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Abstract

Recent studies provide evidence that similar to early-stage Parkinson’s disease, depression is a neurodegenerative disease characterized
by the degeneration of monoamine axons. The major difference between the two disorders is that the symptoms of depression become
evident without loss of monoamine neurons, while the motor symptoms of Parkinson’s disease appear after loss of the cell body. Given that
the axonal degeneration of monoamine neurons underlies the pathophysiology of neurological (Parkinson’s disease) and neuropsychiatric
(depression) diseases, axonal impairment of monoamine neurons is thought to also occur in schizophrenia and bipolar disorder and play
a significant role in the pathophysiology of these mental illnesses. The positive symptoms of schizophrenia and manic symptoms of
bipolar disorder are known to occur in hyper-monoaminergic states, opposite to depressive symptoms, negative/cognitive symptoms of
schizophrenia, and motor disorders of Parkinson’s disease, all occurring in hypo-monoaminergic states. Since monoamine axons have
the capacity to spontaneously regenerate or sprout in response to damage in the adult brain and sometimes show hyperinnervation due to
excessive regeneration/sprouting beyond normal levels, it is possible that schizophrenia and bipolar disorder are disorders that include
excessive regeneration/sprouting of monoamine axons leading to hyper-monoaminergic states. Together, based on accumulating data
from animal and human studies, the pathophysiology of schizophrenia, major depression, and bipolar disorder is summarized as follows:
The degeneration of monoamine axons is associated with the negative and cognitive symptoms of schizophrenia, major and bipolar
depression, while hyper-regeneration/sprouting of monoamine axons underlies the positive symptoms of schizophrenia and bipolar mania.
The integrated understanding of schizophrenia, major depression, and bipolar disorder as monoamine axon disorder will open the door
to the development of new diagnosis and treatment methods for major mental illnesses as well as early-stage Parkinson’s disease.
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1. Introduction nia, one of the major symptoms of depression [2-4]. In
addition, another group of DA neurons in the VTA sends
axons to the medial prefrontal cortex (mPFC), and its func-

tional impairment has been explored focusing, in particular,

The three major brain monoamines, dopamine (DA),
noradrenaline (NA) and serotonin (5-HT), have been exten-

sively investigated in relation to neurological and psychi-
atric diseases, including Parkinson’s disease, schizophre-
nia, major depression, and bipolar disorder. Much evidence
shows that the monoamine-related disorders occur in hypo-
monoaminergic states (Parkinson’s disease, major depres-
sion, bipolar depression, and negative/cognitive symptoms
of schizophrenia) and/or in hyper-monoaminergic states
(bipolar mania and positive symptoms of schizophrenia).
Parkinson’s disease is a neurodegenerative disease charac-
terized by loss of DA neurons of the substantia nigra pars
compacta (SNc) that project DA axons to the dorsal stria-
tum, while the pathophysiology of schizophrenia, major de-
pression and bipolar disorder remain elusive. Impairments
of NA neurons of the locus coeruleus and 5-HT neurons
of the raphe nucleus that each innervate almost the entire
brain are thought to be involved in the pathophysiology of
depression [1]. DA neurons of the ventral tegmental area
(VTA) that send axons to the ventral striatum (nucleus ac-
cumbens) play a pivotal role in reward-related behavior and
its disfunction is considered to be associated with anhedo-

on schizophrenia.

Recent studies have shown that conventional antide-
pressant drugs possess the ability to induce the regenera-
tion of NA and 5-HT axons [5—11], while in patients with
depression as well as animal models of depression, de-
pressive symptoms are associated with the degeneration of
monoamine axons [8,10—15]. These findings support the
view that depression is a neurodegenerative disease char-
acterized by the degeneration of monoamine axons with-
out loss of the cell bodies (cell death) of origin. In Parkin-
son’s disease, the degeneration of the distal axons of SNc
DA neurons occurs first, and persistent retrograde axonal
degeneration finally results in the degeneration of the cell
body [16,17]. Thus, axonal degeneration is thought to be
a common phenomenon occurring in depression and early-
stage Parkinson’s disease [12—16]. The major difference
between the two disorders is that the symptoms of depres-
sion become evident without the degeneration of the cell
bodies, while the movement disorders of Parkinson’s dis-
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ease appear after loss of the cell body. Based on the view
that axonal degeneration of monoamine neurons underlies
the pathophysiology of neurological (early-stage Parkin-
son’s disease) and neuropsychiatric (depression) diseases,
similarly to early-stage Parkinson’s disease and depression,
axonal impairment of monoamine neurons is thought to also
occur in schizophrenia and bipolar disorder and to play a
significant role in their pathophysiology.

This review focuses on the role of monoamine axons
in schizophrenia and bipolar disorder, and will provide an
integrated view of the pathophysiology of major depres-
sion, schizophrenia, and bipolar disorder.

2. Morphological changes of monoamine
axons and measurements of axon density

This review describes morphological changes of
monoamine axons in relation to the pathophysiology of ma-
jor mental disorders. The major morphological changes of
monoamine axons include degeneration, regeneration, and
sprouting: degeneration is defined as destruction of axons,
regeneration as regrowth from damaged axons, and sprout-
ing as new outgrowth from intact axons. Regarding mea-
surements of axon density, immunohistochemistry using
antibodies to monoamine synthesis enzymes or monoamine
transporters is commonly used to visualize monoamine ax-
ons in animal studies and postmortem studies of human
brains. In human studies, positron emission tomography
(PET) imaging with radiolabeled monoamine transporters
is also used to measure the density of monoamine axons.
Since monoamine transporters are located on the membrane
of monoamine axon terminals, the level of monoamine
transporters is directly related to the density of monoamine
axon terminals.

3. Schizophrenia and
hypo-/hyperdopaminergic states

Schizophrenia is one of the major mental disorders,
characterized by positive (e.g., delusion and hallucination),
negative (e.g., social withdrawal and poor rapport), and
cognitive symptoms (e.g., disorganized thinking and prob-
lem solving) [18]. There is clear and consistent evidence
that positive symptoms are induced by hyperdopaminergic
activity, whereas negative/cognitive symptoms are caused
by hypodopaminergic activity [18-22]. Typical antipsy-
chotics, such as chlorpromazine and haloperidol, improve
the positive symptoms of schizophrenia by blockage of D2
receptors [23,24], while they have rather worse effect on
negative/cognitive symptoms [25]. It is also noted that psy-
chostimulants, including amphetamine and cocaine, which
increase extracellular DA levels, induce positive symptoms
in normal subjects and make psychotic symptoms worse in
schizophrenic patients [26,27]. Moreover, L-dopa admin-
istration in Parkinson’s disease is found to produce positive
symptoms in some cases [28]. In contrast, amphetamine
and L-dopa have been reported to have beneficial effects

on the negative/cognitive symptoms of schizophrenia [29—
32]. All these findings support the view that the posi-
tive symptoms of schizophrenia are related to excessive
DA activity, while hypodopaminergic activity induces neg-
ative/cognitive symptoms.

4. Negative/cognitive symptoms and DA axon
degeneration

The PFC, including the mPFC and dorsolateral PFC,
is known to play a critical role in a variety of higher-order
functions, such as working memory, decision-making, and
interference control [33,34], and patients with damage to
the PFC show cognitive and memory impairments [35—
39]. Given the function of the PFC, the negative/cognitive
symptoms of schizophrenia are thought to occur due to a
hypodopaminergic state in the PFC [20,40]. However, the
pathophysiology of hypodopaminergic states as well as hy-
perdopaminergic states remains unknown. In early-stage
Parkinson’s disease, the degeneration of DA axons of SN¢
neurons projecting to the dorsal striatum leads to a hy-
podopaminergic state of the striatum. Similarly, it is pos-
sible that the degeneration of DA axons of VTA neurons
projecting to the mPFC occurs in patients with schizophre-
nia, resulting in the hypodopaminergic state of the mPFC.
Importantly, in a postmortem study, Akil et al. [41] re-
ported direct evidence for degeneration of DA axons in the
mPFC of schizophrenic patients. In this study, the den-
sity of DA axons, visualized by immunohistochemistry us-
ing antibodies to tyrosine hydroxylase (TH) or DA trans-
porters, was examined in the dorsomedial PFC from 16
pairs of schizophrenic and matched control subjects. In the
same subject, TH- and DA transporter-immunoreactive ax-
ons showed the same overall patterns of regional and lam-
inar distribution. Compared to control subjects, the den-
sity of TH-immunoreactive axons was clearly reduced in
10 schizophrenic subjects, increased in two, and unchanged
in four. In contrast, the density of cortical 5-HT axons la-
beled for the 5-HT transporter was not different between
schizophrenic and control subjects. These findings strongly
suggest the occurrence of degeneration of DA axons in the
mPFC of schizophrenic patients.

5. Positive symptoms and DA axon
hyper-regeneration/sprouting

Despite increasing evidence supporting the involve-
ment of hyperdopaminergic activation in the expression of
positive symptoms, the pathophysiology of hyperdopamin-
ergic states in schizophrenia remains unclear. The major-
ity of previous studies have focused on a hyperdopamin-
ergic state in the striatum in relation to positive symp-
toms. Initially, the ventral striatum (nucleus accumbens)
was considered a site where hyperdopaminergic states oc-
cur in schizophrenic patients with positive symptoms, and
more recently, however, the focus appears to shift from the
ventral striatum to the dorsal striatum, particularly to the
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associative striatum. For details, refer to the review by Mc-
Cutcheon et al. [22].

In addition to positive symptoms, high doses of am-
phetamine are known to induce behavioral alterations, such
as euphoria and stereotyped behavior, in normal individ-
uals. Animal and human studies have shown that am-
phetamine euphoria was associated with excessive DA re-
lease in the reward-related ventral striatum (nucleus accum-
bens) [42—44] that receives DA innervation from the VTA.
Moreover, amphetamine-induced stereotyped behavior is
reported to be due to a hyperdopaminergic state in the dor-
sal striatum [45—47] that is a site responsible for motor dis-
orders of Parkinson’s disease with loss of DA innervation
from the SNc. However, there is no direct evidence show-
ing an association between amphetamine-induced positive
symptoms and hyperdopaminergic activation in the stria-
tum. In fact, it is difficult to identify the brain site respon-
sible for amphetamine-induced positive symptoms such as
hallucination and delusion, particularly in animal studies.
On the other hand, although there is no doubt that high doses
of amphetamine also release excessive DA in the mPFC as
well as in the striatum, much attention has not been paid to
a hyperdopaminergic state in the mPFC. It is possible that
the mPFC is involved in at least some of positive symptoms
due to hyperdopaminergic states related to amphetamine
and schizophrenia.

The dopamine hypothesis of schizophrenia proposes
that a hyperdopaminergic state in the striatum leads to the
positive symptoms of patients with schizophrenia. This is
based on the finding that excessive DA release and elevated
DA synthesis capacity, which are associated with a hyper-
dopaminergic state, occur in the striatum of schizophrenics
[18,22]. In patients with schizophrenia, excessive DA re-
lease was indirectly estimated by a reduction in dopamine
D2 receptor binding after amphetamine administration by
PET imaging with specific D2 receptor radioligands [40].
However, the results of this measurement can be affected
by the density of D2 receptors on striatal neurons and the
number of DA transporters on striatal DA axon terminals.
If these factors are altered in schizophrenia, the amount of
DA release could not be accurately assessed. In fact, the
density of D2 receptors and DA transporters is reported to
be altered in the striatum of schizophrenia, though the re-
sults are inconsistent [18,40]. Furthermore, elevated DA
synthesis capacity in the striatum of schizophrenia was also
indirectly assessed by PET imaging measuring the uptake of
radiolabeled DA precursors. In a most recent study, Jauhar
et al. [48] examined the effects of antipsychotic medication
on striatal DA synthesis capacity in patients experiencing
their first episode of psychotic symptoms and its relation-
ship to symptom change. Striatal DA synthesis capacity
was not altered by antipsychotic treatment, and there was
no significant association between change in DA synthe-
sis capacity and change in positive and negative symptoms.
Notably, despite significant improvements in positive and
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negative symptoms, there was no significant change in DA
synthesis capacity in all the striatal subdivisions including
the associative, limbic and sensorimotor striatum. These
findings suggest that the striatum may not play a major role
in the occurrence of positive and negative symptoms in pa-
tients with schizophrenia.

Further evidence has been presented that there is a hy-
perdopaminergic state in the striatum and a hypodopamin-
ergic state in the mPFC of patients with schizophrenia. In
a postmortem study by Sekiguchi et al. [49], the level
of DA transporters was found to be significantly lower in
the dorsal striatum and higher in the mPFC (Brodmann’s
area 10) in patients with schizophrenia. Since DA trans-
porters, which are located on the membrane of DA axon
terminals, regulate intra-synaptic DA levels by transport-
ing DA from synaptic clefts into presynaptic DA terminals,
lower and higher levels of DA transporters were interpreted
as resulting in a hyper- and hypodopaminergic state, respec-
tively. However, there is another possible interpretation for
a change in the level of DA transporters. Because the level
of DA transporters is directly related to the density of DA
axon terminals, elevated levels of DA transporters due to
an increase in the density of DA axon terminals (hyper-
innervation) lead to a hyperdopaminergic rather than hy-
podopaminergic state. Thus, higher levels of DA trans-
porters in the mPFC likely cause a hyperdopaminergic state
in the mPFC, possibly due to excessive cortical DA axons.
It is noted that in Parkinson’s disease, there is loss of DA
transporters and a rise in the density of D1 and D2 receptors
in the striatum [50], which is explained by the degeneration
of striatal DA axons and the denervation supersensitivity of
postsynaptic DA receptors, respectively.

As described before, the axonal degeneration of VTA
DA neurons projecting to the mPFC may induce the neg-
ative/cognitive symptoms of schizophrenia. However, the
pathophysiology of positive symptoms is unknown. One
possible explanation is that a hyperdopaminergic state
leading to positive symptoms is due to the hyperinner-
vation of the mPFC by DA axons. It is known that
monoamine axons including DA axons have a great ca-
pacity to spontaneously regenerate or sprout in response
to damage in the adult brain [51-59]. More impor-
tantly, monoamine axons sometimes show hyperinnerva-
tion due to excessive regeneration/sprouting following le-
sions, typically by treatment with monoaminergic neuro-
toxins such as DSP-4, 5,7-DHT and MPTP [53,60-64].
Thus, monoamine axons are considered to have the abil-
ity to induce hyper-regeneration/sprouting far beyond nor-
mal levels after axonal degeneration, raising the possibility
that a hyperdopaminergic state in patients with schizophre-
nia is induced by excessive regeneration/sprouting of DA
axons. In schizophrenia, prodromal symptoms before
the first episode of psychosis (hallucination and delusion)
mainly comprise negative symptoms, such as reduced con-
centration, social withdrawal, and deterioration in role
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functioning [65]. This suggests that excessive regenera-
tion/sprouting of DA axons leading to positive symptoms
occurs following axonal degeneration leading to negative
prodromal symptoms.

The neurodevelopment hypothesis of schizophrenia
proposes that a brain lesion during pre- and postnatal pe-
riods leads to the late appearance of clinical symptoms in
adolescence or early adulthood without evidence of a neu-
rodegenerative process [66—68]. An early study reported
that neonatal lesions of 5-HT neurons by the injection of
the neurotoxin 5,7-DHT into the dorsal raphe nucleus pro-
duced a hyperinnervation of DA axons in the mPFC of adult
rats [63]. More recently, based on the finding that the ex-
pression of the neurotrophic factor neuregulin-1 (NRG1) is
increased by neonatal hypoxia [69], Kato ef al. [70] demon-
strated that neonatal mice, transiently exposed to the NRG1
during postnatal days 2—10, showed hyperinnervation of the
mPFC, but not the striatum, by DA axons in adults. The
NRGI-treated mice exhibited behavioral impairments, such
as lack of prepulse inhibition and latent inhibition, reduced
social interactions, and hypersensitivity to amphetamine,
most of which are included as positive symptoms occur-
ring in hyperdopaminergic states in patients of schizophre-
nia [71]. These findings support the possible association
between dopaminergic hyperinnervation of the mPFC and
the positive symptoms of schizophrenia. NRG1 was iden-
tified as a schizophrenia susceptibility gene [72,73], and
in a postmortem study, NRG1 protein levels in the PFC
were elevated in schizophrenic patients compared to nor-
mal, bipolar and major depressed subjects [74]. Thus, it
is possible that perinatal brain insults, such as neonatal hy-
poxia, affect the development of DA axons projecting to
the mPFC, and result in the expression of psychosis due to
hyper-regeneration/sprouting of DA axons of the mPFC in
early adulthood, possibly by inducing neurotrophic factors
such as NRG1. Further studies are needed to confirm this
possibility.

6. Bipolar disorder and monoamine axons

Bipolar disorder, formerly called manic depression,
is a mental disorder that causes extreme shifts in mood,
energy, concentration, and behavior. Bipolar depression
is essentially the same as unipolar depression (major de-
pression), and therefore, the depressive symptoms of bipo-
lar disorder are thought to result from the degeneration
of monoamine axons. On the other hand, mania that is
characterized by symptoms including euphoric mood, psy-
chomotor agitation, and increased energy is the opposite
state of depression, suggesting the occurrence of manic
symptoms in hyper-monoaminergic states. As described
before, since monoamine axons including DA axons are
found to have the capacity to regenerate beyond normal lev-
els, it is proposed that hyperinnervation of the mPFC by
DA axons may play a critical role in the positive symp-
toms of schizophrenia. Similar to DA axons, there may

be hyper-noradrenergic and hyper-serotonergic states due
to excessive regeneration/sprouting of NA and 5-HT ax-
ons, respectively, and hyper-monoaminergic states due to
these monoamine axons are considered to contribute to
some of neuropsychiatric and neurological symptoms. In
fact, hyper-noradrenergic and hyper-serotonergic states, as
well as hyperdopaminergic states, have been reported to
be associated with manic symptoms, although most studies
are concerned, in  particular, with the association between
DA and mania [75-79]. Notably, many symptoms overlap
between mania and the positive symptoms of schizophre-
nia [80], supporting that some of manic symptoms occur
in hyperdopaminergic states. It is also noted that mood
switches from depression to mania can occur spontaneously
or after antidepressant treatment for bipolar depression, as
well as after administration of amphetamine and L-dopa
[75,77-79,81]. Thus, considering the similarity to the pos-
itive symptoms of schizophrenia possibly due to hyper-
regeneration/sprouting of DA axons, mania is likely to re-
sult from excessive regeneration/sprouting of NA and 5-HT
axons as well as DA axons.

Since NA and 5-HT axons innervate almost the entire
brain and are thought to play a pivotal role in the regulation
of mood, hyperinnervation by these monoamine axons may
contribute to symptoms such as elevated mood, increased
energy, and reduced need for sleep. On the other hand, hy-
perinnervation of the nucleus accumbens by DA neurons of
the VTA may play a role in euphoria, and hyperinnervation
of the dorsal striatum by DA neurons of the SNc is likely as-
sociated with stereotyped behavior, which occurs in mania
as well as schizophrenia. It is noteworthy that a rat model of
depression, which was developed by repeated exposure to
forced walking stress for two weeks, exhibited degeneration
of NA axons in the cerebral cortex. However, a subset of
animals, which revealed no depressive behaviors even after
exposure to the same chronic stress, rather showed a marked
increase in the density of cortical NA axons compared with
control animals not exposed to the stress [8]. This study
provides evidence that hyper-regeneration/sprouting of NA
axons occurs in response to insults, such as repeated stress,
although it remains to be known whether this group of ani-
mals revealed manic behaviors.

Lithium (Li) is one of the most commonly used
medicines for treating bipolar disorder. Although the mech-
anism of therapeutic action of Li remains unclear, Li has
been reported to exhibit inhibitory and facilitatory effects
on growth and regeneration of central and peripheral axons,
including 5-HT axons in adult rats [§2—85]. The dual effect
of Li on axonal growth and regeneration is concentration-
dependent, i.e., facilitatory at low concentrations and in-
hibitory at high concentrations, and the facilitatory effect
of Li at low concentrations and the inhibitory effect at high
concentrations are reported to occur by inducing partial and
strong inactivation of glycogen synthase kinase-3, respec-
tively [83—85]. These findings suggest that Li may treat
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schizophrenia

D2-expressing neuron

DA hyperinnervation

D2 hyperactivation

NMDA inhibition

DA-dependent

positive symptoms

excess DA release €= amphetamine, cocaine

ketamine, phencyclidine

DA-independent

D1-expressing neuron

low DA release

DA1 activation

NMDA activation
NMDA inhibition

negative/cognitive symptoms

Fig. 1. A possible mechanism of the simultaneous occurrence of positive symptoms and negative/cognitive symptoms. DA at low

concentrations promotes NMDA activity via D1 receptors and DA at high concentrations inhibits it via D2 receptors. The D1 medi-

ated activation and D2 mediated inhibition of the NMDA function occur independently in two distinct (D1- or D2-expressing) neuronal

systems. In schizophrenic patients and psychostimulant (e.g., amphetamine and cocaine) users, hyperactivation of D2 receptors due to

excessive DA release in the PFC leads to NMDA hypofunction resulting in positive symptoms, while NMDA antagonists (e.g., phency-

clidine and ketamine) lead to positive symptoms simultaneously with negative/cognitive symptoms by inducing NMDA hypofunction in

separate (D1- or D2-exprssing) neuron populations in the PFC without any association with DA transmission.

bipolar disorder by exerting enhancing effects on regenera-
tion of monoamine axons in a depressive phase and suppres-
sive effects in a manic phase, leading to stabilizing moods.

7. Simultaneous occurrence of positive and
negative/cognitive symptoms

The dissociative anesthetics and N-methyl-D-
aspartate (NMDA) receptor antagonists, phencyclidine and
ketamine, have been known to induce schizophrenia-like
symptoms, including both positive and negative/cognitive
symptoms, while the psychostimulants amphetamine and
cocaine produce positive symptoms alone [33,86,87].

Although positive symptoms in schizophrenic patients
and psychostimulant users are mediated by hyperactivation
of dopamine D2 receptors, NMDA-related psychosis can
be induced by blocking NMDA receptor activity without
any association with DA transmission. Moreover, NMDA
receptor inhibition by phencyclidine and ketamine leads to
positive symptoms simultaneously with negative/cognitive
symptoms, suggesting the involvement of NMDA hypo-

&% IMR Press

function in positive symptoms as well as negative/cognitive
symptoms through different neuronal pathways [33,87].
Importantly, Zheng et al. [88] reported DA concentration-
dependent modulation of NMDA receptor activity of pyra-
midal neurons of the mPFC using a slice preparation: DA at
low concentrations promotes NMDA activity via D1 recep-
tors and DA at high concentrations inhibits it via D2 recep-
tors. Since neuroanatomical studies have shown that sepa-
rate populations of pyramidal neurons of the mPFC reveal
expression of either D1 or D2 receptors and few neurons
express both [89—91], the D1 mediated activation and D2
mediated inhibition of the NMDA function are thought to
occur independently in two distinct (D1- or D2-expressing)
neuronal systems. Thus, hyperactivation of D2 receptors
in D2-exprssing neurons in the PFC results in supernormal
levels of NMDA hypofunction leading to positive symp-
toms, while negative/cognitive symptoms may be associ-
ated, at least in part, with reduced NMDA activity due
to hypoactivation of D1-expressing neurons in the PFC.
Therefore, the co-existence of positive symptoms and nega-
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degeneration

schizophrenia
negative/cognitive symptoms(41)

bipolar depression

major depression (8,9,10,12,13,14,15)

early-stage
Parkinson’s disease (12,13,14)

normal

hyper-regeneration/sprouting

N

schizophrenia
positive symptoms (70)

bipolar mania (8)?

Fig. 2. Schizophrenia, major depression, and bipolar disorder as monoamine axon disorder. The degeneration of monoamine axons

leads to the negative/cognitive symptoms of schizophrenia, major and bipolar depression as well as early-stage Parkinson’s disease, while

the hyper-regeneration/sprouting of monoamine axons induces the positive symptoms of schizophrenia and bipolar mania. Supporting

references are indicated by red (human study) and blue (animal model) numbers in the parentheses. Reference 8 (with a question mark)

reported that while chronic stress produced a rat model of depression with degeneration of cortical NA axons, a subset of stressed animals

showed excessive regeneration/sprouting of cortical NA axons. However, behavioral tests were not performed to assess manic behavior.

tive/cognitive symptoms seen in users of the NMDA antag-
onists ketamine and phencyclidine can be explained by their
direct inhibitory effects on NMDA activity of separate (D1-
or D2-exprssing) neuron populations without dopaminergic
modulation (Fig. 1).

8. Conclusion and perspective

The present review proposes that the major men-
tal disorders, schizophrenia, major depression, and bipo-
lar disorder, all are disorders of monoamine neurons char-
acterized by the degeneration and/or excessive regenera-
tion/sprouting of monoamine axons. Based on this view,
the pathophysiology of depression, schizophrenia, and
bipolar disorder is summarized in Fig. 2: The degener-
ation of monoamine axons is associated with the nega-
tive/cognitive symptoms of schizophrenia, major and bipo-
lar depression as well as early-stage Parkinson’s disease,
while hyper-regeneration/sprouting of monoamine axons
plays a role in the positive symptoms of schizophrenia and
bipolar mania.

Moreover, as shown in Table 1, the degeneration of
NA and 5-HT axons contributes to depressed mood, and
the degeneration of VTA DA axons projecting to the ventral
striatum (nucleus accumbens) is considered to induce anhe-
donia. The degeneration of VTA DA axons projecting to the
mPFC plays a critical role in the negative/cognitive symp-

toms of schizophrenia. On the other hand, hyperinnervation
of the mPFC by DA axons of VTA neurons induces the pos-
itive symptoms (delusion and hallucination) of schizophre-
nia, while hyperinnervation of the striatum by DA neu-
rons of the VTA and SNc contributes to manic symp-
toms of bipolar disorder and some positive symptoms of
schizophrenia. In addition, hyperinnervation of many brain
regions, including the cerebral cortex, by NA neurons of the
locus coeruleus and 5-HT neurons of the raphe nucleus is at-
tributable mainly to elevated mood. Importantly, since pa-
tients with mental illness often have overlapping symptoms
of different mental disorders (e.g., psychotic symptoms of
schizophrenia and bipolar disorder), it is most likely that in
these patients, more than two monoaminergic systems are
simultaneously impaired. Notably, in MPTP-treated mon-
keys with Parkinsonian symptoms, a marked hyperinnerva-
tion of DA and SHT axons occurs in the globus pallidus, de-
spite the massive degeneration of DA axons in the striatum
[64]. This finding indicates the possibility of simultaneous
occurrence of hyper- and hypodopaminergic states as well
as hyper-serotonergic states in the same brain, supporting
the possible co-occurrence of symptoms due to hypo- and
hyper-monoaminergic states. Furthermore, it is noteworthy
that the monoaminergic state in one brain region can influ-
ence the monoaminergic state in another brain region. Py-
cock et al. [92] reported that 6-hydroxydopamine lesions of
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Table 1. Major symptoms due to monoamine axon degeneration/hyper-regeneration/sprouting.

monoamine system

major symptom

cell body/innervation degeneration hyper-regeneration/sprouting
5-HT

raphe nucleus/cerebral cortex

NA depressed mood elevated mood

locus coeruleus/cerebral cortex

DA

VTA/ventral striatum anhedonia euphoria
VTA/mPFC negative/cognitive symptoms positive symptoms

SNc/dorsal striatum

impaired movement

stereotyped behavior

5-HT, serotonin; NA, noradrenaline; DA, dopamine; VTA, ventral tegmental area; mPFC, me-

dial prefrontal cortex; SNc, substantia nigra compacta.

the mPFC enhanced DA turnover and utilization in the stria-
tum, indicating that a hypodopaminergic state in the mPFC
leads to a hyperdopaminergic state in the striatum.

Recent studies of PET imaging with radiotracers
of presynaptic monoamine transporters have provided di-
rect evidence for the involvement of degeneration of
monoamine axons in depressive symptoms [12—14]. Sim-
ilarly, to ascertain the degeneration and excessive regen-
eration/sprouting of monoamine axon terminals in patients
with schizophrenia and bipolar disorder, the density of
monoamine axon terminals must be assessed by imag-
ing techniques with radiolabeled monoamine transporters.
However, there is no imaging study that shows degener-
ation and excessive regeneration/sprouting of monoamine
axons in relation to the symptoms of schizophrenia and
bipolar disorder. Future imaging (and anatomical) studies
in patients with mental illness will be needed to identify im-
paired monoamine axons and involved brain regions, lead-
ing to further improvement of diagnosis and treatment of
mental disorders.

Based on the view that depression, bipolar disorder,
and schizophrenia are disorders caused by impairment of
monoamine axons, the development of drugs for these men-
tal diseases will be needed. Regarding depression that is
thought to be caused by the degeneration of monoamine ax-
ons, NA- and 5-HT-specific antidepressant drugs are clini-
cally effective possibly by their regenerative action on NA
and 5-HT axons, respectively, but so far there is no report on
drugs that show regenerative effects on DA axons. If such
drugs are developed, they will contribute to treatment of
hypodopaminergic disorders, including not only major and
bipolar depression and the negative/cognitive symptoms of
schizophrenia, but also early-stage Parkinson’s disease. On
the other hand, although positive symptoms, such as delu-
sion and hallucination, are treated by administration of D2
receptor blockers, there are no drugs to suppress excessive
regeneration/sprouting of monoamine axons, possibly lead-
ing to the positive symptoms of schizophrenia as well as
manic symptoms of bipolar disorder.
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The mechanism of hyper-regeneration/sprouting of
monoamine axons remains unknown. It is likely that
neurotrophic factors, such as NRGI, play a role in
hyper-monoaminergic states due to excessive regenera-
tion/sprouting of monoamine axons. Furthermore, recent
studies have demonstrated that the regeneration of NA ax-
ons induced by NA-specific antidepressants is mediated
by activation of phospholipase A2 (PLA2) [7] and subse-
quently that calcium-independent PLA2 (iPLA2, a PLA2
family member) and its products (ecosapentacnoic acid
and docosahexaenoic acid) are involved in the regenera-
tion/sprouting of axons in the periphery and brain, including
DA axons [93-98]. It is thus worth to see whether the PLA2
(particularly iPLA2) signaling pathway plays a significant
role in hyper-regeneration/sprouting of monoamine axons
leading to hyper-monoaminergic states in patients with ma-
nia and schizophrenia. Finally, since molecular and genetic
studies provide clear evidence that genes are involved in the
etiology of schizophrenia and bipolar disorder [99], future
studies of these mental disorders will need to pay more at-
tention to genes associated with the regeneration/sprouting
of monoamine axons.
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