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Abstract

There is a well-established connection between smoking and depression, with depressed
individuals over-represented among smokers and ex-smokers often experiencing increased
depressive symptoms immediately after quitting. Nicotine in tobacco binds, activates and
desensitizes nicotinic acetylcholine receptors (NAChRs), but it is not known whether activation or
desensitization is more important for nicotine’s effects on depressive symptoms. In this article, we
review the hypothesis that blockade rather than activation of neuronal nAChRs might be important
for the effects of nicotinic agents on depressive symptoms based on clinical and preclinical studies
of nicotinic drugs. The endogenous neurotransmitter for NAChRs is acetylcholine, and the effects
of nicotine on depression-like behaviors support the idea that dysregulation of the cholinergic
system might contribute to the etiology of major depressive disorder. Thus, pharmacological
agents that limit acetylcholine signaling through neuronal nAChRs might be promising for the
development of novel antidepressant medications.
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Smoking and Depression: self-medication or a vicious cycle?

The high co-morbidity between smoking and depression is more than just an anecdote. The
connection between smoking and depression has been well established in the literature, and
estimates of the prevalence of nicotine dependence in patients with major depression range
from 50-60%, compared with about 25% in the general population 1. Furthermore, smokers
with a history of major depression are 2-3 times more likely to have failed quit attempts
compared with non-depressed smokers 2. Smoking cessation can lead to the onset of
depressive symptoms in smokers with a history of depression 1, which suggests that some
aspect of smoking, potentially nicotine (see Table 1 for structure) intake, has an effect on
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mood. Clinical studies have shown that a nicotine patch can reduce symptoms of depression,
even in non-smoking, depressed patients 3+ 4. Interestingly, chronic administration of low
levels of nicotine (as delivered by the nicotine patch) is thought to desensitize, rather than
activate, nicotinic acetylcholine receptors (NAChRs) 2 6, providing a hint that blockade of
nAChRs might be important for the effects of nicotinic agents on depressive symptoms.
Animal studies have also demonstrated that nicotine can have antidepressant-like effects in
rodent models of depression-like behavior such as the learned helplessness 7 and forced
swim 8 9 tests. Although it is possible that nicotine is activating nAChRs in these studies,
the chronic regimens of nicotine administration used in those studies could also result in
desensitization or inactivation of nAChRs 6 10, Finally, antidepressants such as bupropion
and nortriptyline have been used successfully for smoking cessation 11: 12 suggesting that
medication of depressive symptoms aids quitting for some smokers, or that antidepressants
might share common properties with other therapies used to treat smokers, such as the
nicotine patch. Consistent with this possibility, comprehensive reviews on the subject have
illustrated that many classes of clinically effective antidepressants can also act as non-
competitive inhibitors of nAChRs 123, Because the endogenous neurotransmitter for NAChRs
is acetylcholine, the effects of nicotine on depression-like behaviors provides evidence that
dysregulation of the cholinergic system might contribute to the etiology of major depressive
disorder 13,

The hypercholinergic hypothesis of depression

The hypothesis that too much acetylcholine might lead to depression was put forward more
than three decades ago by Janowsky and colleagues, who suggested that depression is
associated with hyperactivation of the cholinergic system and decreased activity of the
noradrenergic system 14. This hypothesis is consistent with early observations that
organophosphate poisoning (which leads to profound inhibition of acetylcholinesterase
(AChE) and therefore elevates acetylcholine levels throughout the brain and body) in
humans leads to depression-like symptoms, and that orchardists who work with these
compounds appeared to have higher rates of depression 1°. Following up on these
observations, Janowsky and colleagues showed that human subjects with an underlying
affective disorder treated with the blood-brain penetrant AChE inhibitor physostigmine (but
not the peripherally active AChE inhibitor neostigmine) showed decreased mania and
increased depressive symptoms 16. Similarly, when physostigmine was infused at high
doses in patients with no apparent neuropsychiatric illness, subjects reported symptoms of
depression, although with great variability 17.

Preclinical studies provide further support for the idea that alterations of the cholinergic
system can lead to depressive symptoms. The Flinders Sensitive Line (FSL) of rats was
selectively bred for increased sensitivity to the centrally active AChE inhibitor
diisopropylfluorophosphonate, resulting in increased acetylcholine levels in the brains of
these animals 18. These rats also show increased numbers and function of high affinity
nAChRs 19 20. In addition, FSL rats exhibit several depression-like endophenotypes,
including reduced locomotor activity, reduced body weight, increased REM sleep and
cognitive deficits 21. By contrast, rats of the control Flinders Resistant Line (FRL) do not
show these behavioral responses. FSL rats were tested in models of depression-like behavior
and showed increased anhedonia in the chronic mild stress model of depression, and
increased immobility in the forced swim model of antidepressant efficacy 22724. These
experiments illustrate that manipulations of the cholinergic system can lead to depression-
like behavior. Other studies have shown the converse relationship as well: the induction of
depression-like behavior by chronic inescapable footshock and swim stress in rodents
induces hypersensitivity of the cholinergic system 25. Taken together, these observations in
human subjects and in animal models strongly suggest that hyperactivity of the cholinergic
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system can contribute to the pathophysiology of depression. More recently, however, fewer
studies have investigated the potential link between acetylcholine and mood disorders,
probably because most efforts have focused on studies of monoamine neurotransmission,
which has become the dominant hypothesis since the development of selective serotonin
reuptake inhibitors (SSRIS) to treat depression. Though SSRIs are safe and are effective for
a significant subset of depressed patients, up to 50% of patients are unresponsive to all
available treatments 26 and new treatments are critically needed. Thus, it seems important to
revisit the cholinergic hypothesis of depression.

Signaling through cholinergic receptors modulates affective state

The receptors for acetylcholine can be divided into two broad classes: nAChRs and
muscarinic (MAChRs). If alterations of acetylcholine levels lead to depressive symptoms, a
change in the activity of nAChRs and mAChRs is likely to be the mechanism transducing
the altered acetylcholine signal. Authors have proposed that mAChRs are involved in mood
control because scopolamine is able to induce rapid-onset antidepressant effects in clinical
trials 27+ 28. In addition, mMAChRs were believed to be the crucial downstream effectors of
AChE-induced depressive behavior 14. To date, however, only a few reports have explored
the role of these receptors in mood regulation (reviewed in 29: 30) and further data are
needed. We will focus in this review on the other major subclass of acetylcholine receptors:
the NAChRs.

As mentioned above, NAChRs are the primary target for smoked nicotine in the brain. A
self-medication hypothesis has been proposed to explain the high co-morbidity between
smoking and depression 31; however, smoked nicotine is not a highly effective
antidepressant, because if it were, the prevalence of depressive symptoms would be
expected to be lower in smokers than in non-smokers. Though smokers report that they are
more likely to smoke when they experience depressive symptoms 32, immediate negative
affect symptoms do not predict relapse during smoking cessation 33 and overall, smoking
cessation leads to reduced stress 34. Similarly, a higher rate of suicide has been observed in
smokers, with heavier smokers more likely to attempt suicide than lighter smokers 35737. It
has been proposed that withdrawal symptoms induce cycles of stress and negative affect that
are alleviated by smoking a cigarette 34, and that reports of depression in recently abstinent
smokers are due to withdrawal symptoms 38. Although it is possible that activation of
NAChRs can be antidepressant, another possibility that is consistent with all these
observations is that smokers self-medicate depressive symptoms by desensitizing their
NAChRs. It has been reported that one puff of a cigarette is enough to saturate the high
affinity nAChRs (those containing the B2 nAChR subunit) in the human brain 39 and it is
known that after nicotine binding there is a long-term decrease in nAChR activity due to
desensitization 10+ 40. Thus, the brief activation caused by smoking a cigarette can lead to
immediate increase in NAChR activity. Although it is still controversial, it is possible that
this increase could lead to affective symptoms. Conversely, the long-term decrease in
NAChR activity as a result of desensitization might result in the alleviation of depressive
symptoms. Finally, nAChRs are upregulated as a result of smoking, and this increase in
NAChR number is maintained for at least 2 weeks following smoking cessation 41 and may
contribute to depressive symptoms following abstinence.

Consistent with the possibility that decreased activity of nAChRs might be an antidepressant
in human smokers, knockout mice lacking the high affinity subclass of nAChRs (those
lacking the B2 subunit) show decreased baseline immobility in the tail suspension and forced
swims tests 42, suggesting that decreased signaling through nAChRs may result in an
antidepressant-like phenotype. These studies have also shown that mice lacking high-affinity
nAChRs are insensitive to the tricyclic antidepressant amitriptyline, suggesting that
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alterations of nicotinic signaling can play a role in the response to classical antidepressants.
Interestingly, chronic nicotine administration, which increases the number of high-affinity
(04/B2) nAChRSs results in increased response to classical antidepressants 43.

Nicotinic blockers and partial agonists have antidepressant-like effects in
animal models

If smoking relieves depressive symptoms due to desensitization of nAChRs, then it should
be possible to test this pharmacologically by determining whether drugs that decrease
nAChR function or interfere with acetylcholine signaling through these receptors have
antidepressant effects. In support of this hypothesis, preclinical studies have demonstrated
that the non-selective, non-competitive nicotinic antagonist mecamylamine (see Table 1 for
structure) has antidepressant-like effects in mice in several common tests of antidepressant
efficacy, including the tail suspension and forced swim tests 42 44» 45. The effects of
mecamylamine depend on the expression of NAChRs because they are not observed in
knockout mice lacking either the high-affinity (those lacking the B2 subunit) or the
homomeric (those lacking the a7 subunit) nAChRs #4. In addition, antidepressant-like
effects are also seen with a competitive antagonist of high-affinity nAChRs (dihydro-f-
erythroidine), but are not seen with a competitive antagonist that does not cross the blood-
brain barrier (hexamethonium) 44.

In addition to studies with full antagonists of nAChRs such as mecamylamine and dihydro-
B-erythroidine, studies with partial agonists of NAChRs have also demonstrated
antidepressant-like effects in mice. Partial agonists are complex because they increase
activity of nAChRs submaximally on their own, but they limit the ability of acetylcholine to
activate nAChRs. Thus, if elevated acetylcholine contributes to depression-like symptoms,
the effect of a nicotinic partial agonist might be to act as an antidepressant in individuals
with high acetylcholine levels but to increase depression-like symptoms in individuals with
low acetylcholine levels.

Cytisine (see Table 1 for structure) is a nicotinic partial agonist that has low efficacy at high-
affinity (a4/B2) nAChRs but which is a full agonist at ganglionic («.3/f4) and homomeric
(a7) NAChRs 46: 47, Cytisine has been used in Eastern Europe as a smoking cessation aid
since the 1960s with limited but significant effects 48. Similarly, varenicline (Chantix ®; see
Table 1 for structure) is a partial agonist at high-affinity (a4/p2) nAChRs with higher
efficacy than cytisine 49, and also an agonist at ganglionic (a3/p4) and homomeric (a7) 50
nAChRs that is currently used for smoking cessation in the US and several other countries.
Both medications are thought to aid in smoking cessation by activating nAChRs enough to
prevent withdrawal while limiting the rewarding effect of nicotine 51. Both cytisine 52 and
varenicline 53 have antidepressant-like effects in mice that are similar to the effects of the
full nicotinic antagonist mecamylamine. Because both cytisine and varenicline are agonists
of ganglionic (a3/p4) and homomeric (a7) NAChRs, it is possible that these agonist
properties are involved in the antidepressant-like properties of these compounds; however,
novel derivatives of cytisine such as 3-pyridylyl cytisine and 5-bromo-cytisine (see Table 1
for structures) that are low-efficacy partial agonists of high-affinity (0¢4/p2) nAChRs but
which have little or no agonist effects at ganglionic (a3/p4) and homomeric («.7) NAChRs
also have antidepressant-like effects in mice >*. Similarly, sazetidine-A, a partial agonist of
a4B2 nAChRs with high affinity for non-resting conformations of the receptor which can
potently desensitize the a4p2 nAChR subtype 55, and the nicotinic partial agonist
isopronicline 56 (see Table 1 for structures), have antidepressant-like properties in mice 7,
suggesting that it may be the ability of these compounds to interfere with acetylcholine
signaling, rather than their ability to act as agonists at nAChRs, that is most important for
their antidepressant properties.
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Antidepressant effects of nicotinic blockers and partial agonists in human

subjects

Mecamylamine (Inversine®) is approved for use in human subjects and was originally used
to treat hypertension. Interest in mecamylamine as a potential therapy for affective disorders
was first raised when it was used in subjects with Tourette’s disorder and showed significant
ability to decrease depression-like symptoms in these patients 58: 59. There are now several
published clinical trials of nicotinic blockers or partial agonists in human subjects with
major depressive disorder. In Tourette’s patients with co-morbid bipolar disorder or major
depressive disorder, mecamylamine alone was effective in reducing depressive symptoms
60+ 61. The other clinical trials have involved patients already on an SSRI and have added
mecamylamine 82764: http://clinicaltrials.gov/ct2/show/NCT00593879 ClinicalTrials.gov
Identifier NCT00593879; http://www.targacept.com/wt/page/tc_5214) or varenicline 85 as a
second medication. These trials have shown that nicotinic compounds are effective
antidepressants in patients who have been unresponsive to an SSRI. Thus, the evidence
suggests that limiting acetylcholine signaling through nAChRs is a reasonable strategy for
developing novel antidepressant medications.

Varenicline and suicidality

Numerous recent reports have suggested that some smokers taking varenicline experience an
increase in suicidal ideation. This has lead to a black box warning by the FDA and has
resulted in considerable concern by patients and physicians. This seems paradoxical if
varenicline also has antidepressant effects 2. A recent report on patients in primary care in
the UK suggests that there was no increase in suicidal ideation in a cohort of more than
80,000 smokers taking varenicline as compared with smokers using nicotine replacement or
other medications to quit smoking 66; however, this study was not sufficiently powered to
detect a change of twofold, so it could easily miss individuals with particular sensitivity to
cholinergic modulation who experience an increase in suicidal ideation. Indeed, this study
found that subjects taking varenicline actually had a decrease in antidepressants prescribed
during the follow up period, which might suggest that there was an overall decrease in
depression symptoms in this sample. It has also been suggested that smoking cessation itself
could cause the increase in suicidal ideation, which would be consistent with findings that
quitting smoking can provoke an episode of depression 67. Further, several studies have
suggested that common genetic factors link smoking and depression 68, which would result
in more depressed individuals using smoking cessation aids in comparison to non-smokers,
resulting in a false correlation between medication use and suicidality. Alternatively, genetic
factors could make smokers prone to pro-depressant effects of varenicline. Because
varenicline is a high-efficacy partial agonist, if increased nAChR signaling can result in
depressive symptoms, a subset of individuals might achieve sufficient agonism of nAChRs
on the medication to result in the type of depressive symptoms observed in individuals given
the AChE antagonist physostigmine. As noted above, the results of physostigmine treatment
are variable and are most obvious in patients with affective disorders 16; therefore, patients
with sensitivity to cholinergic modulation might experience depressive symptoms from
taking varenicline due to its agonist properties. Another possibility is that the ability of
varenicline to activate a number of nAChRs results in increased psychiatric symptoms. For
example, agonism of ganglionic (a3p4) nAChRs could lead to increased anxiety %9 as has
been seen with cytisine 52. Clinical trials are underway in populations with psychiatric
disorders that will clarify the relationship between varenicline and affective disorders.
Future clinical trials should use a well-validated and treatment sensitive measure of suicide
tracking to provide accurate data to assess the effects of novel nicotinic drugs on suicidality
70 71.
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Augmentation strategies and future clinical practice

Both rodent 42: 53 and human 62: 65 studies show that mecamylamine and varenicline can
induce antidepressant-like effects in subjects administered an ineffective dose of a classical
antidepressant such as an SSRI. Indeed, in a review in 1986, Dilsaver noted that the
cholinergic hypothesis should more accurately be termed the cholinergic-monoaminergic
interaction theory, because any manipulation of one neurotransmitter system in the brain has
extensive consequences on a large number of other systems as well 72. Therefore, the future
of antidepressant treatment might be the use of augmentation strategies in patients who are
non-responsive to monotherapy. These data further suggest that mood and antidepressant
modulation by nicotinic compounds is not simply unidirectional, that both inhibition and
activation of nAChRs may result in antidepressant effects under different circumstances, and
that the effects of nicotinic compounds on different receptors, brain areas and
neurotransmitter systems will result in differing outcomes in individuals with different levels
of stress or depressive symptoms63.

As noted above, both preclinical 42 53 and clinical 62764 studies have shown that the
antidepressant effects of subthreshold or ineffective doses of SSRIs can be enhanced by
nicotinic antagonists or partial agonists; however the nature of the interaction between
SSRIs and nicotinic drugs is still not entirely clear and several non-exclusive mechanisms
for this interaction are conceivable. First, as mentioned previously, most antidepressants
have been shown to act as nicotinic antagonists in the nanomolar range 13 and therefore the
interaction between classical antidepressants and nicotinic drugs could occur at the receptor
level as a result of both compounds blocking nAChR. This might also explain why several
classes of antidepressants can aid in smoking cessation and can potentiate the effects of
other smoking cessation therapies 73. Another interaction probably also occurs at the system
level, because both mecamylamine and nicotine can potentiate serotonin neurotransmission
in the hippocampus, and therefore might improve the efficacy of SSRIs 74. Further clinical
trials are necessary to determine whether nicotinic agents will be useful antidepressant
compounds on their own, or whether combination with SSRIs or other monoamine-based
therapies will be more clinically efficacious.

Activation or desensitization? An ongoing controversy in modulation of
mood by smoking

Although the primary hypothesis explored in this review is that decreasing endogenous
acetylcholine signaling through nAChRs can be antidepressant, there is still controversy as
to whether inhibition or activation (or both) of NAChRs results in antidepressant effects. For
example, it should be noted that mecamylamine does not show antidepressant-like properties
in FSL rats and that it can block the antidepressant-like effects of nicotine in the forced
swim test in rats 1°. In addition, mecamylamine is used to induce withdrawal following
chronic nicotine exposure and the resulting withdrawal syndrome is characterized by an
elevated reward thresholds in rats 75. With respect to interactions with monoamine systems,
in one study nicotine, but not mecamylamine, could potentiate the effects of citalopram and
reboxetine, two monoamine-reuptake inhibitor drugs acting on serotonin and
norepinephrine, respectively 76. Furthermore, because partial agonists can, by definition,
partially activate NAChRs directly, as well as decreasing signaling of acetylcholine in vivo,
studies showing antidepressant-like effects of nicotinic partial agonists could result from
either activation or inhibition of nicotinic signaling.

Although it is not yet possible to reconcile these disparate findings, it is possible that rats,
like human subjects without affective disorders 16, are not as sensitive, or have a highly
variable response, to manipulations using cholinergic agents. In addition, it is possible that
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the depression-like symptoms experienced during acute abstinence from nicotine and
measured with the intracranial self-stimulation paradigm are not the same as those measured
in tests of antidepressant-efficacy such as the forced swim and tail suspension tests. Further,
both activation and inhibition of NAChRs may have antidepressant effects through distinct
mechanisms /7 or through disctinct NAChR subtypes. We have focused in this review on the
high affinity a4p2 nAChRs, but the nicotinic partial agonist varenicline is also a full agonist
at a7 NAChRs 20, the o7 agonist PNU-282987 (see Table 1 for structure) has antidepressant-
like properties 4° and a7 knockout mice are not responsive to the antidepressant-like effects
of mecamylamine #4. Thus, activation of o7 nAChRs but inhibition of a4p2 nAChRs may
contribute to the antidepressant effects of nicotine. Further, varenicline is also a full agonist
at 5-HT3 receptors /8, which are implicated in mood regulation /9, so the effects of
varenicline in human depressed patients are likely to be complex.

It seems probable that interfering with acetylcholine signaling will have multiple effects on
brain systems involved in affective behavior, with blockade or desensitization of NAChRs on
neurons in some pathways improving mood, while activation of nAChRs on different
subsets of neurons contributes to mood regulation, adding complexity to the cholinergic
hypothesis of depression. Thus, it is clearly simplistic to state that inhibition or activation of
nAChRs is antidepressant in all circumstances, and further work is necessary to determine
which patients might benefit from treatment with nicotinic antagonists or very low efficacy
partial agonists, and whether other patients might benefit from nicotinic agonists.

Conclusion

Numerous clinical and preclinical studies have now established that decreasing
acetylcholine transmission at specific nAChRs can positively affect mood, although the data
also suggest that a fine balance between receptor activation and desensitization is required to
yield relevant antidepressant-like effects 10. Though the exact neurobiological basis for the
antidepressant-like effects of nicotinic agents remains to be clarified, alteration of NAChR
function alone or in combination with other monoamine-based antidepressants represents a
new avenue for treatment of affective disorders. Nicotinic antagonists and partial agonists
have already been developed with pharmacological profiles that make them potential
candidates to improve depression-like symptoms, and some are already used for other
indications including smoking cessation. If the side effects are acceptable, the results from
preclinical studies and current ongoing clinical trials further suggest that currently approved
nicotinic compounds could provide new alternatives in patients showing poor response to
more classical antidepressants.
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structures of nicotinic agents that have been used successfully in rodent models of antidepressant efficacy.

Common name

Systematic name (IUPAC)

Structure

Nicotine

3-[(2S)-1-methylpyrrolidin-2-yl]pyridine

Mecamylamine

(2R)-N,2,3,3-tetramethylbicyclo[2.2.1]heptan-2-amine

Cytisine

(1R,5S)- 1,2,3,4,5,6- hexahydro- 1,5-methano-8H- -'-.
pyrido[1,2a][1,5] diazocin-8-one |

NH
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Common name

Systematic name (IUPAC)

Structure

3-pyridylyl-cytisine

(1R,5S)-1,2,3,4,5,6-hexahydro-9-(3-pyridinyl)-1,5-methano-8H-
pyrido[1,2-a][1,5]diazocin-8-one

5-bromo-cytisine

(1R,5S)-11-bromo-1,2,3,4,5,6-hexahydro-1,5-methano-8H-
pyrido[1,2-a][1,5]diazocin-8-one

7,8,9,10-tetrahydro- 6,10-methano- 6H-pyrazino (2,3-h)(3)

Varenicline benzazepine
Sazetidine-A 6-[5-[(2S)-2-Azetidinylmethoxy]-3-pyridinyl]-5-hexyn-1-ol HO o~ —~
B e Pl
L
W7
Isopronicline (2S,4E)-5-(5-isopropoxypyridin-3-yl)-N-methylpent-4-en-2- \,0\1/:; s _NH
amine |
7
PNU-282987 N-[(3R)-1-azabicyclo[2.2.2]oct-3-yl]-4-chlorobenzamide
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