, by linking imaging findings with cognitive task perfor-
mance, this body of work led to hypotheses (Bentley et al., 2011;
Newhouse et al., 2004; Sutherland et al., 2015) that nAChR agonists
may benefit cognition by: 1) decreasing activity in regions involved in
task-irrelevant information processing; 2) increasing activity in regions
involved in task-related information processing; and/or 3) decreasing
activity in some task-related regions, possibly reflecting improved ef-
ficiency. This implies that nAChR agonists may decrease activity in

DMN (task-negative) regions while increasing activity or improving
efficiency in CEN (task-positive) regions.

This proposal is supported by a meta-analysis analyzing MRI and
PET studies that examined task-independent effects of nAChR agonists
(Sutherland et al., 2015). The authors found that nAChR agonist ad-
ministration resulted in two patterns of convergent activity changes
that did not substantially differ based on smoking status. First, nAChR
agonists decreased activity across multiple regions. These changes re-
flected enhanced deactivation in the ventromedial prefrontal cortex,
posterior cingulate cortex, and parahippocampus with reduced activa-
tion in the subgenual ACC, bilateral insula, and parietal and precentral
cortices. Second, nAChR agonists increased activity in the dorsomedial
prefrontal cortex, dorsal ACC, thalamus, and lateral prefrontal and
parietal cortices. The authors concluded that nAChR agonists have the
general neuropharmacological effects of decreasing activity in DMN
regions and increasing activity in CEN regions (Sutherland et al., 2015).
Although the authors did not specifically discuss the SN, they did ob-
serve that nAChR agonists decreased activity in the anterior insula, the
primary hub of that network.

Importantly, there is significant overlap in regions where brain ac-
tivity changes following nAChR agonist administration and regions of
nAChR distribution, such as the prefrontal cortex, thalamus, and medial
temporal lobe. However, this does not mean that all observed changes
in brain activity are directly related to agonist activity at nAChRs. The
nAChR system modulates the activities of several other neuro-
transmitters including dopamine and serotonin, so some of the observed
functional effects may be related to downstream changes in activity of

Fig. 1. Variability in effects of nicotine on cognitive performance.
Nicotine’s effect on cognitive performance can be modeled as an inverted
“U” shape dose-response relationship for each cognitive task. This figure
illustrates two situations in which an equivalent degree of nAChR stimu-
lation by extrinsic nicotine administration produces opposite effects de-
pending on both the subject’s underlying nAChR activity and the level of
cognitive effort required by the task itself. (1a) Illustrates an example of a
Non-smoker who has healthy relatively high baseline nAChR activity and
has improvement in cognitively difficult tasks, but worsening on easier
tasks. (1b) Illustrates a different scenario of a smoker or individual with
neuropsychiatric pathology that has relatively lower baseline nAChR ac-
tivity and has improvement both in cognitively difficult and less difficult
tasks. Figure adapted from Newhouse and colleagues (Newhouse et al.,
2004).
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other neurotransmitters.

6.3. Intrinsic network alterations in depression

Depressed populations typically exhibit increased DMN activity,
both when engaging in the assessment of external stimuli (when the
DMN should deactivate) (Sheline et al., 2009) and during maladaptive
ruminative self-focus (Cooney et al., 2010). In depressed populations
the DMN is also broader, including regions of the thalamus and sub-
genual ACC (Greicius et al., 2007; Zhou et al., 2010), a region not in-
cluded in the DMN in nondepressed samples. Studies also associate
depression with differences in functional connectivity between DMN
regions. Specifically, depression is associated with increased con-
nectivity within each anterior and posterior hub of the DMN (Greicius
et al., 2007; Kaiser et al., 2015), however there may also be decreased
connectivity between the anterior and posterior hubs (van Tol et al.,
2013).

The CEN tends to exhibit reduced activity in MDD. Most work in
depression focuses on the dlPFC which exhibits decreased activity both
at rest and in response to negative stimuli (Pizzagalli et al., 2009; Strigo
et al., 2008). Other CEN regions also exhibit differences in activation
during executive function tasks such as the Stroop task and the Tower of
London task, where in depressed groups the dorsal ACC exhibits less
activation (Elliott et al., 1997; George et al., 1997). Functional con-
nectivity studies using the dlPFC as a seed region associate depression
with reduced connectivity between the dlPFC and other CEN regions in
both younger adult populations (Kaiser et al., 2015; van Tol et al.,
2013) and in LLD (Alexopoulos et al., 2012).

In MDD the SN exhibits increased activity, particularly in response
to negative stimuli (Hamilton et al., 2013). This negativity bias may be
characterized by negatively valenced stimuli evoking a more pro-
nounced and rapid response than neutral or positive stimuli. A number
of studies of MDD report heightened activity in the amygdala with
anticipation of receiving negative stimuli (Abler et al., 2007; Pizzagalli
et al., 2009; Strigo et al., 2008), while the insula may exhibit increased
activity during the receipt of negative stimuli (Craig, 2009). SN regions
in MDD are generally over-responsive to affective challenges (Suslow
et al., 2010), particularly negative stimuli. MDD is also associated with
differences in SN functional connectivity, although the direction of the
difference differs by SN region. Specifically, in MDD the amygdala ex-
hibits decreased connectivity with frontal regions (Yue et al., 2013) and
with other SN regions including the insula (Manoliu et al., 2013; Veer
et al., 2010). In contrast, in MDD the insula exhibits increased con-
nectivity with frontal and ACC regions, including DMN and CEN regions
(Avery et al., 2014; Horn et al., 2010; Li et al., 2017).

6.4. Nicotine effects on intrinsic networks may reverse network alterations
seen in depression

The effects of nAChR agonists on these intrinsic networks support a
potential therapeutic role for nicotine. Broadly, the effects of nAChR
agonists on intrinsic network activity appear to antagonize the altera-
tions observed during depressive episodes (Table 1). Considering core
features of depression, we refined a previous model (Zurkovsky et al.,
2013) detailing how modulation of key networks by nAChR agonists
may benefit specific symptoms of LLD (Fig. 2). These theories are based
on observed relationships between network function and clinical
symptoms and follow the hypothesis that normalization or reversal of
these network alterations may ameliorate depressive symptoms or im-
prove critical cognitive processes. For example, maladaptive rumina-
tion is associated with increased activity in the DMN as well as altered
connectivity between the DMN and the subgenual prefrontal cortex
(Hamilton et al., 2011, 2015). Similarly, the negativity bias seen in
depression involves frontal, cingulate, and temporal regions and is as-
sociated with increased activity in some SN regions but decreased CEN
activity (Gollan et al., 2015; Hamilton et al., 2013; Jung et al., 2006).

Nicotine’s effect of decreasing DMN and SN activity while enhancing
CEN activity may improve these core symptoms of MDD and reduce
depression severity.

Network effects of nAChR agonists may also enhance beneficial
cognitive processes. For example, emotion regulation, or cognitive at-
tempts to regulate emotional responses, requires CEN activity
(Zilverstand et al., 2017). Individuals with MDD exhibit reduced ac-
tivity of CEN regions when attempting to control their emotional ex-
perience (Rive et al., 2013), although regions involved depend on the
regulation strategy used (Smoski et al., 2014). Thus enhanced CEN
activity may lead to increased effectiveness of emotional regulation
strategies. Similarly, the effects of nAChR agonists to increase CEN
activity and improve DMN deactivation during external tasks would be
expected to improve cognitive task performance (Giessing et al., 2007;
Hahn et al., 2007).

7. Conclusions, caveats, and next steps

Both preclinical and clinical studies support that nicotine and other
nAChR agonists can improve depressive behavior, mood, and cognitive
performance. nAChR agonists also demonstrate neuropharmacologic
effects that oppose the intrinsic network alterations reported in MDD
(Table 1). Through modulation of intrinsic functional networks, nAChR
agonists may reduce depressive symptoms, enhance emotional regula-
tion ability, and improve cognitive deficits common in LLD (Fig. 2). For
these reasons, we propose nAChR agonists as a potential novel treat-
ment for the mood and cognitive symptoms of LLD.

If this proposal is supported by future research, it would be a sig-
nificant advance as current therapeutic options for depressed older
adults do not benefit cognitive performance. Past approaches combined
antidepressant medications with drugs with cognitive enhancing ef-
fects. Unfortunately, reports do not show clear benefits for cognition.
For example, an augmentation study of the acetylcholinesterase in-
hibitor donepezil during 2 years of maintenance therapy found no
overall benefit to mood or cognition. However, depressed elders who
also met criteria for MCI exhibited modest benefits to cognitive per-
formance but also increased rates of depression relapse (Reynolds et al.,
2011). Donepezil’s role in LLD is being further investigated in an on-
going multisite trial (Pelton et al., 2014). Memantine, another com-
monly used drug for AD, also did not show benefit for LLD (Lenze et al.,
2012). Methylphenidate, a stimulant used for attention-deficit disorder,
benefits mood in LLD but its effects on cognitive performance are in-
consistent (Lavretsky et al., 2015). Alternatively, non-pharmacological
approaches may be of benefit. Several small studies of physical exercise
programs show modest benefit for cognition in depressed and non-de-
pressed older adults (Bherer et al., 2013; Khatri et al., 2001; Langlois
et al., 2013). Similarly, preliminary studies of Computerized Cognitive
Remediation (CCR) show promise in treating LLD with executive dys-
function (Morimoto et al., 2016).

Table 1
Contrast in the effects of depression and nicotinic acetylcholine receptor agonists on in-
trinsic functional network activity.

Activity in
Depression

Effect of nAChR
agonists

Default Mode Network (DMN) ↑ Activity ↓ Activity
Central-Executive Network

(CEN)
↓ Activity ↑ Activity

Salience Network (SN) ↑ Activity ↓ Activity (Anterior
insula)

The table describes a summary of activity of brain regions within each network across
tasks and does not reflect resting state functional connectivity. Note that there are less
data on the effects of nAChR agonists on salience network activity. Although a meta-
analysis reported that nAChR agonists decrease activity in the anterior insula, (Sutherland
et al., 2015) they did not find evidence for an effect on other SN regions such as the
amygdala.
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The primary caveat to our hypothesis that nAChR agonists can be an
effective therapy for LLD is the possibility that nAChR agonists could
worsen depressive symptoms. This concern is raised by studies asso-
ciating depression with increased acetylcholine activity (Janowsky
et al., 1972) and highlighted by the trial of donepezil, that found an
increased risk of depression relapse (Reynolds et al., 2011). The me-
chanism underlying this risk is unclear as acetylcholinesterase in-
hibitors have broad affects across muscarinic and nicotinic receptors, so
the effect may be related to activity at muscarinic AChRs. This possi-
bility is supported by clinical trials where mAChR antagonists improve
depression (Drevets and Furey, 2010; Furey and Drevets, 2006). How-
ever, nAChRs may also play a role as depressed adults exhibited re-
duced availability of β2-nAChR binding (Saricicek et al., 2012). In that
study, binding was lower in acutely depressed than recovered depressed
subjects and a postmortem sample did not exhibit differences in β2-
nAChR number. The authors concluded their findings may represent
higher levels of endogenous acetylcholine and greater binding at nA-
ChRs, resulting in lower receptor availability for the exogenous ligand.

Several questions need to be addressed. First, would nicotine or a
nAChR agonist be best examined as monotherapy or used to augment a
traditional antidepressant? Animal models suggest that nicotine en-
hances antidepressant effects (Popik et al., 2003; Vázquez-Palacios
et al., 2004). Nicotine’s pharmacological target is distinct from tradi-
tional antidepressants other than bupropion, which has limited nAChR
antagonism but primarily works through noradrenergic and dopami-
nergic mechanisms. Second, within the LLD population, what is the best
group to study? Nicotine could be beneficial broadly, but individuals
with cognitive impairment, and thus more impaired cholinergic system
functioning, could have a better or worse response. Third, could nAChR
agonists be most useful for treating depression in specific populations,
such as depression with AD, a population where traditional anti-
depressants have limited efficacy? Fourth, would agents targeting
specific nAChR receptor subtypes have greater efficacy? Some have
proposed that limiting signaling through α4β2 nAChRs while increasing
signaling at α7 nAChRs may benefit mood, so an agent or mix of agents
with differing effects at heteromeric and homomeric nAChRs may be
particularly helpful (Picciotto et al., 2015). Finally, given its effects on
attention and the CEN, could nAChR agonists augment psychother-
apeutic or cognitive remediation treatments?

The next step is a randomized, blinded, placebo-controlled clinical
trial of transdermal nicotine in nonsmokers with LLD. This trial should
have dual outcomes, examining both depression severity and cognition,
assessing attentional performance, episodic and working memory, and

executive function. To better elucidate the relationship between clinical
measures and brain function, such a trial should be optimally combined
with biomarkers assessing brain function, such as repeat functional
MRI. This would allow us to test our model and determine whether
nicotine affects the neural networks as hypothesized, and if so, whether
those changes map onto changes in depressive symptoms and cognitive
performance. The advantage of this approach is that even if nicotine did
not improve clinical outcomes, the study would provide important
novel data about both nicotine’s effects on the brain and the role of
neural networks in depression.
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