BIOCHEMICAL PHARMACOLOGY 74 (2007) I112-1119

available at www.sciencedirect.com

—— g

“e,¢ ScienceDirect

journal homepage: www.elsevier.com/locate/biochempharm

Role of endogenous nicotinic signaling in guiding neuronal
development

Zhaoping Liu, Jingming Zhang ', Darwin K. Berg*

Neurobiology Section, Division of Biological Sciences, University of California, San Diego, 9500 Gilman Drive, La Jolla,
CA 92093-0357, United States

ARTICLE INFO

ABSTRACT

Article history:
Received 20 April 2007
Accepted 29 May 2007

Spontaneous nicotinic cholinergic activity is widespread in the developing nervous system.
One of the major components mediating this activity is the nicotinic acetylcholine receptor
with a7 subunits («7-nAChR) and high relative calcium permeability. We recently reported

that a7-nAChRs co-localize in part with GABA receptors during development, and the sites
become co-innervated by cholinergic and GABAergic terminals. Patch-clamp recording

Keywords: either from embryonic chick ciliary ganglion neurons or from early postnatal mouse
Nicotinic hippocampal interneurons reveals that a7-nAChR activation can impose a rapid and
GABAergic reversible decrease in GABA, receptor responses. The effect extends to GABAergic synaptic
Excitation currents, and depends on intracellular calcium, calcium/calmodulin-dependent protein
Development kinase II, and MAP kinase in the postsynaptic cell. Over the longer term, nicotinic activity
Synapse has a more profound effect: it determines the time during development when GABAergic
Activity signaling converts from excitation to inhibition. It does this by changing the pattern of

chloride transporters to establish the mature chloride gradient required for inhibitory
GABAergic responses. The excitatory phase of GABAergic signaling is critical for proper
development and integration of neurons into circuits. By driving the conversion of GABAer-
gic signaling, nicotinic activity not only terminates one set of developmental instructions,
but also initiates another by collaborating with GABAergic inhibition to impose new
instructions. The results reveal a multi-layered pattern of activity-dependent controls in
development and indicate the significance of nicotinic signaling in shaping these events.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction cation-selective ion channels [1,2]. Classic studies have

demonstrated the excitatory role of nicotinic signaling at
Nicotinic cholinergic signaling is widespread in the vertebrate the vertebrate neuromuscular junction and in autonomic
nervous system where it employs the transmitter acetylcho- ganglia. In the central nervous system, however, nicotinic
line (ACh) from cholinergic neurons to activate ligand-gated signaling appears to exert more complex effects. Numerous
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studies have demonstrated the ability of nicotinic input to act
presynaptically, modulating transmitter release at a variety of
synapses [3-11]. Nicotinic input can also act postsynaptically
both to generate depolarizing postsynaptic currents and to
activate downstream signaling cascades [12-17]. The latter can
have diverse effects depending on the location and type of
pathway targeted.

A common theme in nicotinic signaling is the engagement
of calcium-dependent signal cascades. The two major nico-
tinic acetylcholine receptors (nAChRs) expressed in the brain
are the heteropentameric receptors containing «4 and 2 gene
products (a4B2-nAChRs) and the homopentameric receptors
containing the a7 gene product (a7-nAChRs). The latter have a
high relative permeability to calcium and can directly activate
calcium-dependent pathways [18,19]. Though «4B2-nAChRs
are less permeable to calcium, they too activate calcium-
dependent pathways in part because they are slower to
desensitize and recruit contributions from voltage-gated
calcium channels (VGCCs).

Spontaneous nicotinic excitation arises early in develop-
ment and often occurs in bursts or waves traveling through
the tissue. This has been well-documented for the retina and
spinal cord where it helps direct target selection and synapse
formation [20-23]. Spontaneous nicotinic excitation also
contributes to the giant depolarizing potentials reported for
neurons in the developing hippocampus [9,24,25]. This
pervasiveness of nicotinic excitation at late embryonic and
early postnatal stages raises questions about the role of
nicotinic input in neurodevelopment. The recent studies
reviewed here address the interactions of nicotinic and

GABAergic signaling and some of the consequences of that
interaction for development in the nervous system.

2. Convergence of nicotinic and GABAergic
input during development

The two most abundant nicotinic ACh receptors in the central
nervous system - «4p2-nAChRs and a7-nAChRs - reach high
levels in the early postnatal hippocampus [26,27]. Using
fluorescently tagged a-bungarotoxin (aBgt) to visualize o7-
nAChRs on the cell surface demonstrates that highest levels of
the receptors are to be found on hippocampal interneurons
when examined in slice culture [28]. This is consistent with
electrophysiological analysis of a7-nAChR responses in fresh
hippocampal slices as well as in dissociated cell culture [29-
32]. The surprise finding was that the receptors appear to co-
cluster in part with GABA, receptors on the neurons, and
moreover, that the co-clusters are often found at the tips of
filopodia extending from dendrites on the interneurons. The
co-clustering of «7-nAChRs with GABA, receptors was
specific, did not include GluRl-containing glutamatergic
receptors, and did not require innervation. When septal
explants were co-cultured with the hippocampal slices to
provide cholinergic innervation, the «7-nAChR/GABA, recep-
tor co-clusters became co-innervated by cholinergic and
GABAergic terminals. This could be seen by co-staining for
a7-nAChRs and vesicular ACh transporter (VAChT) as a
marker for cholinergic terminals (Fig. 1A-C) or a7-nAChRs,
GABA, receptors, and glutamic acid decarboxylase (GAD) as a

Fig. 1 - Innervation of «7-nAChR filopodia by cholinergic and GABAergic terminals from septum. Three-week-old septal-
hippocampal co-cultures were stained for surface a7-nAChRs with AlexaaBgt (A, D and H) and co-stained either for VAChT
with antibodies (B) and shown in overlay (C), or co-stained for a1-GABA4R subunit (E) and GAD65 (F) with appropriate
antibodies and shown in overlay (G), or co-stained for both VAChT and GAD and shown in overlay (H). Arrows indicate
examples of receptor clusters on filopodia being innervated by cholinergic (VAChT-positive) and/or GABAergic (GAD-

positive) boutons. Scale bars: 10 pm (from Ref. [28]).
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marker for GABAergic terminals (Fig. 1D-G), or a7-nAChRs,
VAChT, and GAD (Fig. 1H). Maintenance of the co-innervation
required nicotinic activity exerted through «7-nAChRs [28].
Analysis of fresh hippocampal slices prepared from early
postnatal rat pups confirmed that the receptor co-clusters
occurred in vivo as well. The results indicated that cholinergic
input was well positioned during development to exert local
postsynaptic effects at GABAergic synapses.

3. Acute regulation of GABAergic signaling by
nicotinic input

To test for acute regulation of GABA responses by nicotinic
input, we first turned to chick ciliary ganglion (CG) neurons
which express large numbers of a7-nAChRs and GABA,
receptors on the cell soma. Application of GABA to freshly
dissociated embryonic CG neurons reproducibly generates
an inward current as previously described [33]. Incubating
the neurons with 20 uM nicotine for 2-3s prior to the
GABA application reduced the GABA-induced whole-cell
current about 40% [34]. The reduction reversed within 8s
and was blocked by methyllycaconitine (MLA), an inhibitor
of a7-nAChRs. The inhibition could also be blocked by
infusing the neuron either with BAPTA to chelate calcium
or with KN-93 to block calcium/calmodulin-dependent
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protein kinase II (CaMKII) and U0126 to block MAP kinase.
The results indicated that nicotinic activation of «7-nAChRs,
acting through a calcium- and CaMKII/MAPK-dependent
mechanism, can reversibly inhibit GABA, receptors on the
same cells [34].

We then prepared hippocampal slices from postnatal
days 9-14 mice to test for similar nicotinic effects. Using
an extracellular stimulating electrode positioned in the
stratum radiatum (SR) of the CA1 region, we could elicit
GABA, receptor-mediated inhibitory postsynaptic currents
(IPSCs) recorded in SR interneurons with a patch-clamp
electrode. The antagonists NBQX (20 pM) and APV (50 pM)
were used to block AMPA and NMDA receptors, respectively.
Application of nicotine from a pipette positioned over the
dendritic field (but far from the soma to prevent movement
artifacts) reduced the amplitude of IPSCs elicited subse-
quently by the same stimulation. Again, the effect was
blocked by MLA. This suggested that GABA, receptors on SR
interneurons might be regulated by a7-nAChRs as seen for
CG neurons.

This hypothesis was tested directly by determining the
effects of endogenous cholinergic input. Cholinergic terminals
project from the septum to the hippocampus in part via the
CA1l region and can be activated by an extracellular stimulat-
ing electrode positioned in the stratum oriens (SO). By
sequentially pairing stimuli delivered to the SR and SO, one
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Fig. 2 - SO stimulation to activate cholinergic fibers depresses IPSCs elicited subsequently by SR stimulation. (A) Diagram
showing positions of stimulating (Stim) and recording electrodes (Record) in the SO and SR. (B) Two pairs of IPSCs (averages
of 6-8 traces; 1 min interval between traces) with the first pair being induced by stimulating first the SR and then the SO
after a 200 ms delay; and then the second pair being induced by repeating the stimulation in reversed order. (C) Compiled
results showing the mean amplitude (+S.E.M., n = 11 neurons) of an IPSC when it was elicited as the second of a pair,
normalized for its amplitude when elicited first. When SO stimulation preceded SR stimulation, the SR-elicited IPSC (SR-
IPSC) was significantly smaller than when the stimulation order was reversed. No decrement was seen in SR-IPSC if MLA
was used to block a7-nAChRs, or the slices were taken from a7-nAChR knockout mice, or the recording pipette was used to
infuse BAPTA or the kinase inhibitors KN93 and U0126 into the postsynaptic neuron. Stimulation order produced no
decrement in SO-elicited IPSCs (SO-IPSC) under any conditions (reconfigured from Ref. [34]).
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can infer the effects of cholinergic input on the IPSC (Fig. 2A).
Both stimuli elicited IPSCs in the SR interneuron, but the
amplitude of the SR-elicited IPSC was smaller when it was
preceded by the SO-elicited IPSC (Fig. 2B). The reverse was not
true: the size of the SO-elicited IPSC was independent of order,
consistent with the view that only SO stimulation recruited
cholinergic responses that could modulate IPSCs. The effect of
SO stimulation on SR-elicited IPSCs was blocked by MLA and
was absent in hippocampus from «7-nAChR knockout mice,
demonstrating the role of a7-nAChRs. No effect of SO
stimulation was observed on paired-pulse ratio measured
for SR-elicited IPSCs, arguing against a presynaptic effect
[34]. Further evidence for a postsynaptic effect of «7-nAChRs
came from experiments showing that the ability of SO
stimulation to reduce SR-elicited IPSCs was prevented by
infusing the neuron either with BAPTA or with the kinase
blockers KN-93 and U0126 (Fig. 2C). These results mirror
those reported for isolated CG neurons and indicate that o7-
nAChR activation can acutely diminish GABA, responses.
Additional experiments examining the recovery of GABA
responses after repeated SR stimulations + MLA indicated
that endogenous activation of a7-nAChRs in the slices
produces a steady-state regulation of GABAergic responses
[34]. The results demonstrate a rapid and reversible inhibi-
tion of GABA, receptors mediated by a7-nAChRs on the
postsynaptic cell.

4. Nicotinic timing of GABAergic conversion
during development

A different and potentially more profound interaction
between nicotinic and GABAergic transmission that we
examined concerns the interdependency of these two forms
of signaling during development. GABAergic signaling is
excitatory during late embryogenesis and early postnatal life,
due to an immature chloride gradient [35-37]. This excitatory
phase is essential for normal development and integration of
neurons into circuits [36,38,39]. We find that endogenous
nicotinic activity determines when GABAergic signaling
converts from excitation to inhibition during development,
and that it does so by changing the chloride gradient across the
membrane.

We first tested this hypothesis on chick CG neurons
because they express high levels of nicotinic and GABA
receptors in close juxtaposition on the cell soma and receive
GABAergic, as well as cholinergic, input in ovo [40]. Manipula-
tion of nicotinic activity was achieved in ovo by applying either
MLA or aBgt to block a7-nAChRs and dihydro-p-erythroidine
(DHBE) to block heteromeric nAChRs on the neurons for
multiple days. GABA responses were assessed initially by
dissociating the neurons from freshly dissected ganglia,
loading the cells with the calcium indicator dye Fluo-3-AM,
and then quantifying the fluorescent response to GABA. When
the chloride gradient is immature, activation of GABAa
receptors depolarizes the membrane, activates VGCCs, and
permits calcium influx which generates phasic fluorescence.
By this criterion the chloride gradient matures between
embryonic day (E) 9 and E14 (Fig. 3A-C). Strikingly, pharma-
cological blockade of nicotinic receptors in ovo between E8 and

E14 caused retention of the excitatory GABAergic response at
E14 (Fig. 3D). Patch-clamp recording with the perforated-patch
technique to preserve the endogenous chloride gradient
confirmed that nicotinic blockade caused the neurons to
retain a depolarizing chloride gradient (Fig. 3E-G). Consistent
with this, Western blots indicated that the treated neurons
retained abnormally high levels of the chloride transporter,
NKCC1, which is responsible for the immature chloride
gradient causing depolarizing GABAergic responses (Fig. 3H
and I).

Analysis of freshly dissociated chick spinal cord neurons
revealed a similar phenomenon. Loading with Fluo-3-AM and
challenging with GABA plus glycine showed that the GABA/
glycine response usually converted from excitation to inhibi-
tion between E6 and E9. When treated with MLA and DHBE
starting at E3, many of the neurons retained a depolarizing
GABA response at E9 [40].

The availability of a7-nAChR knockout mice enabled us
to test directly the role of a7-nAChRs in converting the
GABAergic signal in the hippocampus. Preparing freshly
dissociated hippocampal cells, loading them with Fluo-3-
AM, and challenging with GABA demonstrated that the
GABA response converted from excitation at P6 to inhibition
in most cells by P13. A significantly higher fraction of cells
from a7-nAChR knockouts retained a depolarizing response
at P13. Moreover, Western blot analysis indicated that
hippocampal tissue from the a7-nAChR knockouts retained
an immature pattern of chloride transporters, namely high
levels of NKCC1 and low levels of KCC2, compared to
wildtype tissue of the same age [40]. These results showed
that nicotinic signaling helps drive conversion of GABAergic
signaling during development in the mammalian hippo-
campus as it does in the avian autonomic and central
nervous systems.

5. Multi-layered nicotinic/GABAergic
interactions shaping development

Changing the duration of the GABAergic excitatory phase
during development should have significant effects on
neuronal maturation and innervation. Less clear is whether
the inhibitory phase might also offer developmental instruc-
tions, though of a different nature. We tested this idea in CG
neurons where nicotinic excitation combined with inhibition
can alter gene expression. Thus, nicotinic transmission can
activate the transcription factor CREB and change gene
expression if, and only if, the membrane potential is kept
sufficiently negative such that VGCCs are not routinely
activated [15]. Indeed, tests on freshly dissociated E14 CG
neurons demonstrated that co-application of GABA, along
with nicotine, does enable nicotine to activate CREB when it
would not do so alone.

Additional tests were performed in cell culture under
conditions where CG neurons retain a depolarizing chloride
gradient. Transfecting the neurons with a construct expres-
sing KCC2 inverted the chloride gradient, making GABA
inhibitory. Under those conditions, application of GABA-
induced unipolarity in the neurons (singe neurite, as in vivo)
and restricted innervation of the cell if, and only if,
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Fig. 3 — Nicotinic blockade in ovo extends the period of GABAergic excitation in CG neurons by delaying maturation of the
chloride gradient. (A) E14 CG neurons containing calcium fluor imaged before (Basal) and immediately after applying GABA
(GABA), waiting 10 s (Pause) and then stimulating with KCl (KCI). Scale bar: 10 pm. (B) Fluorescence responses of an E9 and
an E13 neuron. (C) GABA-induced calcium fluorescence is largely lost in CG neurons between E9 and E14. (D) In ovo
application of nicotinic antagonists at E8 caused the neurons to retain a GABA-induced calcium fluorescence response at
E14. Con, sham-operated control. Values represent the mean + S.E.M. (n = 18 cultures from six experiments; 200-350



BIOCHEMICAL PHARMACOLOGY 74 (2007) I112-1119

1117

B a7-nAChRs

A KCC2-GFP

F a7-nAChRs

| KCC2/NBIk JJ a7-nAChRs

M
2.0+
(20)

E’ 1.5 4
£
3 1.0;
S %
D 0.54 (37)

GFP K2 K2
NBIk

]
20 um

2.0
(15)

2 1.54
]
3
o 1.0
g *
>
» 0.59 (37)

GFP K2 K2
NBIk

Fig. 4 - Early expression of KCC2 in ovo reduces innervation of choroid neurons unless nicotinic activity is blocked. Neurons
electroporated at E1.5 in ovo with KCC2-GFP (A-D), GFP (E-H), or KCC2-GFP and treated with MLA/DHBE (I-L) were imaged at
E14 in CG sections after staining for a7-nAChRs and SV2, and merging the images (horizontal rows). Arrows indicate

blow-ups. The total amount of SV2 puncta staining (M) and the number of SV2 puncta (N) on the electroporated cell were

normalized to that found on adjacent untransfected cells of equivalent size. Scale bar: 20 pm. Values represent
mean =+ S.E.M. (n = number of electroporated neurons). p < 0.05 and 0.001 for M and N, respectively, by ANOVA

(from Ref. [40]).

spontaneous nicotinic activity proceeded without blockade. If,
in contrast, nicotinic antagonists where included, then the
KCC2 transfection still induced a mature chloride gradient as
reflected by the inability of GABA to induce calcium-
dependent Fluo-3 fluorescence, but the neurons remained
multipolar and continued to be innervated even when
chronically treated with GABA. In short, GABAergic inhibition
by itself had no effect on these developmental parameters
unless nicotinic excitation was allowed to continue [40].

These findings were tested further by electroporating a
construct encoding KCC2 fused to green fluorescent protein
(GFP) into chick embryos at E1.5, and allowing the embryos to
develop to E14. Analysis of ganglion slices at E14 showed that a
number of neurons were expressing KCC2-GFP. Focusing on
the choroid neurons, which comprise half of the neurons in
the ganglion, we found that early expression of KCC2 reduces
the number of presynaptic boutons formed on the soma and
the amount of immunostaining for the presynaptic antigen

neurons/condition). ‘p < 0.001 vs. E9 for C, and vs. Con for D by ANOVA. (E) Perforated patch-clamp recordings from E14
neurons from a control (top) and MLA/DHBE-treated (middle) embryo in response to applied voltage (Vy; bottom). (F) Mean
GABA-induced current as a function of V}, in neurons from control (dark line) and MLA/DHBE-treated (light line) embryos.
Line widths indicate S.E.M. (n = 7). (G) Mean interpolated GABA reversal potential for neurons from control and MLA/DHBE-
treated embryos. p < 0.05, unpaired Student’s t-test. (H) Western blots of E14 CGs from control and MLA/DHBE-treated
embryos, probed with anti-NKCC1 and anti-g-tubulin (type III) antibodies. (I) Quantification of NKCC1 on Western blots
(n = 6 lanes/condition; 10 CGs/lane) (from Ref. [40]).
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SV2 (Fig. 4A-D). The neurons did still produce surface clusters
of a7-nAChRs as did control neurons. Electroporating with a
GFP construct as a negative control produced no effect (Fig. 4E-
H). Importantly, the KCC2 effect depended critically on
nicotinic activity. If the nicotinic blockers MLA and DHRE
were present from E3 onwards, neurons expressing KCC2-GFP
were indistinguishable at E14 from GFP-expressing controls
(Fig. 4I-N). These results indicate that the appearance of
inhibitory GABAergic signaling not only terminates the
developmental influence of the excitatory phase but also that
it can direct development along new lines if the GABAergic
inhibition is coincident with nicotinic excitation in the case of
CG neurons.

6. Concluding remarks

Spontaneous waves of endogenous nicotinic activity are
common in the developing nervous system. The experiments
reviewed here identify one function of nicotinic activity as
being the conversion of GABAergic signaling from excitation
to inhibition during development. The GABAergic conversion
is important because it terminates the developmental
impact of the excitatory phase and introduces a new phase
in which nicotinic excitation, coupled with GABAergic
inhibition, provides different developmental instructions.
This reveals a multi-tiered activity-dependent strategy
controlling neuronal development. The proximity of a7-
nAChRs and GABA, receptors on developing neurons also
enables nicotinic input to have local effects on GABAergic
signaling; the developmental consequences of local effects
have yet to be explored.

Several questions immediately arise. Does nicotinic
activity act directly or indirectly to mediate these widely
expressed changes in GABAergic signaling? Many neurons
may have sufficient nAChR levels to be under immediate
control of nicotinic input. Alternatively, the high levels of
nAChRs found on interneurons may position them to relay
nicotinic excitation in the form of widely distributed
GABAergic excitation that ultimately changes the chloride
gradient in recipient cells. A second question concerns the
generality of the principles. Do newborn neurons in adult
tissue display the same dependence on nicotinic stimulation
for GABAergic maturation? Such neurons develop in an
entirely different environment from that encountered by
neurons in late embryonic and early postnatal stages. A third
question concerns the multiplicity of nicotinic actions during
development. Might other features of the developing nervous
system directly depend on nicotinic activity for efficient
execution? More questions than answers emerge—a chal-
lenge for the future.

Acknowledgements

Grant support was provided by the National Institutes of
Health Grants NS12601 and NS35469, the Tobacco-Related
Disease Research Program, and Phillip Morris USA/Interna-
tional. We thank K. Massey for maintaining mutant mice and
Xiao-Yun Wang for expert technical assistance.

REFERENCES

[1] McGehee DS, Role LW. Physiological diversity of nicotinic
acetylcholine receptors expressed by vertebrate neurons.
Annu Rev Physiol 1995;57:521-46.

[2] Margiotta ], Pugh P. Nicotinic acetylcholine receptors in the
nervous system. In: Maue RA, editor. Molecular and
cellular insights to ion channel biology. Amsterdam:
Elsevier; 2004. p. 269-302.

[3] McGehee D, Heath MJ, Gelber S, Role LW. Nicotine
enhancement of fast excitatory synaptic transmission in
CNS by presynaptic receptors. Science 1995;269:1692-6.

[4] Gray R, Rajan AS, Radcliffe KA, Yakehiro M, Dani JA.
Hippocampal synaptic transmission enhanced by low
concentrations of nicotine. Nature 1996;383:713-6.

[5] Alkondon M, Pereira EFR, Barbosa CTF, Albuquerque EX.

Neuronal nicotinic acetylcholine receptor activation

modulates y-aminobutyric acid release from CA1 neurons

of rat hippocampal slices. ] Pharmacol Exp Ther
1997;283:1396-411.

Guo J-Z, Tredway TL, Chiappinelli VA. Glutamate and GABA

release are enhanced by different subtypes of presynaptic

nicotinic receptors in the lateral geniculate nucleus. J

Neurosci 1998;18:1963-9.

Li X, Rainnie DG, McCarley RW, Greene RW. Presynaptic

nicotinic receptors facilitate monoaminergic transmission.

J Neurosci 1998;18:1904-12.

[8] Radcliffe KA, Dani JA. Nicotinic stimulation produces
multiple forms of increased glutamatergic synaptic
transmission. ] Neurosci 1998;18:7075-83.

[9] Maggi L, Sher E, Cherubini E. Regulation of GABA release by
nicotinic acetylcholine receptors in the neonatal rat
hippocampus. J Physiol (Lond) 2001;536:89-100.

[10] Maggi L, Sola E, Minneci F, Le Magueresse C, Changeux JP,
Cherubini E. Persistent decrease in synaptic efficacy
induced by nicotine at Schaffer collateral-CA1 synapses in
the immature rat hippocampus. J Physiol (Lond)
2004,559:863-74.

[11] Mok MH, Kew JNC. Excitation of rat hippocampal
interneurons via modulation of endogenous agonist
activity at the a7 nicotinic ACh receptor. J Physiol (Lond)
2006;574:699-710.

[12] Alkondon M, Pereira EFR, Albuquerque EX. a-Bungarotoxin-
and methyllycaconitine-sensitive nicotinic receptors
mediate fast synaptic transmission in interneurons of rat
hippocampal slices. Brain Res 1998;810:257-63.

[13] Frazier CJ, Buhler AV, Weiner JL, Dunwiddie TV. Synaptic
potentials mediated via a-bungarotoxin-sensitive nicotinic
acetylcholine receptors in rat hippocampal interneurons. J
Neurosci 1998;18:8228-35.

[14] Hefft S, Hulo S, Bertrand D, Muller D. Synaptic transmission
at nicotinic acetylcholine receptors in rat hippocampal
organotypic cultures and slices. ] Physiol (Lond)
1999;510:709-16.

[15] Chang K, Berg DK. Voltage-gated channels block nicotinic
regulation of CREB phosphorylation and gene expression in
neurons. Neuron 2001;32:855-65.

[16] Hatton GI, Yang QZ. Synaptic potentials mediated by o7
nicotinic acetylcholine receptors in supraoptic nucleus. J
Neurosci 2002;22:29-37.

[17] Liu Z, Tearle AW, Nai Q, Berg DK. Rapid activity-driven
SNARE-dependent trafficking of nicotinic receptors. J
Neurosci 2005;25:1159-68.

[18] Bertrand D, Galzi JL, Devillers-Thiery A, Bertrand S,
Changeux J-P. Mutations at two distinct sites within the
channel domain M2 alter calcium permeability of neuronal
a7 nicotinic receptor. Proc Natl Acad Sci USA 1993;90:6971-5.

6

[7



BIOCHEMICAL PHARMAGOLOGY 74 (2007) I112-1119 1119

[19] Seguela P, Wadiche ], Dineley-Miller K, Dani JA, Patrick JW.
Molecular cloning, functional properties, and distribution
of rat brain 7: a nicotinic cation channel highly permeable
to calcium. J Neurosci 1993;13:596-604.

[20] Bansal A, Singer JH, Hwang B, Feller MB. Mice lacking
specific nAChR subunits exhibit dramatically altered
spontaneous activity patterns and reveal a limited role for
retinal waves in forming ON/OFF circuits in the inner
retina. ] Neurosci 2000;20:7672-81.

[21] Hanson MG, Landmesser LT. Characterization of the
circuits that generate spontaneous episodes of activity in
the early embryonic mouse spinal cord. ] Neurosci
2003;23:587-600.

[22] Zheng]J-], Lee S, Zhou ZJ. A developmental switch in the
excitability and function of the starburst network in the
mammalian retina. Neuron 2004;44:851-64.

[23] Myers CP, Lewcock JW, Hanson MG, Gosgnach S, Aimone JB,
Gage FH, et al. Cholinergic input is required during
embryonic development to mediate proper assembly of
spinal locomotor circuits. Neuron 2005;46:37-49.

[24] Kasyanov AM, Safiulina VF, Voronin LL, Cherubini E. GABA-
mediated giant depolarizing potentials as coincidence
detectors for enhancing synaptic efficacy in the
developing hippocampus. Proc Nat Acad Sci USA
2004;101:3967-72.

[25] Le Magueresse C, Safiulina V, Changeux J-P, Cherubini E.
Nicotinic modulation of network and synaptic
transmission in the immature hippocampus investigated
with genetically modified mice. J Physiol (Lond)
2006,576:533-46.

[26] Zhang X, Liu C, Miao H, Gong Z-H, Nordberg A. Postnatal
changes in nicotinic acetylcholine receptor a2, o3, a4, a7
and B2 subunits genes expression in rat brain. Int J Devl
Neurosci 1998;16:507-18.

[27] Adams CE, Broide RS, Chen Y, Winzer-Serhan UH,
Henderson TA, Leslie FM, et al. Development of the a7
nicotinic cholinergic receptor in rat hippocampal
formation. Dev Brain Res 2002;139:175-87.

[28] Zago WM, Massey KA, Berg DK. Nicotinic activity stabilizes
convergence of nicotinic and GABAergic synapses on

filopodia of hippocampal interneurons. Mol Cell Neurosci
2006;31:549-59.

[29] Jones A, Yakel JL. Functional nicotinic ACh receptors on
interneurones in the rat hippocampus. ] Physiol (Lond)
1997;504:603-10.

[30] Sudweeks SN, Yakel JL. Functional and molecular
characterization of neuronal nicotinic ACh receptor in rat
CA1 hippocampal neurons. ] Physiol (Lond) 2000;527:
515-28.

[31] LiuY, Ford B, Mann MA, Fischbach GD. Neuregulins increase
a7 nicotinic acetylcholine receptors and enhance excitatory
synaptic transmission in GABAergic interneurons of the
hippocampus. ] Neurosci 2001;21:5660-9.

[32] Khiroug L, Giniatullin R, Klein RC, Fayuk D, Yakel JL.
Functional mapping and Ca®* regulation of nicotinic
acetylcholine receptor channels in rat hippocampal CA1
neurons. ] Neurosci 2003;23:9024-31.

[33] Zhang Z-W, Berg DK. Patch-clamp analysis of glycine-
induced currents in chick ciliary ganglion neurons. J
Physiol (Lond) 1995;487:395-405.

[34] Zhang ], Berg DK. Reversible inhibition of GABA, receptors
by a7-containing nicotinic receptors on the vertebrates
postsynaptic neurons. J Physiol (Lond) 2007;579:753-63.

[35] Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H,
Lamsa K, et al. The K*/Cl™ co-transporter KCC2 renders
GABA hyperpolarizing during neuronal maturation. Nature
1999;397:251-5.

[36] Ben-Ari Y. Excitatory actions of GABA during development:
the nature of the nurture. Nat Rev Neurosci 2002;3:728-39.

[37] Payne JA, Rivera C, Voipio J, Kaila K. Cation-chloride co-
transporters in neuronal communication, development,
and trauma. Trends Neurosci 2003;26:199-206.

[38] Represa A, Ben-Ari Y. Trophic actions of GABA on neuronal
development. Trends Neurosci 2005;28:278-83.

[39] Ge S, Goh ELK, Sailor KA, Kitabatake Y, Ming G-L, Song H.
GABA regulates synaptic integration of newly generated
neurons in the adult brain. Nature 2005;439:589-93.

[40] Liu Z, Neff RA, Berg KD. Sequential interplay of nicotinic
and GABAergic signaling guides neuronal development.
Science 2006;314:1610-3.



	Role of endogenous nicotinic signaling in guiding neuronal development
	Introduction
	Convergence of nicotinic and GABAergic input during development
	Acute regulation of GABAergic signaling by nicotinic input
	Nicotinic timing of GABAergic conversion during development
	Multi-layered nicotinic/GABAergic interactions shaping development
	Concluding remarks
	Acknowledgements
	References


