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ABSTRACT: The identity of the neurotransmitters

expressed by neurons has been thought to be fixed and im-

mutable, but recent studies demonstrate that changes in

electrical activity can rapidly and reversibly reconfigure

the transmitters and corresponding transmitter receptors

that neurons express. Induction of transmitter expression

can be achieved by selective activation of afferents

recruited by a physiological range of sensory input. Strik-

ingly, neurons acquiring an additional transmitter project

to appropriate targets prior to transmitter respecification

in some cases, indicating the presence of reserve pools of

neurons that can boost circuit function. We discuss the evi-

dence for such reserve pools, their likely locations and

ways to test for their existence, and the potential clinical

value of such circuit-specific neurotransmitter respecifica-

tion for treatments of neurological disorders. ' 2011 Wiley

Periodicals, Inc. Develop Neurobiol 72: 465–474, 2012

Keywords: neuronal plasticity; activity-dependent plasticity;

neurotransmitter switching; dopamine and GABA
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INTRODUCTION

The adult CNS maintains a homeostatic balance of

excitatory and inhibitory input in response to pertur-

bations of electrical activity occurring during normal

physiological processes such as sensory detection of

natural stimuli, adaptation to the environment, and

learning new tasks. To achieve this objective, differ-

ent forms of neuronal plasticity remodel the CNS at

the level of synaptic strength (Turrigiano, 2008; Nel-

son and Turrigiano, 2008; Ibata et al., 2008), intrinsic

excitability (Marder and Goaillard, 2006; Gittis and

du Lac, 2006; Turrigiano, 2011) and connectivity

(Engert and Bonhoeffer, 1999; Destexhe and Marder,

2004; Losonczy et al., 2008; Tye et al., 2008). Synap-

tic scaling and potentiation (Maffei et al., 2006; Tur-

rigiano, 2008), plasticity of voltage-gated channel

expression (LeMasson et al., 1993; Turrigiano et al.,

1994; Desai et al., 1999; Luther and Birren, 2009;

Nelson et al., 2005), morphological pruning and

maturation of dendritic trees (Cesa et al., 2007; Gon-

zalez-Burgos et al., 2008; Ovtscharoff et al., 2008),

regulation of activation or inactivation of spines

(Yasuda et al., 2003), and modulation of receptive

fields (Nudo et al., 1996; Froemke et al., 2007) are

responses to the numerous perturbations of activity,

both endogenous and environmental, to which the

CNS is subjected. Failure of neuronal homeostasis

may result in common neuropsychiatric phenotypes

(Ramocki and Zoghbi, 2008).

Many studies have demonstrated that changes in

electrical activity trigger the appearance of neuro-

transmitters in neurons that normally produce differ-

ent ones, both during development (Gu and Spitzer,

1995; Brosenitsch et al., 1998; Brosenitsch and Katz,

2001, 2002; Belousov et al., 2001, 2002; Watt et al.,

2000; Borodinsky et al., 2004) and in the mature

nervous system (Hendry and Jones, 1988; Gutierrez,

2002, 2005; Gutierrez et al., 2003). Transmitter re-
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ceptor matching occurs in parallel with activity-de-

pendent transmitter respecification (Borodinsky and

Spitzer, 2007; Cesa et al., 2008; Dulcis and Spitzer,

2008). Transmitter and receptor respecification can

be triggered by experimental manipulations or by nat-

ural sensory stimuli that selectively activate a neuro-

nal circuit (Trudeau and Gutierrez, 2007; Dulcis and

Spitzer, 2008). Interestingly, recent work has identi-

fied cases in which neurons are recruited into existing

networks through acquisition of an additional neuro-

transmitter. Because their anatomical connections are

already established, these neurons are rapidly func-

tionally integrated.

In this review we discuss the evidence for this

newly recognized activity-dependent recruitment of

neurons to circuits. We identify neuronal networks

that allow experimental tests of circuit-activated-

induction of ectopic transmitter coexpression and

circuit expansion in vertebrate model systems. The

ability to manipulate this form of plasticity could

provide the basis for novel noninvasive treatment of

disorders of transmitter and receptor metabolism,

such as Parkinson’s Disease.

Reserve Pool Neurons: Definition
and Properties

Reserve pool neurons are cells that share inputs and

outputs with adjacent core pools of neurons but

express different neurotransmitters. They are already

part of active circuits, prior to the time at which activ-

ity leads to transmitter respecification. As a result,

core and reserve pool neurons normally exert differ-

ent effects on their common targets. Physiological

stimuli change the afferent input to both the core and

the reserve pool, which triggers expansion or contrac-

tion of the transmitter phenotypes of the reserve pool

neurons. This neurotransmitter respecification can

involve coexpression of an additional transmitter (see

Fig. 1) or elimination of the expression of a pre-exist-

ing cotransmitter. The term \reserve" is used to indi-

cate that these neurons are integrated into circuits,

but ready to change the identity of the transmitters

they express. Reserve pool neurons thus respond to

changes in activity with a gain of function or loss of

function generated by transmitter respecification.

Core and reserve pool neurons are identifiable by

shared molecular markers such as transcription fac-

tors, ion channels, or calcium-binding proteins, some

of which are likely to contribute to the mechanism

for this plasticity.

One can think of some reserve pool neurons as

having \a day job," and then acquiring \another day
job," or perhaps \a night job," in addition to their

\day job". In the same way one can think of other

reserve pool neurons as holding down two jobs, one

of which they relinquish in response to a change in

circuit activity. In the first scenario, reserve pool neu-

rons already project to the same targets as the core

neurons for which they are in reserve, but express a

different transmitter than the core neurons; following

a change in circuit activity they acquire the transmit-

ter already expressed by the core neurons. In the sec-

ond scenario, both reserve pool neurons and core neu-

rons release the same transmitter at their synapses

with a common target; following a change in circuit

activity the reserve pool neurons lose the transmitter

that they previously had in common with the core

neurons. It seems unlikely that neurons lose all their

transmitters through this process—resulting in

\empty" neurons that do not synthesize any transmit-

ters—unless the number of neurons is to be pruned

back. Substantial evidence indicates that neurons

need to be synaptically connected in order to survive.

Transmitter respecification in reserve pool neurons

influences the excitability of postsynaptic elements,

by altering their complement of transmitter receptors.

The appearance of a new transmitter presynaptically

is accompanied by the appearance of cognate trans-

mitter receptors postsynaptically; the reverse happens

when a transmitter disappears presynaptically, and

the cognate transmitter receptors are downregulated

postsynaptically.

The advantages of reserve pool architecture sug-

gest the basis for evolutionary selection of this form

of plasticity. First, respecified reserve pool neurons

already innervate the correct targets, allowing rapid

application of the newly acquired transmitter pheno-

type in response to environmental stimuli. Second,

reserve pool neurons possess afferents whose activity

evokes appropriate temporal regulation of transmitter

release. Third, the target responds to the respecified

transmitter by expressing the correct neurotransmitter

receptors. Fourth, because neither neurogenesis nor

axonal growth is involved in this form of plasticity,

reversibility of respecification does not require prun-

ing of processes or elimination of neurons by cell

death.

Activity-Dependent
Neurotransmitter Respecification

It is useful to understand the extent of activity-de-

pendent transmitter respecification before reviewing

reserve pool neuron recruitment. Activity-dependent

transmitter respecification has been observed in a va-

riety of vertebrate nervous systems ranging from

frogs to rodents to monkeys.
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An early study of GABAergic differentiation by

cultured embryonic Xenopus spinal neurons revealed
a strong dependence on extracellular calcium (Spitzer

et al., 1993). Identification of the natural pattern of

spontaneous calcium transients led to an appreciation

of the correlation between calcium spike frequency

and the incidence of GABAergic neurons (Gu and

Spitzer, 1995) and calcium spike frequency was

shown to regulate the level of GAD67 transcripts

(Watt et al., 2000). Recordings of the patterns of

spontaneous calcium spikes in identified populations

of spinal neurons in the embryonic Xenopus neural

tube, coupled with suppression and enhancement

spiking, revealed homeostatic regulation of transmit-

ter specification. Suppression of spiking led to an

increase in the number of neurons expressing excita-

tory transmitters and a reduction in the number of

neurons expressing inhibitory transmitters. The oppo-

site result was obtained when spiking was enhanced

(Borodinsky et al., 2004).

Regulation of the numbers of dopamine neurons

by exogenous perturbations of activity is a general

feature of the dopaminergic nervous system in devel-

oping Xenopus laevis, which displays characteristic

patterns of calcium-spike activity in different subpo-

pulations of dopaminergic precursors before and after

dopamine expression takes place (Velázquez-Ulloa

et al., 2011). Changes in endogenous calcium spiking

activity during acquisition of dopamine by the reserve

pool annular neurons of the suprachiasmatic nucleus

raise the possibility that activity-induced transmitter

respecification occurs via a concommitant change in

excitability of the neurons. The precursors of dopami-

nergic neurons in both core and the annulus of the

ventral suprachiasmatic nucleus share expression of

transcription factor Lim1,2 (Dulcis and Spitzer,

Figure 1 Activity-dependent neurotransmitter (NT) respecification of reserve pool neurons

occurring under physiological conditions (left) and potentially following neurodegenerative dam-

age (right). Reserve pool neurons (red) acquire the core neuron phenotype (green) following activa-

tion by afferent neurons (blue). Respecified coexpressing neurons (yellow) enhance normal func-

tion or restore lost function by acting on target cells (white).
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2008), but reserve pool neurons can be identified by

the transcription factor Nurr1 before they express the

neuropeptide Y (NPY) phenotype (Velázquez-Ulloa

et al., 2011). Nurr1 is associated with differentiation

of dopamine progenitors (Goridis and Rohrer, 2002;

Andersson et al., 2006), and enables identification of

these reserve pool neurons before activity-induced

respecification takes place.

Tottering mice have a mutation in the P/Q-type

calcium channel a1A subunit gene and display a

marked reduction of calcium channel currents in their

Purkinje neurons during development (Wakamori et

al., 1998) associated with expression of tyrosine

hydroxylase (TH) mRNA and protein (Hess and Wil-

son, 1991). Ectopic TH expression by normally

GABAergic Purkinje cells in adult mice is not caused

by a switch in neurotransmitter expression but occurs

by coexpression of GABA and TH. Coexpression

persists in adult mutant mice and is associated with

ataxia, seizures, and absence epilepsy resembling

petit mal epilepsy in humans (Fletcher et al., 1996).

Differentiation of the dopaminergic phenotype in

rat cultured postnatal sensory ganglion neurons also

depends on electrical activity (Brosenitsch et al.,

1998; Brosenitsch and Katz, 2001). Calcium entry

achieved by depolarization with potassium chloride

or electrical stimulation at physiological frequencies

increased the incidence of expression of tyrosine

hydroxylase in neurons expressing the PhoxB2 tran-

scription factor, consistent with a partnership between

the genetic program and activity in transmitter speci-

fication. High frequency stimulation and enhanced

calcium entry confirm the existence of putative

reserve pool neurons that are able to acquire an addi-

tional transmitter phenotype in response to altered ac-

tivity.

A parallel example of transmitter respecification

by changes in signaling in neuronal circuits during

development has been described for glutamatergic

neurons of the rat hypothalamus (Liu et al., 2008).

The cholinergic phenotype was induced in a subset of

glutamatergic neurons following chronic in vivo
administration of the NMDA receptor blocker, MK-

801. Once again, the acquired ACh expression was a

partial phenoptypic switch as ACh and glutamate

were coreleased by the affected neurons.

Transmitter specification is also modulated by

activity in the adult nervous system. Suppression of

retinal activity with tetrodotoxin or eyelid suture in

young adult monkeys leads to reversible reduction in

the number of GABAergic neurons in the visual cor-

tex (Hendry and Jones, 1988). High frequency stimu-

lation causes the appearance of the GABAergic phe-

notype in normally glutamatergic rat hippocampal

granule neurons that project to CA3 neurons

(Gutierrez, 2002).

Activity-dependent transmitter specification involves

neither neurogenesis nor apoptosis, in cases in which

they have been examined, leading to the conclusion that

it represents a transfating or repurposing of the neurons

in which it occurs. Because neuronal identity is deter-

mined by a constellation of properties, including mor-

phology, ion channel expression and a host of molec-

ular markers, transmitter respecification does not

entail a change in identity. Examination of the

expression of other molecular markers confirmed the

retention of identity following transmitter respecifica-

tion in the spinal cord and hypothalamus (Borodinsky

et al., 2004; Dulcis and Spitzer, 2008).

Recruitment of Reserve Pool Neurons

Physiological levels of environmental illumination

dynamically regulate the number of dopaminergic

neurons in the ventral suprachiasmatic nucleus inner-

vating the melanotrope cells that control pigmenta-

tion in Xenopus laevis (Dulcis and Spitzer, 2008).

Expansion of the dopaminergic phenotype occurs fol-

lowing 2-h exposure of dark-raised larvae to a white

background or to light, via recruitment of NPY-

expressing neurons that already innervate the melano-

trope cells. NPY neurons respond to increased activ-

ity of the retinohypothalamic projection by coex-

pressing dopamine as an additional neurotransmitter,

along with TH, dopamine transporter, and vesicular

monoamine transporter proteins as well as TH tran-

scripts, all of which were undetected in controls or in

dark-raised animals. The functional consequence of

this parallel circuit recruitment is that reserve pool

neurons are able to restore the camouflage behavior

when natively dopaminergic neurons are ablated.

When larvae exposed to light are placed back in the

dark, NPY-immunoreactive neurons that have been

induced to express dopamine return to their default

expression of NPY alone, indicating that neurotrans-

mitter respecification is a reversible process.

Activity-dependent recruitment of cholinergic

neurons occurs similarly during development of the

cervical spinal cord in the cat (Chakrabarty et al.,

2009; Chakrabarty and Martin, 2010). In this system,

activity of the corticospinal tract induces a rapid

increase in the number of ChAT-positive neurons

during a two-week period. The newly cholinergic

neurons are recruited from a reserve pool of spinal

neurons that receive the descending cortical input.

Unilateral pharmacological blockade of activity dur-

ing this critical period results in lack of ChAT neuron

refinement in the affected spinal cord that resembles
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the immature pattern of neurotransmitter expression.

This study shows that the active connections between

spinal neurons during development are the means by

which the original population of cells expressing a

given neurotransmitter is restructured to establish

motor function in the spinal cord.

The mechanism of release of the newly expressed

neurotransmitter by respecified neurons remains to be

investigated. However, recent evidence has demon-

strated that cotransmission by sympathetic neurons

that are environmentally induced to coexpress norepi-

nephrine and acetylcholine is not achieved by costor-

age and corelease from single varicosities at the same

synapses but via concurrent release of transmitters in

separated synapses of individual neurons (Vega et al.,

2010). Interestingly, the same study showed that the

level of segregation between endogenous and induced

transmitter release is also modulated by environmen-

tal conditions.

Investigation of the plasticity of neurotransmitter

expression in neurons in the raphe of the hindbrain

reveals activity-dependent recruitment of serotoner-

gic neurons from the region immediately adjacent to

the core of this nucleus (Demarque and Spitzer,

2010). Overexpression of voltage-gated sodium or

potassium channels to generate global increases and

decreases in calcium spiking activity generates

changes in the number of serotonergic neurons only

in the region of the raphe. Because the axons from

newly serotonergic neurons fasciculate with axons of

natively serotonergic neurons, they may project to the

same targets.

Striatal TH-positive neurons increase in number in

mouse and macaque models of Parkinson’s disease

when the dopaminergic substantia nigra pars com-

pacta is lesioned (Tandé et al., 2006; Auman et al.,

2008). The partial recovery of dopaminergic neurons

observed following MPTP- and 6-OHDA-treatments

of mice results from phenotypic respecification of

neurons intrinsic to the striatum that depends on the

activity of Ca2+-activated K+ (SK) channels. Newly

TH-immunoreactive neurons in the macaque striatum

express both the dopamine transporter and glutamic

acid decarboxylase, suggesting that they were

recruited from a population of GABAergic interneur-

ons (Tandé et al., 2006). Whether these newly TH-

positive neurons are functionally integrated into brain

circuits remains to be tested.

Recruitment of neurons from reserve pools near

lesioned brain regions suggests that the brain may uti-

lize plasticity that evolved to meet a normal range of

physiological demands in order to achieve repair in

response to damage. The likelihood of achieving suc-

cessful repair would be enhanced by the proximity of

reserve pool neurons to the damaged circuit. The pro-

cess of respecification involves an activity-dependent

trigger and restriction of transmitter coexpression to

the neurons that display correct circuit integration for

the function that is to be restored. However, if the

brain is capable of this form of self-repair, why do

Parkinson’s disease models exhibit symptoms and

why do neurological disorders exist? Reserve pools

may not be available for recruitment, the reserve cir-

cuit may not receive an adequate level of activity to

drive respecification, or the damage to the circuit

may be so great that it can no longer be compensated

by reserve pool recruitment. Reserve pool neuron

transmitter respecification may also generate new cir-

cuit integration errors, leading to corelease of neuro-

transmitters at inappropriate synapses. Such a process

could explain how respecification causes new neuro-

logical symptoms, such as the ataxia phenotype

observed in tottering mice with dopaminergic/

GABAergic Purkinje cells (Fletcher et al., 1996).

Reserve Pool Candidates in the CNS

Neuronal networks in the CNS are now identifiable

by their neuronal composition, anatomical circuit

connectivity, physiological input and output, and mo-

lecular signatures of transcription factors, ion chan-

nels and neurotransmitters, both during development

and in the adult. Sufficient information has been

obtained to design experiments to test the existence

of additional reserve pools in the CNS. Since recruit-

ment of reserve pool neurons is activity-dependent,

we highlight some brain nuclei where this form of

plasticity can be tested by activation of sensory cir-

cuits.

The basal ganglia and substantia nigra have high

clinical relevance and have been among the most

intensively studied neural networks in the rodent and

primate brain (Parent and Hazrati, 1995; Joel and

Weiner; 2000; Kreitzer and Malenka, 2008). When

massive cell death occurs in the neuromelanin-pig-

mented and dopamine-containing substantia nigra,

the lack of dopamine release in the striatum causes a

number of neurological symptoms leading to Parkin-

son’s disease (Hirsh et al., 1988). Fortunately the

dopaminergic neurons of the substantia nigra pars

compacta are not the only neurons projecting to the

striatum (Grofova et al., 1982).

The rat substantia nigra is composed of the pars

compacta, which is solely dopaminergic, and the pars

reticulata, organized in large clusters of GABAergic

neurons with thin intermingled stripes of dopaminer-

gic neurons (Gonzalez-Hernandez and Rodriguez,

2000). Remarkably, the pars reticulata remains intact

Reserve Pool Neurons 469

Developmental Neurobiology



in Parkinson’s model systems (Patt et al., 1991), and

the combination of retrograde labeling and immuno-

cytochemistry has shown that dorsoventrally elon-

gated clusters of the GABAergic neurons of the pars

reticulata already project to the caudate nucleus in cat

(Hontanilla et al., 1996) and rat (Gonzalez-Hernandez

and Rodriguez, 2000). The existence of this nondopa-

minergic nigrostriatal pathway was elegantly con-

firmed by Rodriguez and Gonzalez-Hernandez (1999)

by antidromic responses to striatal stimulation, retro-

grade HRP labeling and resistance to 6-OHDA. These

GABAergic, parvalbumin-expressing neurons repre-

sent more than 80% of nigrostriatal neurons in Par-

kinson-induced rats (see circuit scheme in Fig. 2).

Consistent with their potential role as a reserve pool

that can rescue the loss of dopaminergic neurons, non-

dopaminergic nigrostriatal neurons share afferents with

dopaminergic neurons in addition to sharing the same

target, the striatum (Gerfen 1984, 1985; Gerfen et al.,

1985, 1987). Whether specific circuit activity can

induce the nondopaminergic nigrostriatal reserve pool

to acquire the dopaminergic phenotype and reverse be-

havioral deficits remains to be tested.

The olfactory system in rodents also appears wired

for this form of plasticity (Serguera et al., 2008). The

main olfactory epithelium that is specialized for

detection of odorants projects fibers to the juxtaglo-

merular dopaminergic interneurons in the main olfac-

tory bulb. These interneurons process odorant signals

and dopamine regulates odor discrimination and

some forms of olfactory learning (Coopersmith et al.,

1991; Yue et al., 2004). Investigation of the effect of

circuit-specific activation will determine whether

neurotransmitter respecification can be achieved via

recruitment of reserve pool interneurons in the main

olfactory bulb specifically in response to exposure to

relevant odorants, leading to changes in odorant-

evoked behavior.

Potential Clinical Benefits

Current clinical treatments of neurotransmitter-

related disorders include pharmacology to restore

appropriate levels of transmitter or modulate trans-

mitter receptor activation, embryonic stem cell trans-

plantation to replace degenerated cells, surgical re-

moval of brain nuclei to reduce excitation in epilepsy,

electroconvulsive therapies, deep brain stimulation

(DBS), and transcranial magnetic stimulation (TMS).

Restoration of neuronal circuit function by trans-

mitter respecification in reserve pool neurons is an

attractive prospect for several reasons. Manipulation

of activity differs from other treatments in several

significant regards. The first is that both application

and onset of detectable effects can be achieved in a

relatively short period of time. Respecification of

NPY/GABA annular neurons to include a dopaminer-

gic phenotype is induced by two hours of light expo-

sure and is sufficient to rescue camouflage behavior

in MPTP-treated Xenopus laevis larvae (Dulcis and

Spitzer, 2008). Transmitter respecification hijacks the

existing circuitry and appears to be relatively rapid.

Figure 2 The neuronal network activating the substantia

nigra in the mammalian brain. In red, the cortico-nigral path-

way that includes pyramidal neurons of Layers V–VI of the

prelimbic cortex, striatal neurons of the patches, and their

target dopaminergic neurons in the substantia nigra pars

compacta (white circles) that project to the striatum. In blue,

the cortico-nigral pathway that includes pyramidal neurons

from Layers I–III and V of the sensory/motor cortex, striatal

neurons of the matrix, and their two target classes of nigral

pars reticulata GABA-ergic neurons that project to the thala-

mus (dark gray circles) and the striatum (light gray circles),

respectively. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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A second appealing aspect of transmitter respecifica-

tion in reserve pool neurons is the prospect for noninva-

sive treatments for neurological disorders. Stimulation

of sensory nerves or focal repetitive transcranial mag-

netic stimulation (rTMS) are two steps toward this

goal. Vagus nerve stimulation therapy is approved by

FDA for treatment of medication-resistant depression

and for epilepsy. Vagus nerve stimulation alters con-

centrations of GABA, serotonin, norepinephrine, and

glutamate in the brain, suggesting an activity-dependent

correction of dysfunctional neurotransmitter modula-

tory circuits (Ressler and Mayberg, 2007). Specific

human behaviors can be altered by rTMS applied to

selected brain regions (Yoo et al., 2008). High fre-

quency rTMS modulation of the motor cortex led to

rapid enhancement of motor performance and increased

sensory threshold that were confirmed by functional

MRI. Transmitter respecification in reserve pool neu-

rons may provide a mechanistic understanding of effec-

tiveness of some of the current techniques involving ac-

tivity manipulation.

Finally, it is becoming clear that selective circuit-

activation can induce striking results in restoring func-

tion to diseased circuits. Optogenetics has been used to

achieve optical DBS of afferent axons projecting to the

subthalamic nucleus of hemiparkinsonian rats injected

with 6-OHDA (Gradinaru et al., 2009). Although this

method is invasive, these experiments demonstrate that

circuit-specific activation can lead to enhanced thera-

peutic effects in the adult mammalian brain with fewer

nonspecific effects than obtained with classical DBS. In

primates, mesencephalic dopaminergic neurons project

to both basal ganglia and frontal cortex, and motor

learning during training is coupled to changes in dopa-

mine release in frontal cortical areas in healthy human

subjects (Garraux et al., 2007). These results suggest

that task-activated circuitry can achieve circuit activa-

tion to direct local neurotransmitter specification,

expression and release. We conjecture that therapies

that train a subject’s mind to control selective circuit

activation across distant regions in the brain without

external manipulation of activity engage transmitter

respecification in reserve pool neurons.

Selective activation of brain circuits eliciting

transmitter respecification in reserve pool neurons

may contribute to activity-dependent plasticity in

damaged circuits. In the postembryonic nervous sys-

tem, where neurogenesis is restricted to a few regions

in the brain and the extracellular environment no lon-

ger provides appropriate cues to guide axonal path-

finding of ectopically and surgically implanted em-

bryonic stem cells, transmitter respecification in

reserve pool neurons may achieve transmitter

replacement in damaged neural circuits. Activity-de-

pendent replacement of neurotransmitters in adult

neuronal circuits that share the same target with the

diseased circuits would have clinical impact on neu-

rodegenerative disorders such as Parkinson’s and

Alzheimer’s, movement disorders such Huntington’s

disease, and restoration of function lost due to neural

tissue damage caused by stroke or other localized

brain lesions. This process could be particularly rele-

vant in mood disorders such as depression and schiz-

ophrenia and developmental disorders in establishing

brain wiring. Although there is potential for therapeu-

tic intervention, neurodegenerative disorders with

significant psychological and neurological impair-

ment involve extensive damage that could limit the

efficacy of neurotransmitter respecification via circuit

activation. However, this plasticity may be induced

Figure 3 Comparison of classical plasticity and reserve

pool plasticity. Increases in synaptic strength, synapse

number, and neuronal excitability are forms of activity-de-

pendent plasticity that affect the level of firing of the

postsynaptic neuron (indicated as action potentials at higher

frequency). Activity-dependent neurotransmitter respecifi-

cation in reserve pool neurons entails a change in the

expression of neurotransmitters in a parallel circuit inner-

vating the same target cells; summation of the input from

the core circuit and the parallel reserve pool circuit affects

the level of firing of the target cells. Both classical and

reserve pool plasticity affect the amount of neurotransmitter

released onto the postsynaptic cell.
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as a preventive approach to keeping healthy individu-

als \healthy" when the ability of reserve pool neurons
to provide therapeutic benefit is still intact.

CONCLUSIONS AND QUESTIONS

Activity-dependent homeostatic plasticity in the CNS

has been analyzed in detail and shown to involve

changes in synaptic strength, number of synapses, or

neuronal excitability (Nelson and Turrigiano, 2008)

(see Fig. 3). A common feature of these classical

forms of plasticity is that they all affect postsynaptic

firing leading to changes in neurotransmitter release

by the \plastic" neuron. In this way, activity exerts

spatial and temporal control of synaptic communica-

tion within the same circuit.

Reserve pool plasticity, however, allows changes

in transmitter identity by induction or elimination of

coexpression that affects the output of a parallel cir-

cuit innervating the same target cells. This fast func-

tional switching of transmitter release in shared target

brain regions provides additional flexibility to

achieve experience-dependent adaptation and homeo-

static regulation of circuit function.

New research technologies and newly identified

neural circuits can now be used to test the existence of

reserve pool neuron recruitment in circuits in the young

and adult brain. What is the generality of this novel

form of plasticity? Is this kind of circuit reconfiguration

achievable everywhere in the brain (all neurons are part

of a \reserve" pool for some circuit)? Or is it restricted

to particular regions of the brain or particular circuits?

It is possible that some circuits cannot rely on \spare"
cells in the network that display this capacity. What is

the molecular mechanism of this novel form of plastic-

ity? We hypothesize that reserve pool neurons either

have or lack particular molecular machinery that allows

them to gain or lose a neurotransmitter in response to

circuit activity. It would be of great interest to identify

such machinery, which could be used to introduce this

plasticity into circuits that lack it.

The authors thank the members of their lab for produc-

tive discussions.
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