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SUMMARY

Nicotine enhances attention and working mem-
ory by activating nicotinic acetylcholine recep-
tors (nAChRs). The prefrontal cortex (PFC) is
critical for these cognitive functions and is
also rich in nAChR expression. Specific cellular
and synaptic mechanisms underlying nicotine’s
effects on cognition remain elusive. Here we
show that nicotine exposure increases the
threshold for synaptic spike-timing-dependent
potentiation (STDP) in layer V pyramidal neu-
rons of the mouse PFC. During coincident pre-
synaptic and postsynaptic activity, nicotine re-
duces dendritic calcium signals associated
with action potential propagation by enhancing
GABAergic transmission. This results from a se-
ries of presynaptic actions involving different
PFC interneurons and multiple nAChR sub-
types. Pharmacological block of nAChRs or
GABAA receptors prevented nicotine’s actions
and restored STDP, as did increasing dendritic
calcium signals with stronger postsynaptic ac-
tivity. Thus, by activating nAChRs distributed
throughout the PFC neuronal network, nicotine
affects PFC information processing and stor-
age by increasing the amount of postsynaptic
activity necessary to induce STDP.

INTRODUCTION

Nicotine is the addictive ingredient in tobacco that drives

people to dependence, but it has also been shown to im-

prove cognitive function in humans and laboratory animals

(Levin et al., 2005; Levin, 1992; Mansvelder et al., 2006;

Newhouse et al., 2004b). In smokers and patients suffer-

ing from a variety of neuropsychiatric disorders, nicotinic

agonists act beneficially on several aspects of cogni-

tion, including working memory, attention, learning, and
memory. In fact, nicotinic treatments are being developed

as therapy for cognitive dysfunction in disorders such as

Alzheimer’s disease, Parkinson’s disease, schizophrenia,

and ADHD (Levin et al., 2005; Newhouse et al., 2004a,

2004b; Picciotto and Zoli, 2002). In contrast, in normal

nonsmokers, nicotine tends to have deleterious effects

on cognitive performance (Newhouse et al., 2004b). Al-

though it is likely that many brain areas contribute to the

nicotinic effects on cognition, based on animal studies

nicotinic acetylcholine receptors (nAChRs) in the prefron-

tal cortex (PFC) mediate the effects on attention and work-

ing memory performance (Granon et al., 1995; Levin,

1992; Muir et al., 1995). The rodent medial PFC is consid-

ered to be functionally homologous to the primate dorso-

lateral PFC and has been shown to be involved in attention

and working memory (Dalley et al., 2004; Groenewegen

and Uylings, 2000). Despite this understanding of nicotinic

effects on working memory and attention performance,

very little is known of the cellular and synaptic mecha-

nisms involved in the enhancement of these functions.

Excitatory glutamatergic synapses in the PFC are plas-

tic, and changes in synaptic strength occur in the rodent

PFC during working-memory-related tasks (Jay et al.,

1995; Laroche et al., 1990, 2000). Changes in strength of

cortical synapses are thought to occur depending on the

precise timing of pre- and postsynaptic activity, a process

known as spike-timing-dependent plasticity (Bi and Poo,

1998; Magee and Johnston, 1997; Markram et al., 1997).

The relative timing of pre- and postsynaptic activity results

in specific postsynaptic changes in calcium concentration

that determine whether synaptic strength will increase or

decrease (Koester and Sakmann, 1998; Sjostrom and

Nelson, 2002). nAChRs are ligand-gated cation channels

that—depending on their subcellular location—can alter

presynaptic release of neurotransmitters as well as den-

dritic membrane potential (MacDermott et al., 1999;

McGehee and Role, 1995). These nicotine-induced cellu-

lar and synaptic alterations have been shown to affect the

induction of long-term changes in synaptic strength in the

ventral tegmental area (VTA) and hippocampus (Ge and

Dani, 2005; Ji et al., 2001; Mansvelder and McGehee,

2000). These and other studies highlight that, in order to
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understand nicotinic modulation of information process-

ing in a particular brain area, one needs to understand

how nicotine affects the different cell types in the neuronal

network. More specifically, nicotinic modulation of a neu-

ronal network depends on (1) the types of neurons in the

network that express nAChRs; (2) the types of nAChRs ex-

pressed; and (3) the subcellular location of these nAChRs

(Alkondon and Albuquerque, 2004; Ji et al., 2001; Mac-

Dermott et al., 1999; Mansvelder and McGehee, 2002;

McGehee and Role, 1996; Wonnacott et al., 2005). To

our knowledge, none of these aspects have been

addressed in the PFC (Gioanni et al., 1999; Lambe et al.,

2003; Mansvelder et al., 2006; Vidal and Changeux,

1989, 1993).

Therefore, to understand the synaptic and cellular

mechanisms underlying nicotinic enhancement of PFC-

based cognition, we investigated how nicotinic modula-

tion of the PFC neuronal network affects spike-timing-

dependent potentiation (STDP). We find that nicotine

increases the threshold for induction of STDP in pyramidal

neurons. This effect is caused by a reduction of dendritic

calcium signaling in these neurons as a result of nico-

tine-induced augmentation of GABAergic inhibition. Our

study also demonstrates that both specific classes of

PFC interneurons express nAChRs, and that specific in-

puts to these cell types in the medial PFC neuronal cir-

cuitry are modulated by nAChR stimulation. By affecting

different parts of the PFC neuronal network through acti-

vating different nAChR types, nicotine raises the threshold

for the induction of STDP in PFC output neurons.

RESULTS

Nicotine Blocks Spike-Timing-Dependent

Potentiation of Glutamatergic Transmission

Since nicotine alters cognitive performance of rodents in

behavioral tasks that involve PFC function (Granon et al.,

1995), and since changes in excitatory synapse strength

occur during such tasks (Jay et al., 1995; Laroche et al.,

1990, 2000), we asked whether nicotine alters synaptic

plasticity in medial PFC. To test this, we made whole-

cell recordings from layer V pyramidal neurons and stimu-

lated glutamatergic inputs by extracellular stimulation

(Figure 1A). Pyramidal neurons were identified based on

morphological appearance in the differential interference

contrast (DIC) image and action potential profile in re-

sponse to step depolarizations (Figure 1B). To induce

STDP, extracellular stimulation of presynaptic glutamater-

gic input was paired with a single postsynaptic action

potential evoked by somatic current injection (Figure 1A,

inset). Repeated pairing of the EPSP with a single postsyn-

aptic action potential (5 ms after start of EPSP, 503 at

0.1 Hz) resulted in a lasting increase of both EPSP ampli-

tude and slope (increase in slope: 133.3% ± 19.7%;

Figures 1D and 1H).

When nicotine (10 mM) was applied briefly during the

start of the pairing period, glutamatergic synaptic strength

failed to increase (Figures 1E and 1H). Instead, nicotine
74 Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc.
induced a small and significant reduction in synaptic

weight to 87.0% ± 10.3% of control after induction (Fig-

ures 1H and 1I). During cigarette smoking, blood levels

of nicotine rapidly increase to 300–500 nM (Henningfield

et al., 1993). Application of 300 nM nicotine during pairing

of pre- and postsynaptic activity also prevented the

increase of synaptic weight (n = 5, Figures 1F and 1H).

Similarly to 10 mM nicotine, application of 300 nM nicotine

resulted in a tendency toward a reduction of synaptic

strength (Figures 1H and 1I), but this did not reach signif-

icance. The broad-spectrum nicotinic receptor antagonist

mecamylamine (MEC, 1 mM) prevented the effect of nico-

tine (Figures 1G and 1H). In the presence of both MEC and

nicotine, the pairing of EPSP and postsynaptic action

potential induced a synaptic gain that was indistinguish-

able from that in control conditions (n = 8, Figures 1H

and 1I). Thus, activation of nicotinic receptors in medial

PFC prevents STDP of inputs (evoked in layer II/III) to layer

V pyramidal cells and induces LTD instead.

Direct Nicotinic Actions on Evoked Glutamatergic

Transmission

The most straightforward mechanism by which nicotine

alters synaptic plasticity is through activation of either

postsynaptic nAChRs or presynaptic nAChRs on the glu-

tamatergic terminals. In other brain areas, activation of

nAChRs located on presynaptic glutamatergic terminals

increases release of glutamate directly (Gray et al., 1996;

McGehee et al., 1995). In VTA, activation of these presyn-

aptic nAChRs can induce LTP (Mansvelder and McGehee,

2000). In PFC, nicotine also augments spontaneous excit-

atory glutamatergic synaptic transmission to layer V pyra-

midal neurons by activating presynaptic nAChRs (Gioanni

et al., 1999; Lambe et al., 2003; Vidal and Changeux,

1989, 1993). This effect depends on action potential firing,

indicating that nAChRs are located away from the presyn-

aptic terminals. In our hands, nicotine also induced an in-

crease in frequency and amplitude of spontaneous EPSCs

(Figures 2A and 2B). The EPSCs disappeared in the pres-

ence of the AMPA receptor blocker DNQX (10 mM, n = 4;

see Figures S1A and S1B in the Supplemental Data).

Because nicotine’s effect on spontaneous release of glu-

tamate was opposite to its effect on STDP, we next tested

if nicotine affected evoked glutamatergic transmission by

applying stimulation either in layer II/III or in layer V while

recording from layer V pyramidal neurons (Figure 2D).

Evoked EPSCs resulting from stimulation of layer II/III or

layer V were not increased in amplitude by nicotine (Fig-

ures 2E and 2F). Instead, evoked EPSC amplitude showed

a small transient reduction that hardly outlasted the nico-

tine application (Figure 2F). Furthermore, puffing nicotine

directly onto pyramidal neurons did not elicit an inward

current (n = 15, Figure 2C), suggesting that as in other neo-

cortical areas, PFC layer V pyramidal neurons do not

express functional nAChRs. These data demonstrate

that activation of presynaptic glutamatergic inputs or

postsynaptic nAChRs on pyramidal neurons cannot

explain the effect of nicotine on STDP in PFC.
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Figure 1. Spike-Timing-Dependent Potentiation In Layer V Pyramidal Cells of the Mouse Prefrontal Cortex

(A) Graphic scheme of experimental setup depicting placement of extracellular stimulating electrode and timing of STDP induction protocol (inset).

(B) Representative current-clamp traces from a layer V pyramidal cell (injection of �100 and +50 pA).

(C) Example EPSPs recorded before (smaller) and after (larger) STDP induction.

(D–G) Example experiments showing spike-timing-dependent potentiation (STDP) in a layer V pyramidal cell for (D) control, (E) 10 mM nicotine,

(F) 300 nM nicotine, and (G) 10 mM nicotine and 1 mM mecamylamine (MEC). Duration of applications is indicated by the bars above the graphs.

In (G), synaptic gain at 35–45 min after induction is significantly above baseline (p < 0.05), in line with the average shown in (H). Inset traces in (D)

show example EPSPs. Scale bars same as in (C).

(H) Average temporal plot comparing change in EPSP slope in control (black circles, n = 6), nicotine (10 mM: red circles, n = 7; 300 nM: green circles,

n = 5) and nicotine with MEC (yellow circles, n = 8).

(I) Bar graph summarizing STDP in control, nicotine, and MEC. *p < 0.05.

Error bars = SEM.
Blocking GABAA Receptors, but Not GABAB

Receptors, Strongly Reduces Nicotine’s

Impact on STDP

An alternative mechanism by which nicotine could affect

STDP in PFC is through activation of nAChRs, on either

the terminals or somata of inhibitory GABAergic neurons.

Indeed, in many cortical and subcortical brain areas, nico-

tine affects not only glutamatergic but also GABAergic

synaptic transmission (Alkondon and Albuquerque, 2004;

Dani and Harris, 2005; Mansvelder et al., 2002, 2006;

Metherate, 2004). In hippocampus, timed activation of

GABAergic interneurons by nicotine diminishes or pre-

vents long-term potentiation (LTP) in pyramidal neurons

(Ji et al., 2001). To investigate whether GABAergic trans-

mission mediates nicotine’seffect onSTDP, we testedhow

the GABAA receptor blocker gabazine and the GABAB

receptor blocker CGP-54626 affected nicotine’s impact

on STDP. In the presence of gabazine (0.25–1 mM), the

reduction of STDP by nicotine was much less than with nic-

otine alone (n = 8, p < 0.05; Figures 3A and 3C). In contrast,
CGP-54626 (5 mM) did not affect the block of potentiation

by nicotine (n = 5, Figures 3B and 3C). These results indi-

cate that increased GABAergic signaling through GABAA

receptors mediates nicotine’s block of STDP in PFC.

Nicotine Enhances Inhibitory GABAergic

Transmission to Pyramidal Neurons

To assess the extent to which nicotine affects inhibitory

GABAergic transmission received by layer V pyramidal

neurons, inhibitory postsynaptic currents were evoked

by stimulating layer II/III while recording from layer V pyra-

midal neurons. The amplitude of evoked IPSCs was tran-

siently enhanced by nicotine (Figures 4A and 4B). On

average nicotine increased the GABAergic synaptic

strength by 141% ± 11%, which subsided when nicotine

was washed out (Figure 4B). Nicotine also affected spon-

taneous inhibitory synaptic transmission. Both frequency

and amplitude of spontaneous IPSCs strongly increased

in all cells tested when nicotine (10 mM) was bath-applied

(n = 7, Figures 4C–4E). IPSC frequency was increased to
Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc. 75
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Figure 2. Glutamatergic Inputs to Layer V Pyramidal Cells

(A) Example trace with spontaneous EPSCs recorded in a layer V pyramidal cell. Top trace: control; lower trace: in the presence of 10 mM nicotine.

Scale bar, 100 pA, 500 ms. (Inset below) Frequency histogram for spontaneous EPSCs (n = 6).

(B) Cumulative EPSC amplitude distribution before (gray) and after (black) nicotine application. Data is taken from experiment shown in (A).

(C) Voltage-clamp trace from a layer V pyramidal cell where nicotine was locally applied at the arrow and no current was observed (n = 14). Inset above

shows experimental setup.

(D) Experimental setup for (E).

(E) Normalized amplitude of evoked EPSPs (gray circles) and mean amplitude per minute (black circles) recorded from the two stimulation locations

depicted in (D).

(F) Average plot of evoked EPSP experiments from layer II/III (white circles) and layer V (black circles) (n = 6).

Error bars = SEM.
246% ± 72%. Low nicotine concentrations (300 nM) also

augmented spontaneous IPSC frequency by 131.5% ±

3% (n = 5, Figure 4F). IPSC amplitude distribution was

increased in all cells tested. Cumulative amplitude distri-

butions showed that nicotine had a strong effect on

larger-amplitude synaptic currents (Figure 4E). IPSCs

disappeared when bicuculline (10 mM) was applied

(n = 3, Figures S1C and S1D), and nicotine’s effect was

blocked by TTX (n = 3, Figure S2B). These experiments

show that in addition to augmenting excitatory synaptic

transmission to PFC pyramidal neurons, inhibitory

GABAergic transmission is also enhanced by nicotine.

As an initial pharmacological characterization of the

nAChR subtypes involved in augmenting spontaneous

GABAergic transmission in PFC pyramidal neurons, we

tested the effect of nicotine in the presence of MEC and

methyllycaconitine (MLA), which is more selective for

a7-containing nAChRs. In the presence of MLA (10 nM),

nicotine still increased the frequency of spontaneous

IPSCs, but not in all cells tested. In three out of four cells,

nicotine increased the IPSC frequency to 294% ± 18%

(Figure 4G). The IPSC amplitude distribution was also

shifted to larger amplitudes in three out of four cells

(Figure S2A). This suggests that MLA-sensitive nAChRs
76 Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc.
do contribute to the effect of nicotine on spontaneous

IPSCs. In the presence of MEC (1 mM), nicotine application

did not affect the frequency of spontaneous IPSCs in five

out of seven cells. Also, the effect of nicotine on amplitude

distribution was blocked in five out of seven cells (Figures

4H and 4I). Nicotine most likely activates multiple types of

nAChRs to increase both frequency and amplitude of

spontaneous IPSCs and augment inhibition of PFC pyra-

midal neurons.

Nicotine Excites Different Types of Interneurons

through Multiple Mechanisms

To delineate which types of interneurons express func-

tional nAChRs, we targeted different classes of interneu-

rons for whole-cell recording. In rat PFC several types of

pyramidal neurons and interneurons have been described

based on electrophysiological profile, morphology, and

expression of calcium binding proteins (Gabbott et al.,

1997; Gulledge et al., 2007; Kawaguchi, 1993; Kawaguchi

and Kondo, 2002; Kawaguchi and Kubota, 1997; Yang

et al., 1996). As far as we are aware, a characterization

of interneurons in mouse medial PFC has not been de-

scribed in the literature thus far, and we identified three

different classes of interneurons based on action potential
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firing profile in response to current steps (Figures 5A–5C).

Their morphological appearance was clearly distinct from

the typical layer V pyramidal neuron morphology (Figures

5A–5C, insets).

The first type of interneuron had the typical characteris-

tics of fast-spiking (FS) interneurons in other cortical areas

(Kawaguchi and Kondo, 2002). They were multipolar with

round cell bodies. In response to step current injections,

they showed nonadapting, tonic firing behavior with a firing

frequency that was proportional to the amount of depola-

rizing current injection (Figure 5A). Local puffs (100 ms) of

nicotine to the cell body region of this type of interneuron

did not elicit inward currents in any of the cells tested (n =

24; Figures 5D, 5G, and 5H).

The action potential profile of a different type of

interneuron showed slight adaptation in response to

step current injections (Figure 5B). These cells had a

multipolar appearance similar to that of FS cells.

These cells were named regular spiking nonpyramidal

neurons (RSNP). In response to local application of

nicotine, a fast inward current of 12 ± 6 pA was activated

in about half of the RSNP neurons (n = 60; Figures 5E, 5G,

and 5H).

Figure 3. Effect of GABAergic Inhibition on Spike-Timing-

Dependent LTP

(A) Example trace of STDP in a layer V pyramidal neuron in the pres-

ence of 10 mM nicotine and 1 mM of the GABAA antagonist gabazine.

(B) Example trace of blocked potentiation in the presence of 10 mM

nicotine and 5 mM of the GABAB receptor blocker CGP-54626.

(C) Summary bar graph. *p < 0.05.

Error bars = SEM.
The third type of interneuron showed strong adaptation

of firing frequency in response to step depolarizations and

had a lower threshold for firing (Figure 5C). In many cases,

these cells fired rebound spikes after a step hyperpolar-

ization. Therefore, these cells were named low-threshold

spiking (LTS) cells. As FS cells, LTS cells had a bipolar

appearance or showed, in addition to smaller multipolar

dendrites, one dendrite of larger diameter that pointed

toward layer VI. These cells often also showed a limited

number of dendritic spines. Upon application of nicotine

to their somatic region, a large inward current of 28 ±

10 pA was activated in all cells tested, with a faster rise

time than the nicotine-induced current in RSNP cells (n =

10; Figures 5F, 5G, and 5H). The amplitude of nicotine-

induced currents was largest in these cells, and nearly

double the amplitude of nicotine-induced currents in

RSNP cells (Figure 5H).

During and after pressure application of nicotine, noise

levels in recordings from RSNP and LTS cells increased. In

RSNP cells (Figure 5E), the noise at the peak of the nico-

tine-induced current was increased from 29.9 ±

0.026 pA to 52.1 ± 16.0 pA and diminished in 4 s to

42.4 ± 20.9 pA. In contrast, in LTS cells (Figure 5F), the

noise at the peak of the nicotine-induced current was

not larger than at baseline (29.8 ± 0.018 pA versus

29.7 ± 0.19 pA), but steadily increased during 4 s to

49.4 ± 1.54 pA at the end of the trace. Most likely, open-

channel noise from nAChRs contributes to the noise in

both, but nicotine might also activate synaptic currents

in these neurons.

Different Types of Interneurons Differentially

Express mRNA for nAChRs

To test which nAChR subunits were expressed by the dif-

ferent types of interneurons, we determined the presence

of mRNAs for the most abundant nAChRs in the brain, a4,

b2, and a7, using single-cell PCR (Cauli et al., 2000; Liss,

2002). After establishing the whole-cell configuration in

the PFC slice and applying step current injections to ob-

tain the action potential profile of the interneuron, the

cell contents were aspirated into the recording pipette

and real-time PCR was performed on the tip contents (Ta-

ble 1). GAD2 mRNA, encoding the glutamic acid decar-

boxylase enzyme GAD65, was abundantly detected in all

three interneuron types, suggesting that these cells syn-

thesize the neurotransmitter GABA. In addition, expres-

sion of genes encoding different calcium binding proteins

and peptides was detected in these cells. RSNP cells

abundantly expressed calbindin (CB) and cholecystokinin

(CCK), but to a lesser extend somatostatin (SOM). In con-

trast, a much smaller proportion of FS cells expressed

CCK, whereas the majority of FS cells expressed CB

and SOM. LTS cells expressed CB, CCK, and SOM to

a similar degree (Table 1). nAChR mRNA expression pat-

terns were in line with the responses of interneurons to

nicotine puffs to the soma. FS cells did not show inward

currents upon nicotine application (Figure 5), and hardly

any FS cells showed expression for nAChR mRNA. In
Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc. 77
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Figure 4. GABAergic Transmission to Layer V Pyramidal Cells

(A) Example evoked IPSCs before (gray trace) and after (black trace) nicotine application. (Inset) Temporal plot of normalized amplitude (white circles)

and mean per minute (black circles) from a single experiment.

(B) Summary of evoked IPSC experiments (n = 6).

(C) Example spontaneous IPSCs recorded from a layer V pyramidal cell in the absence (top trace) and presence(bottom trace) of 10 mM nicotine.

(D) Average IPSC frequency histogram (n = 7).

(E) Cumulative IPSC amplitude distribution from experiment shown in (D) (p < 0.001).

(F) Average IPSC frequency histogram with 300 nM nicotine application (n = 5).

(G) Average IPSC frequency histogram (n = 4). Duration of MLA and nicotine application is indicated by bars above graph.

(H) Average IPSC frequency histogram with the application of MEC and nicotine (n = 7).

(I) Cumulative IPSC amplitude distribution from a single MEC/nicotine experiment (p = 0.3).

Error bars = SEM.
contrast, LTS and RSNP cells both showed functional re-

sponses to nicotine application to the soma (Figure 5), and

in both cell types mRNA encoding nAChR subunits was

found (Table 1). The largest number of LTS and RSNP cells

expressed a4 subunits, but b2 and a7 mRNA was also

found in these cell types. These data are also in line with

the finding that the augmentation of spontaneous IPSCs

by nicotine has a mixed pharmacological profile (Figures

4G and 4H and Figure S2).

Excitatory Inputs to Different Types of Interneurons

Are Differentially Affected by Nicotine

We have shown that the mouse medial PFC harbors at

least three classes of interneurons that show similar func-

tional and morphological properties to interneurons found

in other cortical areas but differ in functional nAChR ex-

pression. FS cells do not express nAChRs somatically,

whereas RSNP and LTS cells express functional nAChRs
78 Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc.
and contain mRNA for a4, b2, and a7 subunits. These cell

types are directly depolarized by nAChR activation ex-

pressed on their cell bodies or proximal dendrites, and

LTS cells could even be made to spike when nicotine

was applied in current clamp (Figure 5F, inset). These

somatic nAChRs could account for the increase in IPSC

frequency and amplitude observed in recordings from

pyramidal neurons after application of nicotine (Figure 4).

However, as excitatory inputs to pyramidal neurons are

modulated by nicotine, excitatory inputs to interneurons

could also be modulated by nAChR activation, which

would also contribute to increased GABAergic activity

by nicotine. Therefore, we monitored spontaneous EPSCs

in whole-cell recordings from the three interneuron types.

Nicotine differentially modulated spontaneous excit-

atory transmission in medial PFC interneurons. Spontane-

ous EPSCs in FS cells showed a substantial increase in

both EPSC frequency and amplitude (Figures 6A–6C).
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Figure 5. Local Application of Nicotine onto PFC Interneurons

(A–C) Example current-clamp recordings and morphology of Alexa-filled cells illustrating the three basic interneurons observed in mouse PFC: fast-

spiking cells (FS), regular spiking nonpyramidal cells (RSNP), and low-threshold spiking cells (LTS).

(D–F) Example voltage-clamp traces in each of the three cell types depicted in (A) where nicotine was locally applied to the soma (100 ms pressure

ejection at arrow). (F, Inset) Current-clamp recording showing that single somatic application of nicotine onto LTS cells can induce spiking.

(G) Histogram comparing the number of cells in each cell class that were positive (black) and negative (white) for nicotinic currents.

(H) Histogram showing average current observed in positive cells from (G).
EPSC frequency increased by 360% ± 144%, and the cu-

mulative distribution of EPSC amplitudes showed that sig-

nificantly more EPSCs with amplitudes above 25 pA were

recruited by nicotine (Figures 6B and 6C). This effect was

blocked by MEC (n = 10, Figure S3A) and TTX (n = 6,

Figure S3B). In contrast, spontaneous EPSCs recorded

in RSNP cells were negatively modulated by nicotine.

EPSC frequency, but not amplitude, was significantly

lower in the presence of bath-applied nicotine (Figures

6D–6F). The number and amplitude of spontaneous

EPSCs recorded in LTS cells were increased by nicotine.

Both EPSC frequency and amplitude were increased sig-

nificantly by nicotine application (Figures 6G–6I).

Thus, although FS cells do not seem to express func-

tional nAChRs, their excitatory glutamatergic inputs are

increased by nicotine, and they will thus receive an in-

creased excitatory drive in the presence of nicotine. Nico-

tine will directly depolarize RSNP cells by activating

nAChRs on the cell body, but excitatory inputs to these
cells are not decreased in amplitude. LTS cells experience

an increased excitatory drive from both activated nAChRs

on the cell body and an increased glutamatergic input. Our

data suggest that all interneuron classes we encountered

potentially contribute to the increased inhibition observed

in pyramidal neurons in the presence of nicotine.

Dendritic Calcium Signaling Is Reduced by Nicotine

during Induction of STDP

Inhibitory GABAergic synaptic transmission controls den-

dritic action potential propagation in pyramidal neurons. In

the hippocampus, IPSPs modulate action potential prop-

agation and calcium signaling, and during development,

increased GABAergic inhibition changes the rules for

STDP in these neurons (Meredith et al., 2003; Tsubokawa

and Ross, 1996). Postsynaptic calcium transients provide

an associative link between synapse activation, postsyn-

aptic cell firing, and synaptic plasticity (Koester and Sak-

mann, 1998; Malenka et al., 1988). Since IPSCs in PFC
Table 1. Percentage of Cells Positive for Neuropeptides and nAChR Subunits

GAD2 CB CCK SOM a4 b2 a7

FS (12) ++ ++ � + �� � ��

LTS (9) ++ + + + ++ +/� +/�

RSNP (27) ++ ++ ++ �� ++ + +/�

Cells (% positive) for neuropeptides (GAD2, CB, CCK, and SOM) and nAChR subunits (a4, b2, and a7): 0%–10%,�� ; 10%–20%,� ;

20%–30%, +/� ; 30%–40%, + ; 40%–50+%, ++. The number of cells assessed is indicated parenthetically.
Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc. 79
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Figure 6. Nicotinic Modulation of Spontaneous EPSCs Received by PFC Interneurons

(A, D, and G) Example EPSC traces recorded from (A) FS, (D) RSNP, and (G) LTS cells, respectively. (B, E, and H) Average EPSC frequency histograms

for (B) FS (n = 7); (E) RSNP (n = 11); and (H) LTS cells (n = 3). (C, F, and I) Cumulative amplitude distributions for each of the three cell types are shown.

Each graph represents data from the experiments depicted in (A), (D), and (G). *p < 0.05. Error bars = SEM.
pyramidal cells are increased in amplitude by nicotine

(Figure 4), this could reduce dendritic action potential

propagation and subsequent calcium signaling in den-

drites of PFC pyramidal neurons.

We first tested whether changes in intracellular calcium

concentration are necessary for STDP in mouse PFC layer

V pyramidal neurons. When exogenous calcium chelators

such as BAPTA are present in the intracellular solution, in-

coming calcium ions are rapidly buffered and free calcium

concentration changes are strongly reduced (Helmchen,

2002; Tsien, 1980). In the presence of BAPTA (10 mM),

pairing pre- and postsynaptic activity did not result in an

increase of synaptic strength (n = 5, Figures 7A and 7B).

Thus, changes in calcium concentration during STDP in-

duction are necessary for changes in synaptic strength

to occur.

To investigate whether nicotine reduced calcium tran-

sients related to dendritic action potential propagation,

we monitored postsynaptic calcium signaling in apical

dendrites of layer V pyramidal neurons during timed pre-

and postsynaptic activity. Pyramidal neurons were filled

with Alexa 594 and the calcium indicator Fluo-4 through

patch pipettes and were visualized with two-photon
80 Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc.
imaging to select a region on the apical dendrite for line-

scanning (Figure 7C). As in rat PFC (Gulledge and Stuart,

2003), action potentials invade apical dendrites and in-

duce calcium changes throughout the dendritic tree of

mouse pyramidal neurons (Figures 7D–7F). Somatic ac-

tion potentials were preceded by extracellular stimulation

of synaptic input by 5 ms, as was used for the induction of

STDP. Line-scans of the apical dendrite were taken 50–

100 mm from soma, parallel to the location of extracellular

stimulation. After three initial line-scans to obtain baseline

measurements, either aCSF or nicotine-containing aCSF

was allowed to wash-in for 5 min, after which three line-

scans were taken (Figures 7D–7F, right panels). In the

presence of nicotine, fluorescence changes of Fluo-4

were reduced by approximately 40% when compared

with control conditions in the absence of nicotine (Figures

7E–7G). Thus, in the presence of nicotine, postsynaptic

calcium signals associated with coincident pre- and post-

synaptic activity were markedly reduced in apical

dendrites of PFC pyramidal neurons. In the absence of

extracellular stimulation, nicotine did not alter fluores-

cence changes associated with postsynaptic action po-

tential firing (Figure 7H).This suggests that PFC pyramidal
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Figure 7. Reduction of AP-Induced Dendritic Calcium Signaling in Nicotine

(A) Example trace showing that STDP is abolished in the presence of 10 mM of the calcium chelator BAPTA.

(B) Summary of effects of BAPTA on STDP (n = 5).

(C) Layer V pyramidal cell filled with Alexa 594, indicating typical position of stimulation electrode and line-scanned ROI (white arrow) Scale bar,

20 mm. (C, Lower panel) Experimental stimulation and line-scan protocol.

(D) Example of calcium transient trace in response to AP burst, showing clear stimulation-induced change in fluorescence across apical dendrite (mid-

dle panel).

(E and F) Example traces of single EPSP-AP-induced calcium transients in aCSF (E) and nicotine (F; 10 mM), respectively.

(G) EPSP-AP-induced calcium transients were significantly lower in the presence of nicotine (64% ± 6%, n = 6) compared with aCSF (85% ± 4%,

n = 12, *p < 0.05).

(H) Nicotine did not induce a significant decrease in AP-induced calcium transients from baseline in the absence of extracellular stimulation (89% ±

20%, n = 3, p > 0.3).

Error bars = SEM.
neurons do not express nAChRs that alter dendritic action

potential propagation directly. In fact, during application

of nicotine in these experiments, the membrane potential

of layer V pyramidal neurons did not depolarize, but

instead slightly hyperpolarized by –1.7 ± 0.6 mV. In

addition, nicotine did not induce changes in baseline fluo-

rescence. In aCSF conditions, baseline fluorescence

increased by 3% ± 2%. In the presence of nicotine, base-

line fluorescence increased by 4% ± 1.5%, which was not
significantly different from aCSF conditions. These data

suggest that dendrites of PFC pyramidal neurons do not

contain functional nicotinic receptors that directly affect

dendritic calcium signaling.

Inhibition of STDP by Nicotine Can Be Overcome

by Increased Postsynaptic Activity

Our data suggest that nicotine prevents STDP by decreas-

ing dendritic calcium signaling in pyramidal neurons, not
Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc. 81
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Figure 8. AP Bursts Rescue Nicotine-Impaired Synaptic Plasticity and Increase Calcium Signaling

(A) Diagram of experimental setup. Time delay between EPSP and postsynaptic AP burst of 5 ms during STDP induction is illustrated.

(B and C) Normalized EPSP slope (white circles) and mean slope per minute (black circles) recorded from single experiments in control (B) and

nicotine (C).

(D) Summary bar graph of potentiation following EPSP-burst pairing stimulation at 15 min and 25 min after induction.

(E–H) EPSP-AP burst pairings induced significantly larger dendritic calcium transients in layer V pyramidal neurons in both the absence (F) and pres-

ence of nicotine (H) than compared with EPSP-single AP pairings in similar conditions (E, G, respectively; aCSF: n = 12 pairwise comparisons,

p < 0.05; nicotine: n = 6, p < 0.05). Arrowheads indicate time point of stimulation.

(I) Nicotine induces a significantly greater decrease in fluorescence following EPSP-single AP pairing compared with aCSF conditions (nicotine:

64% ± 6%, n = 6; aCSF: 85% ± 4%, n = 12, independent samples t test, *p < 0.05, data from same experiments as in Figure 7G). Nicotine induces

a similar increase in EPSP-AP-burst-induced calcium transients to those in aCSF (p = 0.5).

Error bars = SEM.
by reducing the calcium signal directly, but by doing so in-

directly by increasing GABAergic inhibition. It follows then

that increased postsynaptic action potential firing might

overcome the nicotine-induced augmentation of inhibition

and block of synaptic potentiation. To test this, we paired

single presynaptic events with short bursts of postsynap-

tic activity with the same delay of 5 ms (Figure 8A). In the

absence of nicotine, short bursts of two or three somatic

action potentials during a 20 ms depolarization induced

an increase in EPSP slope of 151% ± 15% (Figures 8B

and 8D). When nicotine was applied during pairing of
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presynaptic events with postsynaptic bursts, the EPSP

slope was still increased (n = 7, Figures 8C and 8D).

Thus, the block of STDP by nicotine can be overcome

by increased postsynaptic activity, which most likely in-

duces larger calcium changes than a single postsynaptic

action potential. To confirm that short bursts of action po-

tentials induce increased postsynaptic calcium signaling

in the presence of nicotine, we studied dendritic calcium

signaling in response to postsynaptic bursts of action po-

tentials. Short bursts of two or three somatic action poten-

tials during a 20 ms depolarization induced larger changes
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in calcium indicator fluorescence in dendrites than single

action potentials (Figures 8E–8I). Bath application of nico-

tine reduced calcium transients induced by single action

potentials, but a short burst of action potentials restored

calcium signaling (Figure 8I). These data suggest that

spike-timing-dependent plasticity in PFC is blocked by

nicotine because calcium signaling during dendritic prop-

agation of single action potentials is altered. This block

can be overcome by bursts of action potentials that in-

duce larger calcium signals in dendrites, partially restoring

spike-timing-dependent plasticity.

DISCUSSION

Nicotinic receptor stimulation alters PFC-based cognitive

performance in primates and rodents (Levin et al., 2005;

Levin, 1992; Mansvelder et al., 2006; Newhouse et al.,

2004b). In this study, we find that during nAChR activation

the timed pairing of presynaptic activity with single post-

synaptic action potentials in pyramidal neurons is no lon-

ger sufficient to induce LTP of excitatory synapses.

Increased postsynaptic activity can overcome this block-

ade of STDP. During nAChR activation dendritic calcium

signaling is reduced, most likely due to increased inhibi-

tory synaptic transmission to pyramidal neurons. Activity

of different types of PFC interneurons is increased by nic-

otine, and we find that different mechanisms are involved

(Figure 9). Some interneuron types such as RSNP and LTS

cells, express nAChRs somatically. Single-cell PCR data

suggest that both cell types express the abundant subunit

types a4, b2, and a7. FS interneurons do not express

nAChRs somatically, but excitatory inputs to these

neurons are augmented by nAChR stimulation. Very little

mRNA for a4, b2, and a7 subunits was found in these cells.

Excitatory inputs to LTS cells are also stimulated by

Figure 9. Schematic of the Neuronal Network of Mouse Layer

V PFC Depicting the Distribution of nAChRs

P, layer V pyramidal cell; FS, fast-spiking interneuron; RSNP, regular-

spiking nonpyramidal neuron; LTS, low-threshold spiking neuron. LTS

cells were drawn to synapse on the apical dendrites of pyramidal

neurons in line with the description of PFC Martinotti cells provided

by Silberberg and Markram (Silberberg and Markram, 2007).
nicotine. The net result of these effects is increased

GABAergic neurotransmission to pyramidal neurons, re-

duced dendritic calcium signaling, and an increased

threshold for STDP.

Somatic action potentials propagate deep into the den-

dritic tree and activate voltage-gated calcium channels in

proximal and distal parts of dendrites, inducing substan-

tial amounts of calcium influx in dendrites and dendritic

spines (Koester and Sakmann, 1998; Stuart et al., 1997;

Yuste and Denk, 1995). The control of dendritic action

potential propagation, calcium signaling, and spike-

timing-dependent plasticity by inhibitory GABAergic

transmission has been described in hippocampus (Mere-

dith et al., 2003; Tsubokawa and Ross, 1996). Coincident

activation of GABAergic inputs reduced dendritic action

potential amplitude and the dendritic calcium signal asso-

ciated with the action potential (Tsubokawa and Ross,

1996). Pairing of presynaptic activity with single postsyn-

aptic action potentials becomes less effective at potenti-

ating glutamatergic synapses with advancing develop-

mental age. This results from increasing GABAergic

inhibition during postnatal development, and can be over-

come by pairing presynaptic activity with a burst of several

postsynaptic action potentials (Meredith et al., 2003).

nAChR stimulation increases GABAergic transmission in

hippocampus (Alkondon and Albuquerque, 2001, 2004).

Augmentation of GABAergic transmission by nAChR stim-

ulation prevents LTP induced by 100 Hz stimulation for 1 s

(Ji et al., 2001). Which postsynaptic mechanisms are in-

volved in this blockade of LTP is not known. In the PFC,

we find that with the block of STDP of excitatory transmis-

sion, dendritic calcium signaling is strongly reduced when

GABAergic transmission is augmented by nicotine. Since

transient increases in calcium concentration are funda-

mental to the induction of LTP (Koester and Sakmann,

1998; Magee and Johnston, 1997; Sjostrom and Nelson,

2002) in PFC pyramidal neurons (Figure 7), this most likely

explains why synaptic potentiation fails in the PFC in the

presence of nicotine. Thus, stimulation of nAChRs on dif-

ferent types of neurons can change the rules for induction

of spike-timing-dependent plasticity in PFC, requiring

stronger postsynaptic activity for potentiation to occur.

Nicotine reduced the amount of synaptic potentiation

when presynaptic activity was paired to bursts of postsyn-

aptic action potentials. The calcium transients induced by

postsynaptic action potential bursts were similar in the

presence and absence of nicotine (Figure 8). This sug-

gests that nicotine could be affecting the synaptic plastic-

ity machinery in PFC pyramidal neurons by other mecha-

nisms in addition to reducing calcium signaling. It is well

known that in other brain areas, nAChRs are also located

on presynaptic neurons that are not glutamatergic or

GABAergic, such as dopamine neurons (Wonnacott

et al., 2000). It is unknown whether nAChRs are present

on any of the monaminergic synapses in the PFC.

Dopamine is known to affect synaptic plasticity in PFC

(Matsuda et al., 2006; Otani et al., 2003). Nicotinic

modulation of dopamine and other monaminergic
Neuron 54, 73–87, April 5, 2007 ª2007 Elsevier Inc. 83
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neurotransmission in the PFC could contribute to the ob-

served modulation of STDP.

Modification of plasticity rules in cortical neuronal

networks by nAChR activation may be a general phenom-

enon, extending beyond PFC and hippocampus. GABAer-

gic interneurons and inhibitory synaptic transmission are

affected by nAChR stimulation in many brain areas (Alkon-

don and Albuquerque, 2004; Mansvelder et al., 2002,

2006; Metherate, 2004). Just as in hippocampus and

PFC, pyramidal neurons in sensory cortical areas are not

directly affected by nicotinic agonists, but different types

of interneurons are strongly excited by postsynaptic

nAChR activation (Alkondon and Albuquerque, 2004;

Alkondon et al., 2000; Metherate, 2004; Xiang et al.,

1998). Both a7 and a4b2 subunit-containing nAChRs are

involved. Many of these interneurons innervate pyramidal

neurons, and therefore nAChR-mediated stimulation of

interneurons would increase inhibition of pyramidal neu-

rons. Just as we found in PFC pyramidal neurons, this

could lead to reduced dendritic action potential propaga-

tion and reduced calcium signaling. As a result, stronger

postsynaptic activity would be required to overcome this

increased dendritic inhibition to induce STDP.

In vivo recordings show that glutamatergic projections

between ventral hippocampus and PFC can alter in

strength during behavior (Laroche et al., 2000). Projec-

tions from the ventral hippocampus CA1 area enter the

medial PFC through superficial layers I and II and project

to all layers (Jay and Witter, 1991; Laroche et al., 2000).

The extent to which synaptic plasticity of these inputs

will be affected by nAChR stimulation will most likely de-

pend on the dendritic location of the synapse. Since we

found that nAChR stimulation can reduce dendritic

calcium signaling associated with postsynaptic action po-

tentials in apical dendrites of layer V pyramidal neurons, it

is very likely that plasticity in glutamatergic synapses lo-

cated distally is most affected by this reduction. At pres-

ent, it is unknown whether glutamatergic fibers between

hippocampus and PFC express nAChRs. Glutamatergic

fibers from thalamus that project to PFC layer V pyramidal

neurons do express nAChRs and are directly stimulated

by nAChR activation (Lambe et al., 2003). These receptors

contain b2 subunits and are most likely not situated on the

presynaptic glutamatergic terminals, since the effect of

nicotine is mediated by an increase in action potential

firing. Projections from the thalamus terminate in deep

as well as superficial layers of the rodent medial PFC

(Berendse and Groenewegen, 1991; Heidbreder and

Groenewegen, 2003). Most likely, synaptic plasticity of

thalamocortical terminals synapsing on the distal apical

dendrite of layer V pyramidal neurons in superficial layers

will suffer more from the nicotinic mechanisms we found

to block STDP than the synapses that are located closer

to the cell body. By reducing dendritic action potential

propagation in apical dendrites, nicotine hampers com-

munication between cell body and distal synapses in

layer V pyramidal neurons. This potentially could strongly

affect information processing in the neuronal network of
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the medial PFC as a whole, and will alter the output of

the PFC.

The activation of distributed nAChRs provides the PFC

neuronal network with a wide range of computational pos-

sibilities. Nicotine alters the rules for synaptic plasticity

resulting from timed presynaptic and postsynaptic activity

by increasing the threshold. Therefore, the function of the

medial PFC network will most likely change in the pres-

ence of nicotine. Increased activity in pyramidal neurons

at least partially restores the conditions needed for

STDP to occur. The presence of nicotine and increased

threshold for STDP could reduce cognitive performance

in healthy, naı̈ve rodents (Day et al., 2006). Alternatively,

since PFC neuronal activity could be increased during

PFC-based cognitive behavior, nicotine may provide

conditions under which signal-to-noise ratio in PFC infor-

mation processing is enhanced, thereby improving cogni-

tive performance (Day et al., 2006; Mirza and Stolerman,

1998).

EXPERIMENTAL PROCEDURES

Slice Preparation

Prefrontal coronal cortical slices (300 mm) were prepared from P14–23

C57 BL/6 mice, in accordance with Dutch license procedures. Brain

slices were prepared in ice-cold artificial cerebrospinal fluid (aCSF),

which contained the following: 125 mM NaCl, 3 mM KCl, 1.25 mM

NaH2PO4, 3 mM MgSO4, 1 mM CaCl2, 26 mM NaHCO3, and 10 mM

glucose (300 mOsm). Slices were then transferred to holding cham-

bers in which they were stored in aCSF, which contained the following:

125 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2 mM MgSO4, 1 mM

CaCl2, 26 mM NaHCO3, and 10 mM glucose, bubbled with carbogen

gas (95% O2/5% CO2).

Electrophysiology

Pyramidal cells and interneurons in the medial PFC were first visualized

using Hoffman modulation or infrared differential interference contrast

microscopy. After the whole-cell configuration was established,

recorded responses to steps of current injection allowed us to classify

each cell into one of several well-known cortical cell types. In many

experiments two-photon imaging was also used to produce an over-

view of the cell’s morphology. All experiments were performed at

31�C–34�C.

Recordings were made using Axopatch or Multiclamp 700A ampli-

fiers (Axon Instruments, CA), sampled at intervals of 50 or 100 ms, dig-

itized by the pClamp software (Axon), and later analyzed off-line (Igor

Pro software, Wavemetrics, Lake Oswego, OR). Whole-cell current in-

jection and extracellular stimulation (both timing and levels) were con-

trolled with a Master-8 stimulator (A.M.P.I., Jerusalem, Israel) triggered

by the data acquisition software. Patch pipettes (3–5 MOhms) were

pulled from standard-wall borosilicate capillaries and were filled with

one of three intracellular solutions. For the measurement of EPSCs in

pyramidal cells and interneurons, we used a solution containing

140 mM K-gluconate, 1 mM KCl, 10 mM HEPES, 4 mM K-phosphocre-

atine, 4 mM ATP-Mg, and 0.4 mM GTP (pH 7.2–7.3, pH adjusted to

7.3 with KOH) (290–300 mOsm). The chloride concentration in this in-

tracellular solution was chosen so that the calculated chloride reversal

potential was far below the resting membrane potential (�120 mV) and

IPSCs would show as outward current in the recording, while EPSCs

would show as inward current. This solution was not used in experi-

ments looking specifically at GABAergic activity, where we used an

elevated chloride concentration (78 mM potassium gluconate,

70 mM KCl) to make detection of GABA events more reliable. For
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the STDP experiments, we used a solution that had a lower osmolarity

(110 mM potassium gluconate, 10 mM KCl; 270–275 mOsm) and an

elevated phosphocreatine (10 mM) concentration. Series resistance

was not compensated.

For the experiments in Figure 2C and Figures 5D–5F, nicotine was

applied by pressure ejection from a glass electrode with a tip opening

of �1 mm. Pressure was on for 100 ms. Care was taken that nicotine-

containing solution did not leak out of the electrode when no positive

pressure was applied by including Alexa 488 (100 mM) in the applica-

tion pipette so that any leaking solution could be easily visualized using

two-photon microscopy. During application, the extent of application

was visualized by monitoring the green fluorescence signal of Alexa

488 in some of the experiments.

In the experiments in Figure 3A, we blocked GABAA receptors to in-

vestigate the involvement of GABAergic transmission in the effects of

nicotine on STDP. Both bicuculline (1–10 mM) and gabazine (0.25–

1 mM) strongly increased the excitability of the PFC network. In some

slices, excitation was so strong that spontaneous seizure-like network

discharges appeared (Figure S4B). During these discharges, pyrami-

dal neurons received a barrage of synaptic inputs and their membrane

potential depolarized by 20–40 mV. In addition, the intracellular cal-

cium concentration in dendrites increased markedly (Figure S4C and

S4D). To prevent these bursts from compromising our experiments

in any way, we only analyzed experiments during which no network

discharges appeared.

Spike-Timing-Dependent Plasticity

EPSPs were evoked every 10 s using an extracellular stimulation elec-

trode positioned in layer II/III (Figure 1A), �100 mm lateral to the re-

corded pyramidal cell. The slope of the initial 2.5 ms of the EPSP

was analyzed to ensure that the data reflected only the monosynaptic

component of each experiment (Froemke et al., 2005). Synaptic gain

was measured as the change in average EPSP slope when comparing

a 5 min period 20–30 min postconditioning to the baseline EPSP slope

measured in the last 5 min of control recording. During the induction

protocol spike-timings were measured from the onset of the evoked

EPSP to the peak of the postsynaptic action potential. Mean baseline

EPSP slopes were averaged from at least 30 sweeps. During the con-

ditioning period presynaptic-postsynaptic stimulus pairing was re-

peated 50 times, with a 10 s interval between each pairing. An interval

between presynaptic stimulation and postsynaptic action potential of

5 ms resulted in reliable potentiation of synaptic strength under control

conditions (Figure 1). During experiments cell input resistance was

monitored throughout by applying a 10 pA, 500 ms hyperpolarizing

pulse at the end of each sweep. Subtle changes in series resistance

were usually first detected as a change in the evoked action potential

waveform, and experiments were not included in the analysis if the cell

input resistance varied by more than ±30% during the experiment. To

assess the effect of nicotine in these experiments, nicotine was applied

during the induction phase (1 min before through +3 min after start of

the 8 min pairing protocol). The Wilcoxon’s signed rank test and the

Mann-Whitney U-test were used to assess significance. Data are given

as mean ± SEM, with p < 0.05 indicating significance.

Two-Photon Imaging

Pipettes were tip-filled with intracellular medium and back-filled with

intracellular solution containing Alexa 594 (40 mM) to reveal neuronal

morphology and the calcium-indicator Fluo-4 (100 or 200 mM, Molec-

ular Probes). Following breakthrough, cells were monitored for a mini-

mum of 15 min to allow diffusion and equilibration of the dye intracel-

lularly before fluorescence measurements were taken. Responses

were measured to individual action potentials or two to three action

potentials (‘‘burst’’) during a 20 ms period of current injection. Somatic

action potentials were observed during all line-scans analyzed in this

data set. To stimulate EPSPs, an extracellular stimulation electrode

was placed within 100 mm laterally to the region of apical dendrite

being line-scanned in layer II/III. Approximately 5 min after baseline
line-scan measurements in aCSF were made, the dendritic region of

interest (ROI) was moved �5 mm closer to the soma, and further line-

scans were taken either in aCSF or following bath application of

10 mM nicotine.

A Leica (Mannheim, Germany) RS2 two-photon laser scanning mi-

croscope was used with a 633 objective and a Ti:Sapphire laser (Tsu-

nami, SpectraPhysics, CA) tuned to a wavelength of 840 nM for exci-

tation. Line-scan imaging of spines and dendrites was carried out at

a temporal resolution of 2 ms/line. Line-scan imaging and electrophys-

iological recordings were synchronized and all image acquisition was

controlled by custom-written macros based on Leica confocal soft-

ware. Fluorescence was measured across the apical dendrite at a

distance of approximately 110 ± 6 mm from the soma. Before stimula-

tion, fluorescence was measured for approx 85 ms to obtain basal

fluorescence measurements (Fo). A region of line-scan outside of

any indicator-filled ROI was used to measure background fluores-

cence (Fb). Relative fluorescence changes were calculated as follows:

DG/R=(F(t)�Fo)/(Ro�Rb), where Ro is the baseline signal measured

with Alexa 594 and Rb is the background signal measured in this chan-

nel. DF/F and DG/R signals were measured by detecting the peak

change in a trace, averaging a 10 ms region around the peak change,

and expressing it as a percentage change from baseline level. Fluores-

cence traces for single action potentials and bursts of action potentials

are averages of three to five traces. Off-line data analysis was carried

out using in-house-written procedures in Igor Pro software. Differ-

ences between groups were tested using ANOVA and t tests (paired

or two-tailed independent samples) in SPSS statistical software, with

p < 0.05 indicating significance.

Single-Cell Real-Time PCR

For single-cell analyses, we used the same solution as was used for the

measurement of spontaneous activity. After recordings were made,

the cell was aspirated and the content (�7.5 ml) was expelled in

a tube containing 2 ml RT-buffers (final concentrations were 10 mM

DTT, 0.5 mM dNTP, and 5 mM random hexamers). An enzyme mixture

was added (0.5 ml, containing 50 U MMLV [Promega] and 5 U RNA-

guard [Amersham]), and after gently mixing, the reaction was per-

formed overnight at 37�C. After precipitation (final concentrations

were 2 M NH4Ac, 75% EtOH, and 0.1 mg linear acrylamide) on ice

for 30 min, samples were spun (14,000 3 g, 30 min), washed twice

with 75% EtOH, and collected in 10 ml water. Reactions were stored

at 4�C.

For PCR analysis, a preamplification (nAChR subunits, 25 cycles;

others, 15 cycles) was followed by amplification (45 cycles) using

real-time PCR (10 ml; ABI PRISM 7900, Applied Biosystems). Nested

primer sets (see Table S1 in the Supplemental Data) were used for am-

plification. Whereas the preamplification of GAD, calbindin, CCK, and

SOM was carried out in separate reactions (triplicate) using 0.3 ml

cDNA, preamplification of the nAChR subunits was performed with

a mixture of primers for the a4, a7, and b2 subunits (triplicate) using

1.5 ml cDNA. The amplification was carried out on 2% volume of the

preamplification reaction. For each transcript analyzed, a negative

control (H2O) reaction was performed. For both reactions, the SYBR-

reagents (2x SYBR-mix; Applied Biosystems) were used, with the fol-

lowing PCR parameters: 10 min at 95�C, followed by 45 cycles using

15 s at 95�C, 1 min at 60�C. For each primer, a positive control

(1:10,000 dilution of mouse PFC cDNA) and a negative control (H2O)

were used. At the end of each PCR, a dissociation stage was per-

formed in order to check for specificity of the formed product (from

60�C to 95�C in 15 min; Figure S5). A single PCR round (45 cycles) us-

ing b-actin was performed to detect the formation of cDNA, resulting in

52 cells positive out of 54.

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/54/1/73/DC1/.
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