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7

Abstract8

Calcium-signaling plays a central role in specification of the chemical transmitters neurons express, adjusting the numbers of cells that
express excitatory and inhibitory transmitters as if to achieve homeostatic regulation of excitability. Here we review the extent to which
this activity-dependent regulation is observed for a range of different transmitters. Strikingly the homeostatic paradigm is observed both for
classical and for peptide transmitters and in mature as well as in embryonic nervous systems. Transmitter homeostasis adds another dimension
to homeostatic regulation of function in the nervous system that includes regulation of levels of voltage-gated ion channels, densities of
neurotransmitter receptors, and synapse numbers and strength.
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. Introduction

Homeostatic regulation of neural activity is a process
hat prevents individual neurons and neural circuits from be-
oming hyper- or hypoactive. This is an essential process
or the continued function of the nervous system, because
xperience-dependent plasticity would otherwise bias neu-
ons and networks out of their operating range. A number
f mechanisms have been shown to act as stabilizers of neu-

ronal and network activity. The densities of voltage-gated
channels and postsynaptic receptors, presynaptic trans
release or reuptake, global regulation of synaptic stren
throughout a neuron and the number of functional syna
have been shown to be modulated to contribute to home
sis [1]. In this review we expand the boundaries of activ
dependent changes by including the choice of neurotran
ter neurons express, i.e. switching from an excitatory t
inhibitory transmitter or vice versa, in a homeostatic wa

Specification of the neurotransmitters synthesized an
R
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leased by neurons is a significant step in their differentiation.19

The appearance of the appropriate transmitters is essential20
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for communication of neurons with their postsynaptic tar-21

gets, expressing cognate receptors. If inappropriate transmit-22

ters are expressed, communication with postsynaptic neurons23

is anticipated to fail and neurons are expected to be isolated24

from their circuits. Experimental evidence has demonstrated25

genetic regulation of this aspect of development, but electri-26

cal activity and calcium (Ca2+) influx also play a key role.27

Here we summarize investigations of the role of activity in28

transmitter specification, assembling evidence from studies29

of classical and peptide transmitters and from embryonic and30

mature nervous systems that suggests that the role of activity31

in transmitter specification is geared toward homeostasis. We32

identified studies in which increases or decreases in activity33

changed either the number of neurons expressing a particu-34

lar transmitter or the transmitter expressed in a population of35

neurons. Knowing whether the transmitter initially expressed36

was excitatory or inhibitory, we found that the changes in37

transmitter specification were consistent with a homeostatic38

paradigm. This may be a general feature of the organization39

of the nervous system, whereby activity shifts transmitter40

specification towards excitation or inhibition as if to achieve41

a constant level of excitability. We elaborate a model that42

reconciles the roles of genetic programs and activity in neu-43

rotransmitter specification in the context of homeostasis of44

excitability.45
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expression and gain-of-expression experiments, which lead73

to loss or gain of expression of this transmitter[6,7]. In 74

other systems Ca2+ transients and electrical activity regu- 75

late expression of GABA. The incidence of expression of76

GABA and its synthetic enzyme, glutamic acid decarboxy-77

lase (GAD), are upregulated in cultured embryonicXeno- 78

pusspinal neurons by increasing frequencies of Ca2+ spikes 79

mimicking endogenous spontaneous activity in vitro[8,9]. 80

Experimentally induced changes in the frequency of global81

Ca2+ transients are positively correlated with the onset of82

GABAergic neurotransmitter phenotype embryonic mouse83

neural precursors[10]. In a parallel manner, neuronal activ- 84

ity increases GAD 65 and GAD 67 expression in organotypic85

cultures of postnatal rat visual cortex. Suppressing activity at86

early times in vitro decreases both mRNA and protein levels87

of GAD 65 and 67, which recover when activity is allowed to88

resume; mRNA and protein levels are resistant to late-onset89

activity deprivation[11]. 90

Specification of dopamine (DA) expression follows a91

paradigm of co-regulation by transcription factors and ac-92

tivity. The dopaminergic phenotype is normally detected in93

10–20% of rat sensory petrosal ganglion neurons. High con-94

centrations of KCl or application of veratridine, which in- 95

creases neuronal activity, induce TH expression in 100% of96

cultured embryonic neurons, with a substantial increase in97

DA content. TH levels remain elevated in a subset of neurons,98
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. Embryonic development

.1. Classical transmitters

The classical neurotransmitters expressed in differe
ng populations of neurons have been shown to be regu
enetically by transcription factors and electrically by C2+

nflux. Specification of acetylcholine (ACh) by transcript
actors has been demonstrated by ectopic expression
hick spinal cord, leading to inappropriate expression of
ransmitter in interneurons[2,3]. However, Ca2+ signaling
egulates neurotransmitter specification in other systems
olarization or neuronal activity generating Ca2+ influx sup-
resses cholinergic differentiation of cultured neonata
uperior cervical ganglion neurons in response to a fac
onditioned medium and stimulates adrenergic differe
ion. Blocking Ca2+ influx leads to an increased incidence
holinergic neurons and reduction of the adrenergic ph
ype[4]. Suppression of Ca2+ elevations in cultured embr
nic rat hypothalamic neurons, by blockade of NMDA
eptors, L-type voltage-gated Ca2+ channels, or intracellula
APTA to chelate Ca2+, enhances expression of the cho
rgic phenotype in these neurons but not in neurons cul

rom the cerebral cortex[5]. Suppression of the activities
a2+-calmodulin II/IV or protein kinase C produces simi

esults, arguing that these Ca2+-dependent enzymes are p
f the signal transduction pathway.

Specification of the neurotransmitter�-aminobutyric acid
GABA) by transcription factors is demonstrated by loss
 P
R

O
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mplying a change in transmitter phenotype in these
12]. Depolarization increases the proportion of dopami
ic neurons in nodose, petrosal and dorsal root sensory
lia. This activity-dependent expression parallels the tem
al pattern of dopamine expression in vivo, producing la
ncreases in dopaminergic embryonic neurons and sm
nes postnatally, via Ca2+ influx through voltage-gated Ca2+

hannels[13]. Significantly, patterned electrical stimulati
f petrosal ganglion neurons in vitro induces TH exp
ion [14] and physiological stimulation of these neuron
ivo induces TH expression exclusively in cells expres
hox2a/2b transcription factors (Fig. 1; [15]). The timing of
ppearance of these transcription factors is correlated

he ability of petrosal ganglion neurons to express TH.
eleased by neurons of the petrosal ganglion acts as
ibitory transmitter, reducing the excitatory postsynaptic
ents of neurons of the nucleus tractus solitarius[16]; electri-
al activity and elevation of Ca2+ increase the number of ne
ons in which it is expressed. Observation that the appea
f the dopaminergic phenotype in rat olfactory bulb neu
epends on afferent innervation both in vitro and in viv
onsistent with homeostatic activity-dependent specific
f neurotransmitter expression[17].

Interestingly, activity and Ca2+ elevations appear to e
rt opposing effects on the expression of excitatory an
ibitory transmitters. Suppressing Ca2+ influx leads to in
reases in the incidence of neurons expressing ACh an
reases in the numbers of neurons expressing GABA o
n contrast, enhancing Ca2+ influx leads to decreases in t
umbers of neurons expressing ACh and increases in t
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Fig. 1. Activity-dependent specification of dopamine in ganglionic neurons
in vitro and in vivo. (A) Developmental time course of Phox2a, Phox2b
and depolarization-induced tyrosine hydroxylase (TH) expression in cul-
ture. Petrosal ganglia were removed at the ages indicated and grown in
dissociated cell culture for 3 days in the absence (control) or presence of
40 mM KCl (KCl). Data are mean± S.E.M. (B) Images illustrating nuclear
Phox2a expression and cytoplasmic TH expression in E16.5 cultures grown
as in (A). (C) Effects of hypoxia, stimulating petrosal ganglion neurons, on
TH expression in neurons expressing Phox2a. Newborn rats were exposed
to 12% hypobaric hypoxia for 1 week from birth and sections of petrosal
ganglia from p7 animals were immunostained for Phox2a and TH. Data are
mean± S.E.M. ( P≤ 0.001; after[15]).

cidence of expression of GABA or DA. The results suggest129

that the numbers of neurons expressing a particular transmit-130

ter may be regulated in such a way as to maintain a steady131

level of excitability in the nervous system.132

Recent work reveals that activity-dependent specification133

of transmitter expression is a prominent feature of differ-134

entiation of spinal neurons inXenopusembryos. Moreover135

the process appears directed to homeostatic regulation of ex-136

citability, extending earlier findings that suggest such reg-137

ulation [18]. This study identified characteristic signatures138

of spontaneous Ca2+ spikes for four of the eight classes of139

neurons in the embryonic neural tube during a 10 h period of140

development following neural tube closure. Spikes, which re-141

sult from Ca2+-dependent action potentials and Ca2+-induced 142

Ca2+-release, are generated aperiodically at low frequencies143

(1–20 h−1), and are stereotyped for different neuronal classes.144

Normal differentiation of these four types of neurons pro-145

duces glutamatergic sensory neurons, cholinergic motoneu-146

rons, and glycinergic and gabaergic interneurons. 147

Altering the patterns of Ca2+ spikes in vivo leads to 148

changes in the neurotransmitters expressed by these spinal149

neurons. Suppression of activity, by overexpressing inward150

rectifier potassium channels or by local delivery of Ca2+ and 151

Na+ channel blockers, leads to increased incidence of ex-152

pression of excitatory transmitters, ACh and glutamate, and153

to decreased incidence of expression of inhibitory transmit-154

ters GABA and glycine. In contrast, enhancement of activity155

by overexpression of Na+ channels or local delivery of vera- 156

tridine generates an increased number of neurons expressing157

inhibitory transmitters and a decreased number of neurons158

expressing excitatory transmitters. Remarkably, following159

enhancement of Ca2+ spike activity, some sensory neurons160

are no longer glutamatergic and some motoneurons are no161

longer cholinergic; instead, these neurons acquire GABAer-162

gic or glycinergic phenotypes. These results suggest that Ca2+
163
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pike activity drives homeostatic specification of neurotr
itters, as if to ensure a balance of excitability.
Homeostasis must be achieved by a feedback loop tha

als the level of electrical activity in the neurons. Howe
his feedback loop does not involve transmitter release
iated with synaptic connections among neurons in the n
ube, because homeostasis occurs when neurons are gr
ow density dissociated cell cultures free of synaptic con
ions. Under these conditions, suppression and enhanc
f Ca2+ spike activity continue to specify homeostatic exp
ion of excitatory and inhibitory transmitters. These res
aise the possibility that a feedback loop involving spo
eous release of transmitters[18] is cell autonomous, wit

ransmitters activating receptors on the neurons from w
hey are released. This work led to a model in which exp
ion of transcription factors programs the expression o
hannels that generate Ca2+ spikes, which in turn drive ex
ression of transcription factors that program the activatio
enes encoding proteins that regulate transmitter metab
Fig. 2). Future analysis of homeostasis will focus on C2+

pike-dependent release of molecules that could act aut
cally or on a wholly intracellular signaling process.

How is information encoded by the pattern of Ca2+ spikes?
mposition of Ca2+ transients closely mimicking spontaneo
a2+ spikes with respect to waveform and frequency rev

hat the incidence of gabaergic neurons is directly pro
ional [8,9] while the incidence of cholinergic and glu
atergic neurons is inversely proportional to the freque
f periodic spikes[18]. However, this pattern of stimulatio
esults in coexpression of glutamate and ChAT and fai



N
C

O
R

R
E

C
TE

D
 P

R
O

O
F

YCECA 594 1–7

4 N.C. Spitzer et al. / Cell Calcium xxx (2005) xxx–xxx

Fig. 2. Model for neurotransmitter specification. Expression of transcription factors identifies classes of neurons that express constellations ofion channels.
These channels produce patterned Ca2+ spike activity that is modulated by signaling proteins. Patterns of spike activity, activating Ca2+-dependent transcription
factors, regulate expression of transcripts encoding the enzymes that synthesize and store specific transmitters. Different levels of activity homeostatically
specify expression of excitatory and inhibitory transmitters (after[35]).

reproduce the largely one-to-one expression of a single clas-194

sical transmitter in a single class of neurons in vivo. Periodic195

stimulation patterns may not adequately reproduce the nat-196

ural, aperiodic spike patterns, or additional factors may be197

required to achieve the expression of a single transmitter in198

single class of neurons.199

2.2. Peptide transmitters200

Does regulation of peptide transmitter expression obey the201

principle of homeostasis similar to that of classical transmit-202

ters? Do depolarization and Ca2+ influx lead to increased203

incidence of expression of inhibitory peptide transmitters204

and decreased incidence of expression of excitatory peptide205

transmitters? Somatostatin (SS) is an inhibitory transmitter206

in the hippocampus[19,20]. Blocking inhibitory or excita-207

tory activity in postnatal rat slice cultures of hippocampal208

interneurons with bicuculline or CNQX increases and de-209

creases, respectively, the number of SS-immunoreactive neu-210

rons (Fig. 3; [21]). These results indicate that the extent of211

expression of SS in maturing hippocampal interneurons is212

homeostatically tuned to the endogenous balance of excita-213

tory and inhibitory activity. 214

Substance P (SP) can act as an inhibitory transmitter215

[22,23]. In the visual system, innervation by retinal ganglion216

cell terminals precedes the expression of substance P (SP) by217

Ranatectal cells, and transection of the optic nerve results218

in a decrease in SP expression in the tectal lobe in tadpole219

[24], consistent with homeostatic regulation. Blocking glu-220

tamate receptors with CNQX or AP5 in vivo does not affect221

nerve-dependent regulation of the SP population of cells in222

the developing optic tectum, but neurotrophin-4/5 produces223

increases in SP in normal animals and prevents the effects of224

optic nerve transection[25]. Whether or not NT-4/5 affects 225

the activity of these neurons as it does in cultured mesen-226

cephalic dopamine neurons[26] remains to be determined. 227

3. Mature regulation 228

Intriguingly, homeostatic activity-dependent specification229

of neurotransmitter expression appears not to be confined to230
U
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Fig. 3. Activity-dependent specification of somatostatin in slices of the striatum. Effects of bicuculline or DNQX treatment on somatostatin immunoreactivity
in neurons of the striatum oriens. (A) Control slice. (B) Bicuculline-treated slice. (C) DNQX-treated slice. Staining increases in intensity afterbicuculline
treatment and decreases following treatment with DNQX. Scale bar is 50�m. (D) Quantitation of changes in somatostatin-positive neurons. Bicuculline induced
a 60% increase in the number of labeled cells while DNQX induced a 40% decrease in the number of labeled cells (after[21]).

the developing nervous system. In the adult frog optic tectum231

SP expression is suppressed by blockade of ACh receptors232

with mecamylamine, consistent with decreased excitation233

leading to decreased expression of an inhibitory transmitter234

[27]. Substantial evidence has been obtained for homeostasis235

involving glutamate and GABA expression in the adult CNS.236

Although high frequencies of Ca2+ spikes generated in pedi-237

atric epilepsy may be detrimental to brain development[28],238

seizure activity appears to regulate expression of neurotrans-239

mitter homeostatically to suppress this activity. Mossy fibers240

normally generate excitatory glutamatergic postsynaptic po-241

tentials on rat hippocampal CA3 pyramidal cells, but seizures242

induce glutamatergic and GABAergic cotransmission[29]243

that coincides with upregulation of transcripts encoding GAD244

67 and the vesicular GABA transporter in the dentate gyrus245

and mossy fibers. Stimulation of the dentate gyrus to poten-246

tiate synaptic responses without inducing seizures leads to247

the appearance of fast bicuculline-sensitive inhibitory post-248

synaptic potentials (ipscs) in a process that is blocked by249

the protein synthesis inhibitor, cycloheximde[30]. GABAer-250

gic transmission from mossy fibers is normally present in251

the 3–5-week old guinea pig[31]. Investigation of neona-252

tal rat hippocampus reveals that a GABAergic input is nor-253

mally present until 3 weeks of age, after which activation of254

granule cells no longer evokes synaptic responses in CA3 in255

the presence of glutamatergic antagonists[32]. The change 256

in electrophysiological assessment is supported by immuno-257

cytochemical analysis of GABA and GAD 67 expression;258

RT-PCR demonstrates downregulation of vesicular GABA259

transporter transcripts in the adult. 260

The levels of GABA and GAD protein also appear to261

be regulated by physiological activity in the visual cor-262

tex of young adult monkeys[33]. Monocular deprivation, 263

tetrodotoxin injection or eyelid suture, which reduce the pat-264

terned input to the visual cortex, all decrease the number of265

GABA and GAD-immunoreactive neurons in the deprived266

regions, in some cases by as much as 50%. This effect is not267

accompanied by cell death and is fully reversible. In what may268

be a similar process, schizophrenic patients with functional269

hypoactivity of the dorsolateral prefrontal cortex exhibit re-270

duced expression of GAD transcripts relative to matched con-271

trols, with no significant reduction in the number of neurons272

[34]. Cell migration and survival appear to be within the range273

of normal. The results are consistent with activity-dependent274

downregulation of transmitter-related gene expression asso-275

ciated with adult onset of schizophrenia, but a role of de-276

velopmental suppression of activity is not excluded. It is not277

known whether the incidence of glutamatergic neurons in-278
U
N
 YCECA 594 1–7
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Table 1
Specification of neurotransmitters in a range of embryonic and mature neurons is regulated by neuronal activity

Transmitter Tissue Stage Citations

Acetylcholine Sympathetic ganglion Embryonic [4]
Hippocampus Embryonic [5]
Spinal cord Embryonic [18]

GABA Spinal cord Embryonic [8,9,18]
Neural precursors Embryonic [10]
Visual cortex Embryonic; mature [11,33]
Hippocampus Mature Gutierrez (2001);[30,32]
Prefrontal cortex Mature [34]

Glutamate Spinal cord Embryonic [18]
Hippocampus Mature Gutierrez (2001);[30,32]

Glycine Spinal cord Embryonic [18]
Dopamine Sensory ganglion Embryonic [12,14,15]
Somatostatin Hippocampus Embryonic [21]
Substance P Optic tectum Embryonic; mature [24]; Tu and Debski (2000)
Norepinephrine Sympathetic ganglion Embryonic [4]

creases under either of these conditions. These investigations279

of the effects of increases and decreases in electrical activity280

on neurotransmitter specification are suggestive of homeo-281

static regulation of excitability, leading to increases and de-282

creases in expression of the inhibitory transmitter GABA.283

4. Conclusions284

Evidence for homeostatic regulation of transmitter expres-285

sion both during development and in the mature nervous sys-286

tem, for a range of different transmitters (Table 1), raises287

the possibility that this process may be a general principle of288

neuronal development. Several stringent tests of this principle289

can be envisaged. For transmitters that are excitatory in some290

tissues and inhibitory in others, depending on transmitter re-291

ceptor permeability, it will be useful to determine whether292

electrical activity and Ca2+ influx have opposite effects on293

their expression in different tissues. Coexpression of several294

transmitters affords the opportunity to determine whether ex-295

citatory and inhibitory transmitters are differentially affected296

by suppression and enhancement of activity. Although the297

mechanisms by which this form of homeostasis is achieved298

are still to be determined, this form of plasticity adds another299

dimension of flexibility to the function of the nervous system.300
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