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ABSTRACT OF THE DISSERTATION 

 

Nicotinic Regulation of Hippocampal Development 

by 

Kerri A. Massey 

Doctor of Philosophy in Neurosciences 

University of California, San Diego, 2008 

Professor Darwin K. Berg, Chair 

 

Nicotinic acetylcholine receptors (nAChRs) are a class of ligand-gated ion 

channels that are found throughout the central nervous system where they participate 

in higher order cognitive functions as well as neurological disorders. The nAChRs 

reach peak levels during early postnatal life. The hippocampus, a forebrain structure 

essential for memory, expresses high concentrations of nAChRs, which are important 

in the maturation of GABAergic signaling. This dissertation explores the role of 

nAChRs in shaping the functional organization and maturation of the developing 

hippocampus. 
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In early development nAChRs containing the α7 subunit (α7-nAChRs) are 

found postsynaptically on interneurons. Brain-derived neurotrophic factor acts through 

glutamatergic signaling to upregulate α7-nAChRs levels on a subset of interneurons, 

namely those that innervate pyramidal neurons. Levels of α7-nAChRs are unaffected 

on interneurons that inhibit other interneurons and pyramidal cells.  

 To study the role of activity in nicotinic synapse development, septal explants 

were placed alongside hippocampal slices in organotypic cultures. The septal explants 

sent out cholinergic and GABAergic processes which invaded the hippocampal slice 

to form functional synapses, allowing the study of nicotinic signaling in synapse 

formation in culture. The α7-nAChR and GABAAα1 receptors are found colocalized at 

the tips of filopodia where they receive convergent cholinergic and GABAergic 

innervation. When α7-nAChRs are blocked, filopodia become more motile and 

cholinergic synapses are lost, suggesting that the formation or stabilization of nicotinic 

synapses is activity-dependent.  

 Nicotine rapidly induces spines in hippocampal slice culture by acting through 

β2-containing (β2*) nAChRs on the presumptive postsynaptic cell. Activation of α7-

nAChRs is necessary to recruit presynaptic contacts and postsynaptic glutamatergic 

receptors to dendrites. Similar processes exist in vivo. Direct infusion of nicotine into 

the hippocampus induces spines, while young animals lacking both α7- and β2*-

nAChRs show a reduced number of spines. Susceptibility to nicotine is restricted to 

early development; nicotine is unable to induce spines in older animals.  
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 Together these results show that nAChRs have diverse functions in the 

developing nervous system, helping to form both cholinergic and noncholinergic 

synapses. The location and regulation of nAChRs receptors are, therefore, likely to 

have a long-lasting impact on hippocampal connectivity.  
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CHAPTER 1 

Introduction 

 

The human brain contains approximately 100 billion neurons (Williams and 

Herrup, 1988), each laced together with other neurons through synaptic connections. 

The precise interconnection of neurons underlies everything we think, feel, say, or do. 

Synaptic modulation can occur throughout life and is thought to be the fundamental 

basis for learning and memory (Lynch, 2004), addiction (Hyman et al., 2006) and 

neurodegeneration (Coleman et al., 2004). Early postnatal development is a period of 

extensive synaptogenesis, during which chemical synapses are rapidly formed, 

refined, and eliminated. Plasticity is inherent in developing systems (Waites et al., 

2005). Active synapses are strengthened while inactive synapses are weakened or lost. 

Both spontaneous activity as well as sensory input from the environment helps drive 

refinement (Chiu and Weliky, 2003; McCormick, 1999), making early postnatal 

development a particularly susceptible time when alterations can have a lifelong 

impact.  

Some plasticity is maintained into adulthood, where coincident activation can 

still strengthen synapses (LTP), while asynchronous activation can weaken synapses 

(LTD) (Dan and Poo, 2006). One of the most plastic regions of the brain is the 

hippocampus. The hippocampus receives major afferent input from the entorhinal 

cortex, which consolidates cortical information across modalities, consistent with the 

hippocampus’ role in learning and memory. Entorhinal afferents enter the 
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hippocampus through the perforant pathway and synapse on granule cells within the 

dentate gyrus. Granule cells extend axons through the mossy fiber pathway to 

innervate CA3 pyramidal neurons, which in turn project to CA1 neurons through the 

Schaeffer collaterals (Amaral and Witter, 1989).  

Superimposed on top of the excitatory pathways are local circuits containing 

interneurons, which play diverse roles in the hippocampus (Freund and Buzsaki, 

1996). Interneurons that synapse onto the somas or axon initial segments of pyramidal 

neurons can inhibit and synchronize the firing of large regions of pyramidal neurons as 

well as sharply defining spike timing (Cobb et al., 1995; Galarreta and Hestrin, 2001). 

Interneurons can also inhibit other interneurons, leading to disinhibition of the 

hippocampus (Freund and Gulyas, 1997). Populations of interneurons act together to 

form the basis of rhythmic oscillations such as the gamma (30-100 Hz) and theta (4-10 

Hz) activity observed during active exploration (Klausberger et al., 2003).  

During early postnatal hippocampal development, a distinctly different type of 

network oscillation is observed. Giant depolarizing potentials (GDPs) are slow waves 

of excitatory network activity that are observed only in young animals when GABA 

acts as an excitatory neurotransmitter and glutamatergic activity is mainly mediated by 

NMDA receptors (Ben-Ari et al., 1989). Synchronous activity helps coordinate groups 

of neurons and drive synaptic development. As synapses mature and GABAergic 

signaling becomes inhibitory, GDPs are lost and replaced with mature oscillatory 

patterns (Leinekugel et al., 2002).  



3 

 

Neurons express GABA receptors and respond to ambient GABA even before 

chemical synapses are formed. Before inhibitory signaling matures, GABA is thought 

to act as a trophic factor, influencing cell differentiation, dendritic ramifications, and 

synaptogenesis (Ben-Ari et al., 2007). Though classically an inhibitory 

neurotransmitter, GABA has been found to be initially depolarizing in all systems 

studied. Depolarizing effects of GABA arise due to an immature chloride gradient 

(Cherubini et al., 1991). As chloride transporters shift to mature levels of expression, 

GABA becomes inhibitory. In the hippocampus, GABAergic neurons both develop 

synapses and mature earlier than the pyramidal neurons. By P12, GABAergic 

signaling is predominantly inhibitory, in vivo as well as in culture (Ganguly et al., 

2001; Gozlan and Ben-Ari, 2003).  

As GABAergic signaling matures, glutamatergic synapses begin to form 

(Hennou et al., 2002). Initially, glutamatergic synapses contain only NMDA receptors 

and require excitatory GABA to relieve the magnesium block and achieve efficient 

activation. Activation helps recruit AMPA receptors to the synapses, which eventually 

become independent of GABAergic signaling (Ben-Ari et al., 2007). Most excitatory 

glutamatergic synapses are formed onto dendritic spines, structural compartments that 

isolate the chemical signals allowing for synapse specific events. More spines are 

thought to reflect more functional synapses. Especially during early development, 

spines can be rapidly generated; however, mature synapses can take several days to 

form (Holtmaat et al., 2005; Nagerl et al., 2007). 
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The amount of excitatory activity within the hippocampus is thought to drive 

GABAergic maturation from excitatory signaling to inhibitory signaling, and GABA 

itself may promote the development of inhibitory signaling (Ganguly et al., 2001). 

Brain-derived neurotrophic factor (BDNF) can also influence GABAergic maturation.  

BDNF is a neurotrophin released by glutamatergic cells in an activity-dependent 

manner (Lu, 2003). BDNF can increase the number and size of GABAergic synapses 

(Yamada et al., 2002), as well as promote expression of KCC2, a transporter that 

extrudes chloride to establish a mature chloride gradient (Aguado et al., 2003). 

Additionally, BDNF promotes dendritic ramifications and affects synaptic plasticity 

by acting presynaptically to induce neurotransmitter release (Li et al., 1998) and 

postsynaptically to activate voltage-gated sodium channels (Blum et al., 2002). BDNF 

exerts the majority of its actions through binding to tyrosine receptor kinase B (TrkB), 

the high affinity receptor for BDNF. Binding of BDNF to TrkB activates numerous 

downstream signaling cascades (Patapoutian and Reichardt, 2001). Since TrkB is 

expressed on the majority of neurons in the hippocampus, BDNF can have broad 

effects, acting on both pre- and post-synaptic compartments of pyramidal cells and 

interneurons.  

Acetylcholine (ACh) is a modulatory neurotransmitter in the hippocampus 

provided by septal cholinergic innervation to the hippocampus. Fibers arrive on 

embryonic day (E) 17 and form discreet synapses onto both glutamatergic and 

GABAergic neurons (Super and Soriano, 1994). Endogenous cholinergic signaling can 
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activate two broad classes of receptors; metabotropic muscarinic acetylcholine 

receptors and ionotropic nicotinic acetylcholine receptors (nAChRs). 

Muscarinic receptors are widespread throughout the hippocampus and can 

influence excitability of cells by postsynaptically activating passive conductances as 

well as by activating downstream signaling pathways. Presynaptic muscarinic 

receptors can also act to inhibit release of neurotransmitters. Direct application of 

muscarine, a specific muscarinic agonist, causes a slow, long-lasting depolarization of 

pyramidal neurons. The effects on interneurons are more diverse; some interneurons 

are depolarized, some hyperpolarized, some have a biphasic response, while still 

others show no response at all (van der Zee and Luiten, 1999). 

The nAChRs have a more straight-forward action in the hippocampus. The 

nAChRs are a class of ligand-gated ion channels that respond to both acetylcholine 

and nicotine. In vertebrates, nAChRs pass a depolarizing, cationic current in 

vertebrates. Nine alpha subunits and three beta subunits have been identified, and 

combine to form functional nicotinic receptors (Sargent, 1993). In spite of the possible 

diversity, only the α7 homomers and the α4/β2 heteromers exist at high levels within 

the hippocampus (Zhang et al., 1998).  

The α7-nAChR is highly permeable to calcium and both activates and 

inactivates rapidly (Seguela et al., 1993). In the adult, it is found pre- and 

postsynaptically at most synapses (Fabian-Fine et al., 2001). However, during peak 

α7-nAChR expression early in development, the majority of receptors appear 

postsynaptic, and the highest levels are found on interneurons (Kawai et al., 2002). 
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The hippocampus contains the highest levels of α7-nAChRs found in the central 

nervous system. Activation of presynaptic α7-nAChRs can lead to neurotransmitter 

release (McGehee et al., 1995). Postsynaptically, the receptors can both depolarize the 

neurons and activate second messenger systems, altering gene expression (Broide and 

Leslie, 1999, Hu et al., 2002). Mice lacking α7-nAChRs (α7KO) appear similar to 

wildtype (WT) littermates, showing normal development and brain structure (Orr-

Urtreger et al., 1997) though more subtle effects do exist. The α7KO mice have 

sporadic liters that are small in size and show reduced signs of withdrawal from 

nicotine (Salas et al., 2007). Additionally, some groups find mild defects in attention, 

motivation, and working memory (Fernandes et al., 2006; Keller et al., 2005), while 

others fail to find such effects (Paylor et al., 1998). 

The α4/β2-nAChRs are much less permeable to calcium than α7-nAChRs 

(Tapia et al., 2007), but the has slower kinetics of the receptor allows it to exert a 

greater depolarizing influence (Buisson et al., 1996). The α4/β2-nAChRs can act 

presynaptically to influence neurotransmitter release by depolarizing the presynaptic 

terminal and activating voltage-gated calcium channels (McGehee et al., 1995). 

Postsynaptically, they can depolarize the cell. The α4/β2-nAChRs are found at 

moderate levels in the hippocampus and at high levels in areas such as the ventral 

tegmental area (VTA) (Zoli et al., 1995), where they are thought to mediate the effects 

of nicotine addiction. Mice lacking the β2-nAChR (β2KO) subunit breed normally but 

exhibit altered waves of retinal activity in early development (Feller, 2002), fail to 
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self-administer nicotine (Picciotto et al., 1998), and show altered adult neurogenesis 

(Harrist et al., 2004; Mechawar et al., 2004). 

Mice lacking both α7- and α4/β2-nAChRs (dKOs) have lost essentially all 

nicotinic signaling in the hippocampus, though other receptors may increase slightly to 

compensate, at least in the α7KO animals (Yu et al., 2007). Little work has been done 

with dKO mice, but they seem to exhibit reduced anxiety, reduced passive avoidance, 

and superior rotor rod skills when compared to WT animals (Marubio and Paylor, 

2004). Presumably, the changes in behavior in the dKO mice are in addition to those 

shown by the parent strains.  

The fact that nAChRs reach peak levels of expression during early 

development of the hippocampus (Zhang et al., 1998) suggests that cholinergic 

signaling may play a role in synapse formation, refinement, and plasticity. Within the 

spinal cord, acetylcholine is needed for early rhythmic activity that helps coordinate 

networks of cells involved in locomotion  (Myers et al., 2005). Early retinal waves 

depend on nAChR activation (Feller, 2002). Without nAChR signaling, retinal 

ganglion cells take longer to develop fully ramified dendritic arbors (Bansal et al., 

2000). In the autonomic ciliary ganglion, spinal cord, and hippocampus, blocking or 

eliminating α7-nAChRs delays maturation of GABAergic signaling (Liu et al., 2006). 

Within the hippocampus, exposure to nicotine increases the frequency of GDPs (Le 

Magueresse et al., 2006), and thus overall hippocampal activity.  

Though α7-nAChR expression is known to peak in early hippocampal 

development, the cellular distribution of the receptors have only been studied later in 
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development. What cholinergic input means to the hippocampus depends vitally on 

where α7-nAChRs are located and how they are modulated. BDNF can upregulate α7-

nAChR expression directly in the chick ciliary ganglion (Zhou et al., 2004) and 

through previously unknown pathways in the hippocampus (Kawai et al., 2002). In 

Chapter 2, we show that different interneuron populations express distinct levels of 

surface α7-nAChRs. Dissociated cell culture were immunostained to reveal the 

location and regulation of α7-nAChRs. BDNF acts through glutamatergic signaling to 

up-regulate postsynaptic α7-nAChRs on subpopulations of hippocampal interneurons, 

namely those that inhibit pyramidal neurons. This was the first close examination of 

receptor expression during early postnatal development and the first time differential 

effects of BDNF were seen within interneuron populations. 

When hippocampal and septal tissue are grown together in organotypic slice 

cultures, the septum sends out cholinergic and GABAergic projections that make 

specific and functional connections as they would in vivo. Much like in vivo, synapses 

are thought to form first onto filopodia, which retract towards the dendritic shaft to 

stabilize and become spines or shaft synapses (Gupton and Gertler, 2007). Little was 

known about cholinergic synaptogenesis within the hippocampus. Dendritic filopodia 

express clusters of α7-nAChRs which can allow calcium to enter the cell. Ca++ is 

known to regulate filopodia motility during development (Lohmann et al., 2005), 

suggesting that α7-nAChRs might play an active role in shaping the activity of 

filopodia. In Chapter 3, we show that blocking α7-nAChR activity increases filopodial 

motility. Activity through α7-nAChRs is also needed to stabilize cholinergic contacts, 
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suggesting that cholinergic synapses form in an activity-dependent manner. The α7-

nAChRs found at the tips of filopodia are often coexpressed with GABAA receptors 

and receive both cholinergic and GABAergic innervation. The coincident innervation 

of filopodia by both cholinergic and GABAergic systems suggests that the 

neurotransmitter systems may interact, especially during early development when α7-

nAChRs are at their highest levels. Additionally, α7-nAChRs can activate gene 

transcription, raising the possibility that cholinergic activation plays a role in 

GABAergic maturation by influencing transcription of chloride transporters.  

Recent work in our lab has shown that α7-nAChRs are important for 

determining when GABAergic signaling becomes inhibitory: α7KO mice develop 

mature GABAergic signaling later than WT animals (Liu et al., 2006). Altering the 

timing of GABAergic inhibition can have a profound impact on the maturation of 

neurons. Newborn neurons in the adult brain that are forced to mature too soon show a 

stunted dendritic arbor and fewer GABAergic and glutamatergic synapses (Ge et al., 

2006).  

Structural changes in spines and the synapses they represent are the basis for 

hippocampal plasticity, learning, memory, addiction, and neurodegeneration. In early 

development, altered spines are associated with mental retardation and other 

developmental defects (Calabrese et al., 2006). Though cholinergic signaling is 

widespread throughout the nervous system and has potent developmental effects, 

studies on the effects of nicotine on hippocampal architecture, especially during early 

development when nAChRs are likely to have the greatest effects, are lacking. In 
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Chapter 4, we show that nicotinic receptors act cooperatively to induce functional 

glutamatergic synapses. Nicotine, acting through postsynaptic β2-containing nAChRs, 

rapidly induces stable spines during early development. Activation of α7-nAChRs 

increases presynaptic structures and postsynaptic glutamatergic receptor expression. 

Cholinergic signaling can also modulate spines in vivo. Direct application of nicotine 

to the hippocampus increases spine number while α7/β2KO mice showed fewer spines 

than WT mice. The novel and rapid effect of nicotine on hippocampal neurons is akin 

to plasticity and suggests that endogenous nicotinic signaling helps shape the 

connections and the maturation of the hippocampus. The results also suggest that 

exogenous nicotine may co-opt the normal developmental pathways and have lasting 

effects on the developing fetus.  

Together, the work in this dissertation examines how nicotinic signaling affects 

synaptogenesis in the hippocampus. The findings illustrate how the location, 

regulation, and activation of nAChRs help promote cholinergic, GABAergic, and 

glutamatergic maturation. Further implications of this work are discussed in Chapter 5.  
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SUMMARY 

Nicotinic cholinergic signaling uses the transmitter acetylcholine to activate 

ligand-gated ion channels in the nervous system; it contributes to a variety of higher 

order functions (Picciotto et al., 1995; Bannon et al., 1998; Marubio et al., 1999; Cui 

et al., 2003; Levin et al., 2006; Bitner et al., 2007), neurological disorders (Newhouse 

et al., 1997; Picciotto and Zoli, 2002; Raggenbass and Bertrand, 2002; Teper et al., 

2007), and addiction (Mansvelder and McGehee, 2002; Maskos et al., 2005).  

Nicotinic acetylcholine receptors (nAChRs) are widely expressed and reach their 

highest relative levels during early postnatal life (Zhang et al., 1998; Adams et al., 

2002), a time when spontaneous waves of nicotinic excitation occur in the nervous 

system.  The waves have been linked to a variety of phenomena including dendritic 

development and target selection (Bansal et al., 2000; Myers et al., 2005; Le 

Magueresse et al., 2006), but the central role and underlying mechanisms remain 

unclear.   We show here that nicotinic stimulation in the early postnatal hippocampus 

quickly induces dendritic spines.  Continued stimulation stabilizes the spines and 

causes them to become innervated.   The two major nAChR subtypes in brain play 

complementary roles in this:  one causes pyramidal neurons in hippocampal slices to 

extend spines while the other acts recruits presynaptic boutons and increases surfaces 

expression of postsynaptic AMPA receptors.  In vivo exposure to nicotine quickly 

induces spine extension on hippocampal neurons, and mice lacking the two major 

nAChR subtypes show retarded acquisition of spines during early postnatal 

development.  The results indicate a fundamental role for endogenous nicotinic 



42 

 

activity in promoting and coordinating glutamate synapse formation in the early 

postnatal brain and reveal a vulnerability of the process to manipulation by nicotine. 

 

RESULTS 

Nicotine quickly induces dendritic spines in early postnatal hippocampal 

neurons.  This was shown by transferring postnatal day 4 (P4) mouse hippocampal 

slices to organotypic culture, infecting neurons with a Sindbis viral construct encoding 

GFP so that spines could be visualized, and then incubating with 1 µM nicotine for 1 

hour prior to imaging (Fig. 1A).  Quantification of spine number on pyramidal neurons 

in CA1 indicated a 50% increase (Fig. 1B).  The induction was not blocked by 

antagonists of ionotropic and metabotropic glutamate and GABA receptors or by 

blockade of activity by tetrodotoxin (Fig. 1B).  It was blocked, however, by 

preincubating slices with BAPTA-AM, indicating that calcium was essential.  Rapid 

spine induction by nicotine is a feature of developing neurons; older neurons, e.g. 

those in P24 slices, did not show additional spines when treated with 1 µM nicotine 

even for 14 hours (Fig. 2). 

 Spine induction by nicotine in early postnatal slices was initially reversible.  

After an extended exposure, however, the spines became stable and remained upon 

nicotine removal (Fig. 3A).  Blockade of AMPA, NMDA, and GABAA receptors 

again had no effect (Fig. 3B).  The induction depended on β2-containing nAChRs, one 

of the two major nAChR subtypes found in brain.  This was shown by  
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Fig. 4.1. Nicotine induces dendritic spines on hippocampal pyramidal neurons.  P4 
mouse hippocampal slices were placed in organotypic culture, infected with 
Sindbis-GFP on the third day, and analyzed on the fourth day. (A) Incubating 
slices for 1 hour with 1 µM nicotine increase the number of spines visible with 
Sindbis-GFP expression (right) compared to control slices (left).  (B) Quantifying 
the number of spines per 10 µm segment of dendrite showed a 50% increased 
following nicotine treatment, and the increase was not blocked by 50 µM APV, 20 
µM NBQX, 20 µM gabazine, 0.5 mM phaclofen, and 250 µM (RS)-MCPG for, 
respectively, NMDA, AMPA, GABAA, GABAB, and metabotropic glutamate 
receptors (blkers). Nor was it blocked by 1 µM tetrodotoxin (TTX); it was blocked 
by 100 µM BAPTA-AM, showing that calcium was required.  Scale bars:  10 µm. 
Values represent means ± SEM of 10-16 neurons in slices from ≥ 3 animals per 
condition.  (***p < 0.001 by one-way ANOVA followed by Bonferroni post-hoc 
test.) 
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Fig. 4.2.  Hippocampal slices from P24 mice show no increase in spine number even 
after treatment with 1 µM nicotine for 14 hours.  Slices from mice expressing GFP 
under the Thy1 promoter were cultured for 15 hours then imaged for GFP 
fluorescence to identify spines. (A) Control (top) cells were cultured for 15 hours. In 
Nicotine-treated cultures (bottom), drugs were added one hour after culturing and 
slices were incubated an additional 14 hours. (B) Slices were treated with nicotine for 
the final hour (1 hr) or 14 hours (14 hr) of culture. Scale bars:  5 µm. Quantification of 
spines per 10 µm dendritic apical segment from CA1 pyramidal neurons.  Values 
represent the mean ± SEM of ≥ 4 neurons/animal from 5-8 animals per condition.  (p > 
0.05, by Student’s t-test) 

A 

Control 

Nicotine 
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Fig. 4.3.  Nicotine-induced spines are stable. P4 mouse hippocampal slices were 
placed in organotypic culture for 4 days and infected with Sindbis-GFP on the third 
day to visualize spines. (A) Slices were treated with nicotine for 1 hour or 4 day 
and then washed 1 hour or 4 hours before analysis.  (B) Quantification (from 
optical sections comprising z-stacks) showed that both 0.5 and 1 µM nicotine 
increased spine number by half; the increase was not blocked by APV+NBQX 
(APNB) or by gabazine (gbz), and could not be elicited in slices from β2KO mice.   
Values represent means ± SEM of 10-16 neurons in slices from ≥ 3 animals per 
condition.  (*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by 
Bonferroni post-hoc test) 
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comparing slices from wildtype (WT) and β2 knockout (β2KO) mice:  even 4 days of 

nicotine did not increase the number of spines in β2KO slices (Fig. 3B).  The other 

major nAChR subtype in brain, α7-nAChRs, appeared unnecessary for spine induction 

because blocking them with methyllycaconitine (MLA) did not prevent the effect (Fig. 

3B).   

  Extended treatment of developing rat hippocampal neurons in dissociated cell 

culture produced an even larger increase.  Spines were visualized by transfecting the 

neurons with a construct encoding green fluorescent protein (GFP).  Twice as many 

spines were present when neurons were treated with 1 µM nicotine for a number of 

days (Fig. 4A). Immunostaining for PSD-95 indicated that essentially all of the spines 

in nicotine-treated cultures contained the scaffold component, as did spines in control 

cultures (Fig. 4B).  The nicotine-induced doubling was prevented by dihydro-β-

erythroidine (DHβE) which blocks β2-containing nAChRs, but not by α-bungarotoxin 

(αBgt) which blocks α7-nAChRs.  Blockers of AMPA, NMDA, and GABAA 

receptors did not prevent the induction (Fig. 4C). The results indicate that chronic 

stimulation of β2-containing nAChRs induces spines with components expected for 

glutamatergic synapses on pyramidal neurons. 

Immunostaining slices for presynaptic components demonstrated that nicotine-

induced spines become innervated.  Almost all spines in nicotine-treated slices were in 

close contact with boutons containing the presynaptic marker synapsin (Fig. 5A,B).  In 

fact the proportion of spines thus innervated was  
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Fig. 4.4.  Nicotine induces spines in rat hippocampal cultures.  E18 rat 
hippocampal neurons were grown 20 days in medium containing the indicated 
compounds and were transfected with GFP on day 3 to reveal individual dendrites 
and spines.  (A) Images of dendrites from untreated (Control, upper) and nicotine-
treated (1 µM Nic chronic, lower) cultures. Scale bars: 5 µm. (B) Immunostaining 
for PSD-95 (red) overlaid with the GFP-expressing cells (green) revealed the 
scaffold protein in essentially all spines (yellow). Scale bar: 10 µm. (C) 
Quantification of spines along segments of secondary dendrites (3-5 per neuron) 
extending from the branch point outward 50 µm.  Nicotine treatment doubled the 
number of spines. This effect was blocked by DHβE, a specific α4β2-nAChRs 
antagonist, but not by α-bungarotoxin (αbgt) which specifically blocks α7-
nAChRs.  Ionotropic GABA and glutamate receptors did not appear to be involved 
since gabazine, APV, and CNQX did not prevent the effect.  
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Fig. 4.5.  Nicotine induction of presynaptic boutons requires α7-nAChR activation.  
P4 mouse hippocampal slices were placed in organotypic culture for 4 days and 
infected with Sindbis-GFP on the third day to visualize spines.  (A) 
Immunostaining for synapsin as a presynaptic marker revealed puncta (red) 
contacting the GFP-filled spines (green). (B) Quantification showed that the 
increased number of synapsin-containing puncta contacting spines matched the 
increased number of spines, suggesting that spines induced by nicotine acquire 
presynaptic bouton-like structures.  Including 50 nM MLA with nicotine 
(Nic/MLA) to specifically block α7-nAChRs prevented the increase in synapsin 
puncta, though earlier experiments indicated it did not prevent the increment in 
spine number.  Notably, MLA reduced the incidence of synapsin-boutons below 
that seen in controls, suggesting that α7-nAChR activation, perhaps by choline (an 
α7-nAChR agonist) in the medium, exerts a basal effect.  The results suggest that 
nicotinic activation of α4β2-nAChRs is sufficient to induce spines, but activation 
of α7-nAChRs may be required for spine innervation. Values represent mean ± 
SEM; n=7-9 neurons, 4 animals/condition. (**p < 0.01, ***p < 0.001 by one-way 
ANOVA followed by Bonferroni post-hoc test) 
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nominally greater than seen in control conditions.  Similarly, the total number of 

synapsin puncta contacting spines and dendritic surfaces was increased at least as 

much in nicotine-treated slices as were the number of spines.  Blockade of α7-

nAChRs with MLA dramatically reduced the number of such boutons, even though it 

did not reduce spine number (Fig. 5B).  The results indicate that α7-nAChRs and β2-

containing nAChRs play complementary roles in synapse formation.  The α7-nAChR 

component is profound:  MLA treatment depressed overall synapsin puncta levels 

below those seen in control slices, suggesting that innervation of spines even under 

control conditions depends in part on α7-nAChR activation (Fig. 5B).  This most 

likely arises from choline in the culture medium serving as a weak agonist for α7-

nAChRs (Alkondon et al., 1997).  Nicotine induction of synapsin-containing puncta 

was also blocked by antagonists of AMPA and NMDA receptors, indicating that the 

effect was mediated by glutamatergic transmission (Fig. 5B). 

Functional synapses require postsynaptic receptors.  One indication that 

nicotinic stimulation might also recruit receptors to newly formed synapses came from 

the observation that nicotine induced quick phosphorylation both calcium, calmodulin-

dependent protein kinase II (CamKII) and GluR1-containing AMPA receptors in CA1 

pyramidal neurons (Fig. 6).  The specific phosphorylation sites were those previously 

shown to increase CamKII function and AMPA receptor conductance (Barria et al., 

1997; Derkach et al., 1999).  MLA blocked the phosphorylation events, as did 

blockers of AMPA and NMDA receptors,  
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Fig. 4.6.  Nicotine induces rapid phosphorylation of CamKII and GluR1-containing 
AMPA receptors. P4 mouse hippocampal slices were treated with PBS (No Nic,) 0.5 
µM nicotine (0.5 µM, middle), or 0.5 µM nicotine with 50 nM MLA (0.5 µM NIC + 
50 nM MLA) for 1 hour.  Slices were then immunostained phosphorylated on 
threonine 286 (top) or GluR1 phosphorylated on serine 831 (bottom). Nicotine caused 
an increase in both phosphorylated CAMKII and phosphorylated GluR1. This increase 
was blocked by MLA, suggesting that α7-nAChRs are necessary. Images are 
representative examples from 3 animals for each condition. Scale bars:  10 µm.  
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demonstrating the involvement of α7-nAChRs and their dependence on glutamatergic 

transmission. 

 Since increased CamKII activity can recruit AMPA receptors to the surface 

(Wang et al., 2005) we tested whether nicotinic stimulation has this effect.  P4 mouse 

hippocampal slices were infected with a Sindbis viral construct encoding the GluR1 

subunit coupled to GFP on the N-terminus (Shi et al., 1999).  In control cultures the 

GluR1-GFP could be readily visualized extending throughout the dendritic space; 

immunostaining for GFP on the external surface indicated that only a small portion of 

the receptors became inserted into the plasma membrane (Fig. 7A).  Treating with 1 

µM nicotine for 1 hour, however, induced a doubling of GluR1-GFP staining 

detectable on the surface, and the increase was blocked by MLA, implicating α7-

nAChRs (Fig. 7B-D).  Similar experiments substituting a Sindbis viral construct 

encoding GluR2-GPF (Shi et al., 1999) yielded a similar nicotine-induced increase in 

surface receptors, again blocked by MLA (data not shown).  The results indicate that 

activation of α7-nAChRs recruits both GluR1- and GluR2-containing AMPA 

receptors to the surface, potentially making them available for synaptic transmission. 

 To determine whether nicotine can exert similar effects in vivo, we used 

stereotaxic intracranial injections to deliver small amounts of 1 µM nicotine directly 

into the hippocampus of P4-P6 mouse pups expressing GFP under the Thy-1 

promoter. An hour after injection the animals were perfusion-fixed, and  
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Fig. 4.7.  Nicotine recruits GluR1 receptors to the spine surface.  P3 mouse 
hippocampal slices were put in culture with (A) no additives (Control), (B) 1 µM 
nicotine (4d Nic), or (C) 1 µM nicotine + 50 nM MLA (4d Nic + MLA). On day 3 the 
cultures were infected with Sindbis-GluR1-GFP, and on day 4 the cultures were rinsed 
and live-immunostained for GFP (non-permeabilizing conditions) to detect GluR1-
GFP on the cell surface (the GFP moiety is on the N-terminal, hence extracellular). 
Total GluR1-GFP (green); surface GluR1-GFP (red). Arrows indicate spine examples. 
Nicotine treatment induced appearance of GluR1 on the surface; MLA prevented the 
effect, implicating α7-nAChRs.  (D) Quantification shows a doubling (arbitrary 
fluorescence units). *p < 0.05; n = 3 animals each condition.  Scale bar: 5 µm. 
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 hippocampal slices were analyzed for spine incidence. The nicotine treatment caused 

a significant increase in the number of dendritic spines visible on GFP-expressing 

CA1 pyramidal neurons (Fig. 8 A). To determine whether endogenous nicotinic 

cholinergic activity plays a role in glutamatergic synapse formation in vivo, we 

compared WT and animals lacking both the β2- and α7-nAChR genes (α7/β2 dKOs).  

Hippocampal slices were prepared from perfusion-fixed P5 mice and labeled by DiI 

for imaging.  Spines were quantified along apical dendrites of CA1 pyramidal 

neurons. The α7/β2 dKOs had significantly fewer dendritic spines than did WTs (Fig. 

8 B,C).  The results indicate that endogenous nicotinic activity helps promote early 

glutamatergic synapse formation in embryogenesis and early postnatal life.  
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Fig. 4.8.  Nicotinic activity in vivo regulates the number of dendritic spines formed in 
the early postnatal hippocampus.  (A) P4 Thy-1-GFP mouse pups received a 
stereotaxic intracranial injection of phosphate-buffered saline (PBS) or 1 µM nicotine 
(Nic) directly into the hippocampus under anesthesia, were allowed to survive one 
hour, and then were perfusion-fixed and imaged to reveal spines along primary and 
secondary apical dendrites of CA1 pyramidal neurons.  Quantification showed that 
nicotine increased the number of spines (***p < 0.0001; 4 cells/animal; 3 PBS- and 4 
Nic-treated animals).  (B) P5 WT and α7/β2 dKO mice were anesthetized and 
perfusion-fixed; their hippocampi were dissected, sliced, incubated 5 days with DiI, 
and imaged to visualize spines.  (C) Quantification of spines as in panel B. The β2/α7 
dKO neurons have significantly fewer spines. Scale bars:  10 µm. (*p < 0.01, two 
tailed t-test, n = 5 animals per condition)  

A 
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CONCLUSIONS 

 

It is widely recognized that a period of GABAergic excitation due to an 

immature chloride gradient is essential for proper innervation of the developing 

neuron (Ben-Ari, 2002; Gamba, 2005; Represa and Ben-Ari, 2005).  Recently it was 

shown that spontaneous nicotinic cholinergic activity determines when the chloride 

gradient matures in vivo and terminates the excitatory phase of GABAergic 

transmission (Liu et al., 2006).  The present results showing that nicotinic activity 

promotes glutamatergic synapse formation during development suggests a mechanism.  

Reaching a critical level of glutamatergic innervation may be a trigger for altering the 

chloride gradient and terminating GABAergic excitation. 

 Nicotinic cholinergic control of glutamatergic synapse formation during 

development is likely to serve two purposes.  First, it will enable the spontaneous 

waves of nicotinic excitation occurring in the nervous system (Bansal et al., 2000; 

Myers et al., 2005; Le Magueresse et al., 2006) to coordinate and accelerate 

innervation across large populations.  Neurons unable to participate may be at a 

disadvantage subsequently when they are less plastic, causing them to be less 

integrated into major circuits.  Second, nicotinic cholinergic control may help position 

non-nicotinic synapses in the immediate vicinity of postsynaptic nAChRs.  Pyramidal 

neurons express α4β2-nAChRs (Nashmi et al., 2007) and distribute them in clusters 

along dendritic branches in culture (W. Zago, A. Halff, & D Berg, unpublished 

observations).  If the calcium-dependent events underlying spine induction by β2-
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containing nAChRs act locally, the synapses formed would be in close proximity to 

nAChR clusters.  This arrangement could provide a platform for nicotinic cholinergic 

regulation of higher order function subsequently in the nervous system (Picciotto et 

al., 1995; Bannon et al., 1998; Marubio et al., 1999; Cui et al., 2003; Levin et al., 

2006; Bitner et al., 2007).  Exogenous nicotine can abrogate the process, driving 

excessive spine formation early on; imbalance could result with long-term 

consequences of nicotinic cholinergic control of system function in the adult. 

 

METHODS   

Animals: All animal procedures performed were in accordance with the 

institutional guidelines and approved by the UCSD Institutional Animal Care and Use 

Committee. C57/BL6 mice of both sexes were used from p3- p24. α7KO mice were 

initially obtained from Jackson Laboratories (Bar Harbor, ME). β2KO were a kind gift 

from Dr. Marla B Feller (University of California, San Diego). Thy1M mice were a 

kind gift from Dr. Anirvan Ghosh (University of California, San Diego). WT mice 

were purchased from Harlan Sprague-Dawley.  

Cell Cultures: Dissociated hippocampal cultures were prepared as described 

(Kawai et al., 2002). Organotypic slice cultures were prepared by rapidly removing 

brains into ice-cold ACSF saturated with 95% O2 and 5% CO2, containing in mM, 

NaCl 119, KCl 2.5, CaCl2 2.5, MgSO4 1.3, NaH2PO4 1.0, NaHCO3 26.2 and glucose 

11. Hippocampi were excised from brain slices, plated onto membrane inserts 
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(Millipore) coated with poly-D-lysine, and incubated at 37C in a humidified chamber 

with 5% CO2.  

Virus: The Sindbis viral construct encoding GFP was obtained from Dr. 

Gentry Patrick. (University of California, San Diego)  Lentiviral constructs expressing 

GFP, GluR1, or GluR2 were obtained from Dr. Inder Verma (Salk Institute, La Jolla, 

CA). Viral constructs were added to cell culture media or injected into organotypic 

cultures with a nanoinjector (Drummond). Cells were incubated for 14hr-9days to 

allow expression.  

Immunofluorescent labeling: 21 DIV hippocampal cultures, cryostat 

sections, and organotypic cultures were stained as previously described (Massey et al., 

2006). Primary antibodies used were mouse anti PSD-95 (1:500, Neuromab), rabbit 

anti Glur1-phosphoSer845 (1:1000, Upstate), rabbit anti Synapsin (1:100, Chemicon), 

and CamKII (1:1000, Promega). Fluorescent secondaries (1:500) were acquired from 

Jackson Immunoresearch.  

Fixed tissue preparation:  Animals were anesthetized with ketamine/xylazine 

and transcardially perfused with ice-cold 4% PFA then postfixed overnight. Brains 

were sliced on a vibratome at 300 um and stored in PBS until use.  

Nicotine Treatment of Fresh Slices: 300 um brain slices were allowed to 

recover in ACSF at room temperature for one hour. Slices were treated with drugs as 

indicated for 34 minutes, then washed, fixed in 4% PFA. Fresh tissue slices were fixed 

in 4% PFA, cryoprotected overnight, then sectioned on a cryostat at 10 µm.  
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DiI:  Glass pipettes were dipped into 20% DiI (1,1'-dilinoleyl-3,3,3',3'-

tetramethylindocarbocyanine, 4-chlorobenzenesulfonate) in DMSO and dried 

overnight at 15C. Pipettes were lowered into fixed hippocampal slices for 2 minutes. 

Slices were incubated in PBS at 4C for 5 days, then mounted and imaged.  

Stereotaxic injection: Mice were anesthetized with ketamine/xylazine and 

placed into a stereotaxic apparatus fitted with an oxygen tube. The skull was revealed 

and a hole bored through the skull at, from Bregma, A/P: -3.0 mm, M/L +/- 1.5 mm. A 

syringe was lowered 1.3 mm into brain, relative to the surface of the cortex and 1 µl of 

1 µm nicotine over two minutes was injected. 2.5% Fastgreen FCF was included in the 

needle to verify stereotaxic placement within the hippocampus. The needle was left in 

place for 2 minutes, and then removed. The mice were allowed to recover for one hour 

before tissue was processed.  

Imaging and Analysis: Digital images of fluorescently labeled cells were 

collected using a CCD camera mounted on a Zeiss Axiovert (63× oil immersion 

objective, 1.4 numerical aperture lens) and equipped with SlideBook deconvolving 

software (Intelligent Imaging Innovations, Santa Monica, CA). Three dimensional z-

stacks of images were acquired for analysis. Spines were classified as clear dendritic 

protrusions and counted along 10 um sections of primary and secondary apical 

dendrites, avoiding areas within 50 um of the soma. Synapsin boutons were defined as 

5 contiguous (0.5 um2) above background. A bouton had to be within 0.4 um of spine 

to be quantified as a positive contact. 
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Materials: Unless otherwise state, all materials were obtained from Sigma-

Aldrich. 
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CHAPTER 5 

Conclusion 

 

The formation and modulation of synapses occurs rapidly during neonatal 

development and is necessary for a functioning nervous system (Waites et al., 2005). 

Cholinergic signaling has been broadly implicated in development (Bansal et al., 

2000; Le Magueresse et al., 2006; Liu et al., 2006; Myers et al., 2005); however, little 

is known about how nicotinic acetylcholine receptors (nAChRs) contribute to the 

effects. This dissertation has focused on how the location, modulation, and activation 

of nAChRs play a role in hippocampal development. In culture, α7-nAChRs are 

modulated by BDNF and needed for stable cholinergic synapses. Additionally, α7- 

and β2*-nAChRs act together to promote glutamatergic synapses both in culture and 

in vivo. These results show that cholinergic activity has broad reaching effects 

throughout development and suggests that early postnatal development may be 

particularly susceptible to nicotinic influences.  

In Chapter 2, brain-derived neurotrophic factor (BDNF) was shown to 

upregulate α7-nAChRs on subpopulations of interneurons. Though the majority of 

cultured hippocampal neurons express TrkB receptors and are capable of responding 

to BDNF, only interneurons that innervate pyramidal cells respond by increasing 

levels of α7-nAChRs. Pyramidal cells and interneurons that innervate other 

interneurons show no change. Initial surface or internal levels of α7-nAChRs are not a 

clear indicator of whether a cell will respond to BDNF, suggesting that the ability to 
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make α7-nAChRs or to traffic them to the surface is not the source of differential 

responses to BDNF. 

Glutamatergic cells release BDNF in an activity-dependent manner both from 

dendrites and from axonal terminals (Haubensak et al., 1998; Lu, 2003). The BDNF-

induced increase in α7-nAChRs could, in principle, be occurring on a neuron either 

presynaptic or postsynaptic to the pyramidal neuron. BDNF can affect presynaptic 

terminals, acting in a retrograde fashion to influence gene expression in the 

presynaptic neuron (Watson et al., 1999).  But the fact that increasing glutamatergic 

activity can increase α7-nAChR expression even when BDNF activity is blocked, 

likely excludes a mechanism in which BDNF acts presynaptically to induce α7-

nAChR expression. Postsynaptic mechanisms that could shape the response of specific 

types of interneurons to BDNF include expression of distinct subtypes of 

glutamatergic receptors or activation of different downstream signaling cascades, 

either of which could lead to a differential response to BDNF.  

Activation of α7-nAChRs will depolarize the neurons, and cells with more 

nAChRs receptors will be more excitable in the presence of acetylcholine or nicotine. 

As the increase in α7-nAChRs is confined to interneurons, this would increase the 

level of GABAergic signaling. If such mechanisms exist in vivo, the effects of α7-

nAChRs will depend on the age of the animal. In the early postnatal hippocampus, 

neurons have an immature chloride gradient and are excited by GABAergic signaling 

(Cherubini et al., 1991). Correspondingly, increasing α7-nAChRs levels and the 

excitability of interneurons will drive excitation in the hippocampus. Interneuron 
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activity may facilitate synapse formation and maturation of GABAergic inhibition. In 

later development when GABAergic signaling is inhibitory, upregulation of α7-

nAChRs could play a different role. As activity increases, more BDNF will be 

released, which in turn will upregulate α7-nAChRs only on interneurons that inhibit 

pyramidal neurons. By increasing inhibition onto pyramidal neurons, excitatory 

activity in the hippocampus will be decreased. By acting to increase inhibition during 

periods of high excitation, BDNF modulation of α7-nAChRs can act as a slow 

regulator of hippocampal activity.  

In Chapter 3, we show that GABAAα1 receptors (GABARs) are coexpressed 

with α7-nAChRs at the tips of dendritic filopodia. The filopodia receive coincident 

GABAergic and cholinergic innervation. Activity through α7-nAChRs is necessary to 

stabilize both dendritic filopodia and cholinergic synapses onto the filopodia. By 

upregulating α7-nAChRs on specific populations of interneurons, BDNF may regulate 

the pattern of cholinergic innervation within the hippocampus.  

If α7-nAChRs are necessary for cholinergic synapse formation in the 

hippocampus, cholinergic synapses should be lost in mice lacking α7-nAChRs 

(α7KO). To test the in vivo effects of α7-nAChRs, cholinergic synapses onto VIP+ 

interneurons were compared between P12 hippocampi from wildtype mice (WT) and 

mice lacking α7-nAChRs (α7KOs). No change was seen (data not shown); however, 

synapses were measured by immunofluorescence and only contacts onto the cell body 

could be counted. Electrophysiology would provide a more sensitive measure of 
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cholinergic contacts throughout the neuron, though isolating subpopulations of 

interneurons could be difficult.   

Calcium can either increase or decrease filopodial motility, depending on the 

state of the cell (Lohmann et al., 2005). The α7-nAChR has a high relative Ca++ 

permeability, and should be able to influence filopodia motility, and through that, 

synapse stability. Though most α7-nAChRs are found post-synaptically in early 

postnatal development, presynaptic receptors almost certainly exist, albeit at lower 

levels (Fabian-Fine et al., 2001; Gray et al., 1996; McGehee et al., 1995). Either or 

both receptor pools may be necessary for stabilizing filopodia and cholinergic 

synapses. Using organotypic cultures from α7KO mice provides a direct way to 

manipulate pre- and postsynaptic receptors independently. Using α7KO hippocampi 

will eliminate postsynaptic α7-nAChRs while using α7KO septum will eliminate 

presynaptic α7-nAChRs. Together, these experiments would indicate whether 

filopodial and synaptic stability is driven through septal activity or hippocampal 

activity.  

Though GABARs and α7-nAChRs are in close proximity at the tips of 

dendritic filopodia, α7-nAChRs and GABARs do not colocalize along the dendritic 

shaft. The absence of uniform colocalization in a single neuron suggests that 

interactions between GABARs and α7-nAChRs are indirect and that colocalization 

arises from both receptors being targeted to dendritic filopodia. The α7-nAChRs are 

frequently found at or near GABAergic synapses along dendritic shafts (Kawai et al., 

2002). The proximity between α7-nAChRs, GABARs, and presynaptic terminals may 
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be maintained when filopodia retract to form shaft synapses (Cohen-Cory, 2002; Fiala 

et al., 1998), placing α7-nAChRs at GABAergic synapses. The apposition of 

cholinergic and GABAergic signaling systems suggests that crosstalk may exist 

between the neurotransmitter systems.  

Nicotinic signaling through α7-nAChRs can rapidly influence GABAergic 

signaling by reducing GABA mediated postsynaptic currents (Zhang and Berg, 2007). 

Might colocalization between α7-nAChRs and GABAergic synapses form the basis 

for crosstalk? One way to explore the need for crosstalk between GABAergic and 

cholinergic systems is to spatially separate the inputs. GABA and nicotine could be 

applied to neurons through a picospritzer to allow local stimulation of both 

neurotransmitter systems. If nicotinic stimulation must occur near GABAergic 

stimulation to decrease GABA currents, this would suggest that crosstalk is necessary 

for nicotinic effects on GABAergic signaling.  

In addition to the effects on GABAergic signaling, in Chapter 4, we show that 

nicotinic signaling rapidly induces glutamatergic spines, which likely become 

innervated in the following days. Postsynaptic activation of β2*-nAChRs rapidly 

induces spines while activation of α7-nAChRs increases presynaptic contacts and 

induces postsynaptic AMPA receptor expression.  

Endogenous cholinergic signaling also supports spine growth; mice lacking 

both α7- and β2*-nAChRs (dKOs) exhibit fewer spines than WT mice at early 

developmental points. In organotypic slice cultures, β2*-nAChRs are needed to drive 
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spine formation; α7-nAChRs are not needed. In vivo, no effect is seen until both α7- 

and β2*-nAChRs are lost.  

All mice used here were constitutive knockouts; they lacked nicotinic signaling 

from conception till death. Compensation may have occurred in dKO animals and 

account for the in vivo results. Alternatively, additional mechanisms and brain systems 

found in the intact animal may be sufficient to mask the loss of a single type of 

nAChR. Such additional mechanisms cannot, however, overcome the synergistic 

deficits seen when both nAChRs are lost. The α7KOs showed a delayed GABAergic 

maturation. Determining what developmental effects the β2KO and dKO mice exhibit 

would be a first step in understanding the long-term consequences of removing both 

receptor classes. Short-term effects of nicotinic signaling can be studied separately 

from developmental effects by using pharmacology in WT animals. For example, 

DHβE specifically blocks β2*-nAChRs and would be expected to decrease spines on 

hippocampal neurons in WT animals. Additionally, RNAi could be used to manipulate 

nAChR levels. 

Early in development, glutamatergic synapses can be formed onto both the 

dendritic shaft and spines of pyramidal neurons (Boyer et al., 1998; Fiala et al., 1998). 

GABAergic synapses are preferentially formed along dendritic shafts or neuronal cell 

bodies (Harris and Landis, 1986). As nicotine increases presynaptic contacts onto both 

spines and dendritic shafts, GABAergic synapses might be induced as well. It should 

be straightforward to test this hypothesis by staining for presynaptic GABAergic 

terminals with GAD and for either endogenous or transfected GABARs. 



70 

 

Two types of specificity are likely to regulate the effects of nicotine on spines. 

First, expression of nAChRs may help define areas that can respond to nicotine. The 

β2*-nAChR is found colocalized with NMDARs on dendrites while the α7-nAChRs is 

found postsynaptically at GABAergic synapses. Either or both of the nAChRs might 

dictate the location of synapses that can be induced by nicotine treatment. The 

induction of glutamatergic synapses was studied on spiny pyramidal neurons. Can 

nicotine also lead to more synapses being formed onto GABAergic neurons? Synapses 

onto interneurons can be readily explored with the analysis techniques used on 

pyramidal neurons.  

During early development, α7- and β2*-nAChRs help to support endogenous 

spine growth. However, dKO mice do recover from early deficits in spine formation 

and are indistinguishable from wildtype mice by P14.  What effect does the 

developmental specificity have on hippocampal development?  

Septal innervation provides endogenous cholinergic signaling (Kass and 

Cohen, 2008) and could induce stable glutamatergic synapses. Glutamatergic synapses 

will form at or near cholinergic synapses and thus be susceptible to cholinergic 

control. This correlates with the pattern of α4/β2-nAChR expression seen in 

dissociated cell culture, where the receptors are found colocalized with NMDA 

receptors (W Zago, A Halff, and D Berg, unpublished observations). Though 

glutamatergic synapses will certainly form in the absence of nicotinic receptors, the 

synapses are likely to be independent of nicotinic septal influences, which are known 
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to modulate learning, memory, and attention within the hippocampus (Levin et al., 

2006).  

Nicotine can only induce spines in young animals; the plasticity is lost by in 

older animals. The developmentally specific response to nicotine raises the possibility 

of kind of “critical period” within the hippocampus during which nicotinic signaling 

can induce synapse formation. Previously, the effects of critical periods have been 

largely confined to sensory systems and are perhaps best studied in the visual system.  

In young animals, the visual system is extremely sensitive to sensory 

experience. Occluding one eye causes drastic changes in the ability of the visual 

cortex to respond to input from that eye. Ocular dominance (OD) plasticity is limited 

to a critical period in early development (Wiesel and Hubel, 1963). In the rodent, the 

visual cortex is first responsive to alterations in visual experience approximately five 

days after eye opening, around p15-p19 (Fagiolini et al., 1994; Gordon and Stryker, 

1996). Changes in experience can alter the timing of plasticity. For example, animals 

reared in the dark have a delayed onset of OD plasticity (Mower et al., 1983). The 

opening of the critical period is dependent on GABAergic inhibition. In animals that 

lack GAD65 and have reduced levels of GABAergic inhibition, the visual cortex is 

unresponsive to monocular deprivation. Plasticity can be restored by treating the 

mouse with diazepam, which acts postsynaptically to increase GABA receptor 

conductance in a use-dependent manner (Hensch et al., 1998). A short period of 

increased GABAergic inhibition is enough to open the critical period at any point in 

life, both before WT onset of OD plasticity and well into adulthood.  Once the window 
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is opened, subsequent diazepam treatments cannot induce further plasticity (Iwai et al., 

2003). Further genetic manipulations reveal that only a subset of GABAergic 

receptors are needed to induce OD plasticity. GABAAα1 receptors are sufficient to 

induce OD plasticity (Fagiolini et al., 2004). GABAAα1 receptors are enriched at 

synapses from PV+ neurons (Klausberger et al., 2002), suggesting that PV+ 

interneurons may drive OD plasticity.  

One major player in the rate of GABAergic maturation is BDNF. Mice that 

express low levels of BDNF have persistent deficits in GABAergic transmission 

(Abidin et al., 2008). In mice that express BDNF prematurely, GABAergic inhibition 

matures more rapidly and a precocious period of OD plasticity is observed (Huang et 

al., 1999). Furthermore, a misbalance in retinal BDNF is seen with ocular deprivation. 

During the critical period, re-expressing BDNF in the closed eye prevents OD 

plasticity (Gianfranceschi et al., 2003). This suggests that BDNF has a driving role in 

visual system development.  

In the hippocampus, BDNF upregulates α7-nAChRs on PV+ interneurons. The 

α7-nAChRs also colocalize with GABAAα1 receptors. Heightened expression of α7-

nAChRs will increase excitability within the GABAergic pathway, likely increasing 

the rate of maturation. Within the visual system, a threshold level of inhibitory activity 

through this exact class of interneuron is likely needed to open the period of OD 

plasticity (Fagiolini et al., 2004). Increased α7-nAChR could thus facilitate threshold 

levels of inhibition and the onset of OD plasticity. Indeed, α7KO mice show a delayed 

onset of GABAergic inhibition. Activation of nAChRs could also act to promote 
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BDNF release. Nicotinic stimulation to the hippocampus promotes theta wave activity 

(Cobb et al., 1999), a stimulus pattern which drives maximal release of BDNF 

(Balkowiec and Katz, 2000; Gartner and Staiger, 2002). BDNF could then act to 

promote GABAergic maturation.  

A major new hypothesis arises from the data presented here. Nicotinic 

receptors are found throughout the sensory cortex. If cortical α7-nAChRs are found in 

the same locations and modulated in the same way as they are in the hippocampus, the 

inescapable idea arises that activation of nAChRs plays a significant role to trigger 

critical period plasticity. The involvement nAChRs in triggering critical period 

plasticity may be relatively simple to approach by exploring OD plasticity in mice 

lacking one or more nAChRs. More specific manipulation of nAChR levels could be 

obtained by driving RNAi expression in a subset of interneurons.  

Though critical period plasticity is traditionally studied in the sensory cortex, 

the work suggests that the hippocampus undergoes a critical period in early 

development similar to the sensory cortex. Nicotine could be used to test this theory 

by first defining when the critical period occurs and if it is susceptible to the same 

manipulations that alter OD plasticity within the visual system. From there, it would 

be interesting to determine if plasticity can be driven by sensory experience. Might 

alterations in early visual activity or whisker input influence hippocampal plasticity or 

alter septal cholinergic input to the hippocampus. If true, the visual system could then 

be used as a guide to explore the molecular mechanisms behind critical period 

plasticity within the hippocampus.   
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In the hippocampus, the critical period would, in part, define the time in which 

nicotinic signaling can drive spine and synapse formation, inducing long-lasting 

changes in neuronal connectivity and coupling glutamatergic synapses to cholinergic 

terminals. Environmental nicotine may easily co-opt glutamatergic synapse formation, 

dissociating glutamatergic synapses from cholinergic terminals and possibly setting 

the stage for later addiction. By determining what factors contribute to developmental 

specificity, we may be able to reintroduce plasticity into the adult system. Adult 

plasticity could reverse inappropriate connections, allow addicts to “forget” their drugs 

of abuse. It might even allow nicotine to induce new synapses to replace those lost 

during neurodegeneration.  
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