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Developmental Excitation of Corticothalamic Neurons by
Nicotinic Acetylcholine Receptors
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In this study, we show robust nicotinic excitation of pyramidal neurons in layer VI of prefrontal cortex. This layer contains the cortico-
thalamic neurons, which gate thalamic activity and play a critical role in attention. Our experiments tested nicotinic excitation across
postnatal development, using whole-cell recordings in prefrontal brain slices from rats. These experiments showed that layer VI neurons
have peak nicotinic currents during the first postnatal month, a time period of intensive cortical development in rodents. We demonstrate
that these currents are mediated directly by postsynaptic nicotinic receptors and can be suppressed by a competitive antagonist of �4�2*
nicotinic receptors. To record from identified corticothalamic neurons, we performed stereotaxic surgery to label the neurons projecting
to medial dorsal thalamus. As hypothesized, recordings from these retrogradely labeled neurons in layer VI showed prominent nicotinic
currents. Finally, we examined the effects of the drug nicotine on layer VI neurons and probed for the potential involvement of the
accessory subunit, �5 , in their receptors. A level of nicotine similar to that found in the blood of smokers elicits a stable inward current in
layer VI neurons, yet this exposure desensitizes �50% of the subsequent current elicited by acetylcholine. An allosteric modulator of
�4�2�5 receptors resulted in a 2.5-fold potentiation of submaximal nicotinic currents. This result is consistent with the expression of the
relatively rare �5 nicotinic subunit in layer VI. In summary, we show that layer VI corticothalamic neurons can be strongly excited during
development by an unusual subtype of nicotinic receptor.
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Introduction
Cortical nicotinic acetylcholine receptors are important for at-
tention and effortful concentration (Rezvani and Levin, 2001;
Granon et al., 2003; Lambe et al., 2005), and have been suggested
to have long-lasting effects on the development of attention cir-
cuitry (Langley et al., 2005; Rodriguez and Bohlin, 2005; Schmitz
et al., 2006). Abnormalities in cortical nicotinic binding have
been demonstrated in several neurodevelopmental conditions,
including autism (Perry et al., 2001; Martin-Ruiz et al., 2004),
epilepsy (Picard et al., 2006), and schizophrenia (Breese et al.,
2000; Marutle et al., 2001). In the human brain, nicotinic binding
is highest toward the end of gestation (Court et al., 2000). The
drug nicotine is a partial agonist of these nicotinic acetylcholine
receptors and may disrupt the trophic effects of acetylcholine
during a critical stage of development (Navarro et al., 1989; Slot-
kin, 2004; Liang et al., 2006). Substantial literature suggests that
in humans, prenatal exposure to nicotine through maternal cig-

arette smoking harms the development of prefrontal attention
circuitry (Langley et al., 2005; Rodriguez and Bohlin, 2005).

Rats and mice are born at a more premature stage of brain
development than humans, and the first few postnatal weeks in
rodents are thought to be a time period approximately equivalent
to the last trimester in utero and the perinatal period in human
development (Romijn et al., 1991; Watson et al., 2006). During
this time, there is a marked band of high-affinity nicotinic bind-
ing in layer VI in the prefrontal cortex (Tribollet et al., 2004), the
primary location of corticothalamic neurons. Recent transgenic
work shows that nicotinic receptors are expressed by corticotha-
lamic neurons and are present in corticothalamic terminals in
mice (King et al., 2003). Nicotinic acetylcholine receptors have
been suggested to play a trophic role in the development of cor-
tical neurons and brain circuitry (Belluardo et al., 1999; Brown
and Kolb, 2001; Liang et al., 2006).

Nicotinic receptors are excitatory, ligand-gated channels that
allow the movement of Na�, K�, and Ca 2� ions across the cell
membrane. At the resting membrane potential of a typical corti-
cal neuron, the nicotinic current provides an excitatory or depo-
larizing influence, which is measured electrophysiologically in a
voltage clamp as an inward current. Activation and desensitiza-
tion parameters of nicotinic receptors depend largely on the sub-
unit composition in these pentameric receptors (Moroni et al.,
2006; Tapia et al., 2007). Layer VI nicotinic currents may have
unusual properties because of the potential incorporation of an
accessory �5 nicotinic receptor subunit. This subunit is expressed
in layer VI (Marks et al., 1992; Winzer-Serhan and Leslie, 2005)
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and can substantially alter the properties of �4�2* receptors
(Ramirez-Latorre et al., 1996; Tapia et al., 2007; Kuryatov et al.,
2008). In mice, genetic deletion of the �5 subunit confers resis-
tance to nicotine-elicited seizures (Salas et al., 2003). In humans,
the �5 subunit has recently been identified in a cluster of genes
found to predispose individuals toward heavy cigarette smoking
(Saccone et al., 2007; Berrettini et al., 2008; Bierut et al., 2008) and
early experimentation with tobacco (Schlaepfer et al., 2008).

Understanding the properties of nicotinic currents in layer VI
neurons is critical to appreciate the potential trophic effects of
acetylcholine on these neurons and how they may be altered by
exposure to the drug nicotine during development. We present
here the first electrophysiological study of nicotinic currents in
layer VI pyramidal cells and identified corticothalamic neurons
during postnatal development.

Materials and Methods
Brain slice preparation. Coronal slices (400 �m thick) of the medial pre-
frontal cortex were prepared from male Charles River Sprague–Dawley
rats from postnatal day (P) 7 to P67, in accordance with protocols ap-
proved by the University of Toronto Animal Care and Use Committee.
These protocols conformed to international guidelines on the ethical use
of animals. The brain was cooled as rapidly as possible with 4°C oxygen-
ated sucrose artificial cerebrospinal fluid (ACSF) (254 mM sucrose was
substituted for NaCl). Prefrontal slices were cut from anterior to poste-
rior using the appearance of white matter and the corpus callosum as
anterior and posterior guides to target recording to the Cg1, Cg2, and PrL
regions (Paxinos and Watson, 2007). The slices were cut on a Dosaka
Linear Slicer (SciMedia), and were transferred to 30°C oxygenated ACSF
(containing the following, in mM: 128 NaCl, 10 D-glucose, 24 NaHCO3, 2
CaCl2, 2 MgSO4, 3 KCl, 1.25 NaH2PO4, pH 7.33) in a prechamber (Au-
tomate Scientific) and allowed to recover for at least 1 h before the be-
ginning of an experiment. For whole-cell recordings, slices were placed in
a modified chamber (Warner Instruments) mounted on the stage of an
Olympus BX50WI microscope. Regular ACSF was bubbled with 95%
oxygen and 5% carbon dioxide and flowed over the slice at 30°C with a
rate of 3– 4 ml/min.

Electrophysiology. Whole-cell patch electrodes (2–3 M�) contained
the following (in mM): 120 K-gluconate, 5 KCl, 2 MgCl, 4 K2-ATP, 0.4
Na2-GTP, 10 Na2-phosphocreatine, and 10 HEPES buffer (adjusted to
pH 7.33 with KOH). Layer VI pyramidal neurons were patched under
visual control using infrared differential interference contrast micros-
copy. The mean membrane properties of layer VI pyramidal neurons
recorded (n � 325) were 92 � 1 mV spike amplitude, 240 � 11 M� input
resistance, and �78 � 1 mV resting potential. Because corticothalamic
neurons are suggested to send a collateral axon to local circuit interneu-
rons (West et al., 2006), we also collected data from layer VI fast-spiking
interneurons. These cells were patched based on their small, circular
morphology and were confirmed electrophysiologically by their charac-
teristic, fast spiking pattern on injection of depolarizing current pulses.
The properties of the fast-spiking interneurons recorded (n � 14) were
83 � 3 mV spike amplitude, 511 � 65 M� input resistance, and �70 �
2 mV resting potential. In current clamp, neurons were recorded at their
resting potentials. In voltage clamp, neurons were held at �75 mV, near
the calculated equilibrium potential for chloride under these conditions,
and currents were recorded using continuous single-electrode voltage-
clamp mode with a Multiclamp 700b (Molecular Devices) or an EPC10
(HEKA Elektroniks), acquired and low-pass filtered at 3 kHz with either
pClamp10.2/Digidata1440 (Molecular Devices) or Patchmaster 2.20
(HEKA Elektroniks).

Acetylcholine (10 �M to 1 mM, 30 s) was applied in the bath in the
presence of atropine (200 nM, continuous application) to block musca-
rinic receptors. Brief local application of acetylcholine (1 mM, 1 s) was
applied with a rapid solution exchange system (ALA Scientific Instru-
ments) in a subset of neurons (n � 16; age range from P15 to P67) to
confirm that a fast-desensitizing component was not missed. For most
experiments, nicotinic currents were probed by adding 1 mM acetylcho-

line to the bath perfusion for a 30 s interval after a 1 min baseline and
followed by a 5 min washout period. The nicotinic current was measured
in Clampfit by subtracting the mean inward current at the peak (1 s) of
the acetylcholine response from the mean holding current at baseline.
Other drugs were also added to the bath in specific experiments: 2 �M

tetrodotoxin (TTX), 10 –20 �M 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), 50 �M D(�)-2-amino-5-phosophonopentanoic acid (APV), 10
nM methyllycaconitine (MLA), 3 �M dihydro-�-erythroidine hydrobro-
mide (DH�E), 100 �M 7-hydroxyiminocyclopropan[b]chromen-
1a-carboxylic acid ethyl ester (CPCCOEt), 30 �M 2-methyl-6-
(phenylethynyl)pyridine hydrochloride (MPEP), 300 nM nicotine hydro-
gen tartrate, and 100 nM or 1 �M galanthamine. All compounds were
obtained from Sigma or Tocris and stored in stock solutions at �20°C,
before being diluted and applied to the slice in oxygenated ACSF.

Stereotaxic surgery. Young rats (P14 –P17) were anesthetized with
2–3% isoflurane and positioned on a stereotaxic apparatus (Stoelting
Co.). An incision was made to expose the midline suture and bregma. We
drilled (Micro Drill; FST) a hole at empirically determined coordinates
from bregma (1.5 mm lateral and 2.0 mm posterior) to target the medial
dorsal thalamus with an angled injection. A 1 �l syringe (Hamilton) was
lowered at a 10° angle (to avoid blood vessels in the sagittal sinus) to 6.0
mm ventral, and 0.3 �l of rhodamine microsphere solution (Lumafluor)
was slowly infused. After an additional 5–10 min diffusion period, the
syringe was raised and the incision closed with Vetbond tissue adhesive
(3M). After recovery from anesthesia, the rat pup was returned to its
home cage with its mother and siblings. Three to 12 d after the surgery,
medial prefrontal brain slices were obtained as described above. The
thalamus was sliced to verify infusion location in the medial dorsal thal-
amus. Retrogradely labeled layer VI neurons were identified under fluo-
rescent light and patched under infared-differential interference contrast
microscopy.

Statistical analysis. The developmental changes in nicotinic currents
were assessed with the Kruskal–Wallis nonparametric ANOVA and post
hoc with Mann–Whitney tests, at a significance level of 0.05. Differences
in responses to different pharmacological agents were determined using
Student’s two-tailed paired t tests, at a significance level of 0.05. Changes
in the frequency and amplitude of spontaneous EPSCs (sEPSCs) were
assessed with Kolmogorov–Smirnov tests of cumulative distribution, at a
significance level of 0.01.

Results
Nicotinic currents in layer VI pyramidal neurons change
across development
Recent work suggests that there is a band of nicotinic binding in
layer VI of rat prefrontal cortex at postnatal day 15 (Tribollet et
al., 2004). To examine the electrophysiological properties of po-
tential nicotinic currents in layer VI, we blocked muscarinic re-
ceptors (the only other subtype of acetylcholine receptors) by
applying atropine (200 nM) in the bath and performed whole-cell
recordings from layer VI neurons to examine the effects of appli-
cation of acetylcholine (10 �M to 1 mM). Recording in current
clamp, we found that bath application of acetylcholine (30 s)
depolarized layer VI neurons in a concentration-dependent
manner, as illustrated in Figure 1A, causing the cell to fire action
potentials. To quantify this nicotinic excitation, we measured
nicotinic inward currents in voltage clamp. Because some types of
nicotinic currents desensitize rapidly (McGehee and Role, 1995),
we compared the effects of rapid local application (1 s) to bath
application (30 s) of acetylcholine (1 mM). As expected, the du-
ration of the currents elicited were different; however, the peak
currents were very similar, as illustrated by the example in Figure
1B. The robustness of the peak response with bath application
makes it an ideal measure to compare across different pharma-
cological conditions, to assess the properties of the layer VI nic-
otinic currents.

In a large developmental study, we examined the inward cur-
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rents elicited by acetylcholine (1 mM, 30 s) in layer VI pyramidal
neurons in prefrontal cortical slices from P7 to P67. The large
majority of the neurons showed nicotinic inward currents, and
there was a strong developmental dependence in the magnitude
of the peak current as shown in Figure 1C. Averaging by postnatal
week demonstrates (Fig. 1D) that the currents are highest in the
first postnatal month and then decline significantly and progres-
sively to lower adolescent (�P30 –P50 in rat) and adult (�P50)
levels. To confirm that we were not missing a rapidly desensitiz-
ing component, we examined the peak current elicited by rapid
application of acetylcholine compared with bath application as in
Figure 1B and found that they did not differ significantly (rapid
application, 37 � 7 pA; bath application, 40 � 8 pA; n � 16;
paired t test, p � NS; age range examined, P15–P67). This finding
of a stable peak current for a given concentration of acetylcholine,

regardless of the manner of application, was consistent across
the age range examined (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

However, not all layer VI pyramidal neurons showed inward
currents in response to acetylcholine. Even in the first postnatal
month when nicotinic excitation was greatest, there were neu-
rons that showed minimal to no response. Our preliminary anal-
ysis suggested that the firing properties of the layer VI pyramidal
neurons in rat could be a useful criterion to predict which neu-
rons were likely to have nicotinic currents, as shown in Figure 2.
Recent work has suggested that corticothalamic layer VI neurons
are regular spiking neurons (West et al., 2006), whereas layer VI
corticocortical neurons tend to be burst-spiking neurons (Mer-
cer et al., 2005). Therefore, we compared nicotinic inward cur-
rents between regular spiking and bursting neurons from rats
from ages P15 to P42. Because the burst-firing neurons were
more rare, we compared the nicotinic current in a burst-firing
neuron to that of the next regular spiking neuron recorded from
the same rat, providing an age-matched comparison. There were
significant differences: the regular spiking neurons had a mean

Figure 1. Nicotinic receptor stimulation with acetylcholine excites pyramidal neurons in
layer VI in the presence of atropine to block muscarinic receptors. A2–A3, The concentration–
response relationship for nicotinic depolarization of a layer VI pyramidal neuron from a P19 rat
in current clamp (acetylcholine: 30 s, 5 min washout between sweeps; atropine: 200 nM present
in all experiments). B, Voltage-clamp traces show that similar peak inward currents result from
rapid local application of acetylcholine (1 mM, 1 s) and bath application (1 mM, 30 s). C, The
scattergram shows peak inward currents from early postnatal development to adulthood elic-
ited by acetylcholine (1 mM, 30 s). D, Summary data from the scattergram in C showing mean
inward current elicited by acetylcholine in layer VI pyramidal neurons by postnatal week. The
Kruskal–Wallis ANOVA shows a highly significant developmental effect (**p � 0.0001) in
which the mean inward current at postnatal week 3 is significantly higher than the mean
inward current in postnatal weeks 5 through 10 (*p�0.05), as shown by Mann–Whitney tests.

Figure 2. Regular-spiking, rather than bursting, layer VI neurons are more likely to have
large nicotinic inward currents. A1, Current-clamp recording showing membrane potential
changes in response to injecting depolarizing and hyperpolarizing current steps in a regular
firing neuron from a P33 rat. A2, A voltage-clamp trace from this neuron showing a robust
inward current with acetylcholine (1 mM, 30 s) in the presence of atropine (200 nM). B1, This
current-clamp recording is of a burst firing neuron from the same P33 rat. B2, A voltage-clamp
trace from this neuron showing minimal inward current with acetylcholine (1 mM, 30 s) in the
presence of atropine (200 nM).
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inward current of 60 � 11 pA, whereas the bursting neurons had
a mean current of 20 � 7 pA (n � 7; paired t test, p � 0.01).

It can be noted in the examples in Figure 2 that both types of
neurons showed a nicotinic-elicited increase in sEPSCs. In all the
bursting neurons recorded, there was a significant increase in
sEPSC frequency (Kolmogorov–Smirnov test, p � 0.01). In reg-
ular spiking neurons, more than half the cells also appeared to
have increased sEPSCs with application of acetylcholine. How-
ever, the increase in current noise associated with the nicotinic
inward current in these neurons complicates quantification of
the indirect effects, and so we focused on examining the nicotinic
inward currents.

Layer VI nicotinic currents are directly mediated by
somatodendritic nicotinic receptors
The nicotinic inward currents in layer VI neurons appeared to be
directly mediated by postsynaptic nicotinic receptors. The nico-
tinic currents were not suppressed by blocking action potentials
with TTX (2 �M, 10 min): 100 � 25 pA versus 102 � 38 pA with
TTX (n � 5; paired t test, p � NS; age range examined, P21–P41).
Furthermore, these inward currents were not suppressed by
blocking ionotropic glutamate receptors with CNQX (10 –20
�M) and APV (50 �m, 10 min): 105 � 18 pA versus 99 � 20 pA
with the blockers (n � 11; paired t test; p � NS; age range exam-
ined, P15–P50). Nor were the nicotinic currents suppressed by
blocking metabotropic glutamate receptors with antagonists of
mGluR1 (100 �M CPCCOEt, 10 min) and mGluR5 (30 �M

MPEP, 10 min): 92 � 7 pA versus 96 � 10 pA with the blockers (n
� 8; paired t test; p � NS; age range examined, P15-P35). These
results do not appear to vary over the age range examined, as
illustrated by analysis of younger and older groups shown in
supplemental Figure 2, available at www.jneurosci.org as supple-
mental material. These pharmacological results are consistent
with direct mediation of the currents by somatodendritic nico-
tinic receptors on the layer VI pyramidal neuron.

Consistent with a direct postsynaptic effect, large nicotinic
currents decreased the average input resistance of layer VI neu-
rons by 35 � 5% (n � 18; paired t test, p � 0.01; age range

examined, P19 –P35). We used a ramp protocol to determine the
reversal potential of the nicotinic currents, as illustrated in Figure
3. The protocol raised the holding potential from �115 mV to
�35 mV over a 2 s period. TTX (2 �M) was present to prevent the
patched cell from spiking in response to the depolarizing segment
of the voltage ramp. Current-voltage plots were obtained by sub-
tracting baseline current from the peak nicotinic current,
whereas the reversal potential was determined by extrapolating
the resulting line of best fit. The nicotinic currents in layer VI
pyramidal neurons reverse at �16 � 5 mV (range, �28 mV to
�5 mV, n � 7; age range examined, P19 –P35), consistent with a
mixed cationic conductance.

Layer VI nicotinic currents are mediated by �4�2*
nicotinic receptors
We found that the competitive �4�2* antagonist DH�E (3 �m,
10 min) significantly suppressed these nicotinic currents in layer
VI neurons (n � 20; paired t test; p � 0.00001; age range exam-
ined, P7–P65), as illustrated in Figure 4, A and B. The nicotinic
inward current returned completely after a 60 min washout
of DH�E, as shown in Figure 4C. DH�E suppressed the
nicotinic currents in brain slices from both younger and older
rats, as illustrated in supplemental Figure 2, available at www.
jneurosci.org as supplemental material. The nicotinic currents in
layer VI pyramidal neurons were not sensitive to the �7 antago-
nist MLA (10 nM, 10 min; n � 11; paired t test, p � NS; age range
examined, P7–P50), as illustrated in Figure 4A.

Figure 3. Nicotinic currents elicited by acetylcholine are mediated by somatodendritic nic-
otinic receptors on layer VI neurons. A, The current–voltage curves in TTX (2 �M) for a layer VI
neuron at baseline (upper curve) and in the presence of acetylcholine (1 mM, 30 s; lower curve,
which appears thicker because of increased current noise). B, The current–voltage relationship
is shown, and the reversal potential was found for the nicotinic current in this neuron from a P21
rat. This reversal potential is consistent with the equilibrium potential for a nonselective cat-
ionic channel under our recording conditions.

Figure 4. Layer VI pyramidal neurons are excited by �4�2* nicotinic acetylcholine recep-
tors. A1, Bar chart showing that the competitive �4�2* antagonist DH�E (3 �M, 10 min)
suppressed the nicotinic inward current [acetylcholine (ACh) (n � 20; *p � 0.00001, paired t
test; age range examined: P7–P65). A2, Bar chart showing that the �7 receptor antagonist MLA
(10 nM, 10 min) does not significantly suppress this current (n � 11; p � NS, paired t test; age
range examined: P7–P50). B1, B2, Voltage-clamp traces showing the effect of acetylcholine (1
mM, 30 s) before and after DH�E (3 �M, 10 min) in a neuron from a P19 rat. C1–C4, Voltage-
clamp traces in a neuron from a P21 rat showing the baseline effect of acetylcholine (C1),
suppression with DH�E (3 �M, 10 min) (C2), partial recovery after 30 min washout (C3), and full
recovery after 60 min washout of DH�E (C4 ) (note that the inward current is the same as in C1,
but there is a flurry of sEPSCs near the peak that cannot be resolved on this scale).

Kassam et al. • Nicotinic Excitation of Corticothalamic Neurons J. Neurosci., August 27, 2008 • 28(35):8756 – 8764 • 8759



Nicotinic currents are found in retrogradely labeled
corticothalamic neurons
To record from identified corticothalamic neurons, we infused
retrograde tracer rhodamine microspheres (0.3 �l; Lumafluor)
into the medial dorsal thalamus using stereotaxic surgery in vivo.
We obtained brain slices of medial prefrontal cortex from these
rats 3–12 d postoperatively and verified the infusion location in
the thalamus. Low- and high-magnification images of cortico-
thalamic neurons in prefrontal brain slice are shown in Figure 5,
together with a schematic of the injection site of the retrograde
tracer in medial dorsal thalamus and of the prefrontal slice, where
we recorded from identified corticothalamic neurons. Whole-
cell recordings from identified corticothalamic neurons (mean
spike amplitude, 98 � 2 mV; mean input resistance, 244 � 34
M�; mean resting potential, �79 � 2 mV; n � 15 neurons from
eight rats) found that they were regular spiking and depolarized
by nicotinic acetylcholine receptors. The properties of these neu-
rons did not differ significantly from those of unlabeled layer VI
pyramidal neurons (values given in Materials and Methods). Nic-
otinic currents were examined in labeled corticothalamic neu-
rons from postnatal day 20 to 29. The nicotinic currents in these
corticothalamic neurons were almost completely suppressed by
DH�E (3 �M, 10 min; n � 12; paired t test, p � 0.000001), as
shown in Figure 6, but were unaltered by MLA (10 nM, 10 min; n
� 7; paired t test, p � NS). The time course and pharmacology of
these nicotinic currents (illustrated in Fig. 6) are similar to those
of the nicotinic currents in responsive neurons in layer VI in
brain slices from non-operated animals.

Indirect excitation of interneurons in prefrontal layer VI
Because recent work suggests that corticothalamic neurons send
a local collateral axon to fast-spiking interneurons in cortical
layer VI (West et al., 2006), we recorded from a sample of these
neurons (age range examined, P15–P39). We found that in 13 of
14 fast-spiking interneurons in layer VI, acetylcholine in the pres-
ence of atropine significantly increased the frequency of sEPSCs
(Kolmogorov–Smirnov test; p � 0.01), as illustrated in Figure 7.

The significant nicotinic-elicited increase in sEPSCs was 99 � 1%
suppressed by the AMPA receptor antagonist CNQX (10 �M, 10
min; n � 5), suggestive of an indirect nicotinic effect. The time
course of these effects was similar to that of the nicotinic excita-
tion of corticothalamic neurons.

A low level of the drug nicotine triggers a persistent inward
current in layer VI neurons
Prolonged application of the drug nicotine (300 nM, 5–10 min),
at a concentration similar to the peak blood level found in smok-
ers (Henningfield et al., 1993), resulted in a small yet significant
and stable mean inward current in regular spiking layer VI pyra-
midal neurons, as shown in Figure 8A (age range examined, P9 –
P41). Similar currents were observed with longer applications, as
shown in Figure 8B. Even after a 45 min application of nicotine
(300 nM), the nicotinic current disappeared quickly (�5 min)
after termination of the nicotine application, as illustrated in
supplemental Figure 3, available at www.jneurosci.org as supple-
mental material. Although the current elicited by nicotine itself
did not appear to desensitize over 10 – 45 min of application, the
exposure to nicotine suppressed the current evoked by acetylcho-
line, as illustrated in Figure 8C. A comparison of a test pulse of
acetylcholine (1 mM, 30 s) before application of nicotine and after
a 5 min washout of nicotine (by which time the nicotinic current
had returned to baseline) showed 48 � 4% suppression of the
current elicited by acetylcholine (n � 10; paired t test, p � 0.01,
age range examined, P9 –P38). This desensitization of the acetyl-
choline response did not recover completely after 30 min of
washout, as illustrated in Figure 8D.

Examination of the potential involvement of the nicotinic
accessory subunit, �5

We tested pharmacologically for the involvement of the �5 acces-
sory subunit because recent work suggests that the �5 nicotinic

Figure 5. Corticothalamic neurons are labeled by stereotaxic surgery to infuse the retro-
grade tracer rhodamine microspheres in medial dorsal thalamus. A1, A2, Schematics show the
infusion location in the thalamus (A1) as well as the coronal prefrontal slice (A2), where layer VI
medial prefrontal neurons are recorded 3–12 d postoperatively. The black rectangle on the
coronal slice shows the location of the low-magnification image in C. B, A high-magnification
image of a labeled corticothalamic neuron during recording (the patch pipette is just above the
asterisk). Scale bar, 20 �m. C, A low-magnification image of this same neuron and pipette
(above asterisk) showing the laminar location of the recorded neuron within medial prefrontal
cortex. Note the strong retrograde labeling in layer VI [the layer adjacent to white matter (WM)]
as well as the sparse labeling of the small population of corticothalamic neurons in layer V. Scale
bar, 240 �m.

Figure 6. Identified corticothalamic neurons show robust nicotinic currents that are sensi-
tive to the �4�2* antagonist, DH�E. A1, A2, Current-clamp trace showing the effects of ace-
tylcholine (1 mM, 30 s) before and after DH�E (3 �M, 10 min) in a labeled corticothalamic
neuron from a P21 rat. B1, B2, Voltage-clamp trace of another labeled neuron showing the
effects of acetylcholine (1 mM, 30 s) before and after DH�E (3 �M, 10 min) in a P29 rat. C, Bar
chart summarizing nicotinic acetylcholine (ACh) currents in labeled layer VI corticothalamic
neurons before and after DH�E (n � 12; paired t test, *p � 0.000001).
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accessory subunit is developmentally expressed in layer VI
(Winzer-Serhan and Leslie, 2005) and can alter the properties of
nicotinic receptors (Ramirez-Latorre et al., 1996; Tapia et al.,
2007; Kuryatov et al., 2008). A recent paper by Kuryatov et al.
(2008) gave us a key pharmacological tool to probe for the inclu-
sion of �5 nicotinic subunits in the nicotinic receptors of layer VI.
This group used a low concentration of galanthamine (which is
an inhibitor of acetylcholinesterase at higher concentrations) and
observed a doubling of the current through �4�2�5 receptors
(Kuryatov et al., 2008), an order of magnitude greater than the
potentiation of receptors lacking �5. We hypothesized that we
would see a large increase in the layer VI nicotinic currents be-
cause the relatively rare �5 subunit is expressed in this layer
(Wada et al., 1990; Marks et al., 1992; Salas et al., 2003) during
postnatal development (Winzer-Serhan and Leslie, 2005). Con-
sistent with this hypothesis, we found a 2.5-fold potentiation of
nicotinic currents in layer VI neurons by galanthamine across the
age range examined (P10 –P41). Figure 9 shows examples and
summary data for the potentiation of submaximal nicotinic cur-

rents by galanthamine (1 �M, 10 min). Be-
cause galanthamine has a micromolar IC50

for inhibiting acetylcholinesterase in brain
slices, we examined whether similar po-
tentiation could also be seen with 100 nM

galanthamine. We found no statistically
significant difference in the ability of 100
nM and 1 �M galanthamine to potentiate
submaximal nicotinic currents [235 �
49% (n � 5) and 258 � 34% (n � 13)
potentiation, respectively, for 10 �M ace-
tylcholine; unpaired t test, p � NS), sug-
gesting that allosteric modulation is re-
sponsible for the potentiation shown in
Figure 9.

Discussion
The mechanisms underlying the ability of
nicotine to perturb attention circuitry
during development and yet enhance it in
adulthood are not well understood. Here,
we find that a large subset of layer VI py-
ramidal neurons, including identified cor-
ticothalamic neurons, are depolarized by
acetylcholine through nicotinic receptors,
which are sensitive to the �4�2* nicotinic
antagonist DH�E. These nicotinic cur-
rents in layer VI appear to be strongly de-
velopmentally regulated and are at peak
levels in the first postnatal month. The
currents decrease significantly during ad-
olescence and remain at lower levels in
adulthood. Throughout postnatal devel-
opment, the nicotinic inward currents are
mediated directly by somatodendritic nic-
otinic receptors and can be elicited by con-
centrations of nicotine similar to those
seen in the blood of smokers. Prolonged
exposure to nicotine continues to elicit a
small yet significant current that disap-
pears quickly on washout. However, this
exposure leaves a lasting suppression of
the maximal current that can be elicited by
acetylcholine. Finally, we find that sub-
maximal nicotinic currents in layer VI

neurons are dramatically potentiated by low concentrations of
galanthamine. These experiments suggest that �5-containing
�4�2 receptors mediate nicotinic excitation of layer VI cortico-
thalamic neurons during postnatal development.

Developmental changes in layer VI nicotinic receptors
The presence of developmentally regulated nicotinic receptors in
layer VI is supported by a high-affinity nicotinic binding study in
rats (Tribollet et al., 2004). High levels of binding in layer VI are
observed at P15 and much lower levels at P60. Nicotinic currents
have also been reported in low-threshold spiking interneurons in
layers II/III and V of visual cortex in young rats (Xiang et al.,
1998), and of prefrontal cortex in young mice (Couey et al.,
2007). It has been shown that knock-out mice deleted for all
�2-containing nicotinic receptors have deficits in cortically me-
diated arousal processes (Granon et al., 2003; King et al., 2003;
Cohen et al., 2005; Granon and Changeux, 2006). Interestingly, it
has been found that the performance of these mice on a behav-

Figure 7. As hypothesized, fast-spiking interneurons in layer VI show a prominent indirect effect of nicotinic acetylcholine
stimulation. A, Current-clamp trace showing membrane potential changes in response to depolarizing and hyperpolarizing
current steps, with action potentials that are characteristic of a fast-spiking interneuron. B1, B2, Voltage-clamp trace showing the
effects of a 30 s application of acetylcholine (1 mM). The inset magnifies the EPSCs under baseline conditions (B1) and in the
presence of acetylcholine (B2). C, Bar chart summarizing the mean change in spontaneous EPSC frequency with nicotinic stimu-
lation (n � 14; *p � 0.05, paired t test). D, Bar chart summarizing the mean change in spontaneous EPSC amplitude with
nicotinic stimulation (n � 14; p � NS, paired t test).
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ioral task of arousal can be normalized if �2 subunits are restored
in corticothalamic neurons during the first 3 weeks of postnatal
development (King et al., 2003).

Diversity among �4�2* nicotinic receptors
There appears to be variability in the desensitization parameters
of �4�2* nicotinic receptors (Quick and Lester, 2002). Recently,
emphasis has been placed on the ease with which the DH�E-
sensitive nicotinic currents in interneurons of the ventral teg-
mental area become completely desensitized (Mansvelder et al.,
2002, 2006; Wooltorton et al., 2003). However, we observe that
nicotinic currents in layer VI neurons are relatively resistant to

desensitization. This observation more closely parallels the nico-
tinic currents in the thalamus and thalamocortical axons and
terminals (Gioanni et al., 1999; Lambe et al., 2005; Kawai et al.,
2007). The variability in the desensitization of �4�2* nicotinic
receptors may arise from differences in their subunit composi-
tion (McGehee and Role, 1995). For example, the ratio of �4 to �2

subunits has recently been shown to have profound effects on the
activation and desensitization parameters of DH�E-sensitive
nicotinic receptors (Moroni et al., 2006; Tapia et al., 2007). In-
clusion of the �5 accessory subunit is also thought to alter several
parameters of �4�2* nicotinic receptors (Brown et al., 2007;
Tapia et al., 2007; Kuryatov et al., 2008). Layer VI is one of a small
number of brain regions that express the �5 nicotinic subunit
(Wada et al., 1990; Marks et al., 1992; Salas et al., 2003), and our
data suggest that these subunits are present in the receptors me-
diating the layer VI nicotinic currents over the age range exam-
ined (P10 –P41). Expression of the �5 subunit in layer VI also
appears to be developmentally modulated (Winzer-Serhan and
Leslie, 2005), showing peak expression that overlaps with the
peak nicotinic currents in layer VI neurons.

Potential significance of corticothalamic nicotinic receptors
for seizures
Corticothalamic neurons have been implicated in certain types of
seizures (Steriade and Amzica, 2003). Intriguingly, mice that are
constitutively deleted for the �5 nicotinic subunit are resistant to
nicotine-elicited seizures (Salas et al., 2003). It is not known
whether this protection from nicotinic seizures results from the
lack of �5 in adulthood or whether the brain develops differently
in the absence of �5. In contrast, genetic mutations that render �4

and �2 subunit-containing receptors hypersensitive to acetylcho-
line are associated with the sleep-related epilepsy syndrome: au-
tosomal dominant nocturnal frontal lobe epilepsy (Steinlein et
al., 1995; De Fusco et al., 2000; Dı́az-Otero et al., 2007; Marini
and Guerrini, 2007). These seizures typically begin in mid-
childhood, occur in the earliest period of sleep, and, like many
types of seizures, are thought to result from the synchronization
of prefrontal output (Marini and Guerrini, 2007). Because corti-
cothalamic neurons are well known to fire synchronously during
sleep (Steriade, 2006) and to contribute to a variety of seizures
(Steriade and Amzica, 2003), they may be particularly vulnerable
to abnormal activation patterns resulting from hypersensitive
nicotinic receptors.

Prenatal nicotine exposure and attention deficits
Recent human imaging data suggest that there is prolonged oc-
cupancy of cortical nicotinic receptors after one cigarette (Brody
et al., 2006). Nicotine from maternal cigarette smoking tends to
accumulate in the fetal brain because of its higher lipid content
and the lower clearance of nicotine from the fetal compartment
(Lambers and Clark, 1996). Prenatal exposure to nicotine is
strongly associated with an increased incidence of attention def-
icit disorder (Langley et al., 2005; Schmitz et al., 2006). It has been
suggested that there are many similarities between brain devel-
opment in young postnatal rats and in the third-trimester human
fetus. Our results suggest that prolonged exposure to nicotine
during this developmental period would result in a small but
persistent net activation of corticothalamic nicotinic currents but
would lead to a lasting decrease in their activation by endogenous
acetylcholine. In fact, our slice experiments likely underestimate
the time required for recovery because complete washout of nic-
otine is rapid under our conditions. The effect of intermittent
nicotine on the maturation of corticothalamic neurons is a criti-

Figure 8. A persistent inward current is elicited by nicotine, which washes out rapidly but
leaves a lingering suppression of the maximal effects of acetylcholine. A, A voltage-clamp trace
showing a small but persistent inward current elicited in a neuron from a P19 rat by application
of the drug nicotine (300 nM, 10 min). This concentration of nicotine is consistent with the peak
blood level of nicotine seen in smokers (Henningfield et al., 1993). B, The bar chart showing the
mean currents elicited by three different durations of nicotine application: 5 min (n � 31), 10
min (n � 25), and 20 min (n � 7) applications. All of the inward currents are significantly
different when compared with baseline: *p � 0.001, paired t tests. The age range examined is
P9-P41. C1, A voltage-clamp trace from a P21 rat showing a robust depolarization with acetyl-
choline (1 mM, 30 s) preceding the application of nicotine. C2, A voltage-clamp trace from the
same neuron taken 5 min after the end of a 40 min nicotine application shows that the depo-
larization elicited by acetylcholine is decreased. D, Bar chart showing the highly significant
suppression of the inward current elicited by acetylcholine (1 mM, 30 s; n � 31; ***p �
0.00001, paired t test) examined 5 min after nicotine application (300 nM, 5–10 min). This bar
chart also shows the continued suppression of the responses of the neurons to acetylcholine at
15 min of washout (n � 11; **p � 0.01, paired t test) and 30 min of washout (n � 10; *p �
0.05, paired t test).
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cal target for future study to understand how nicotine exposure
during development disrupts the prefrontal attention circuitry.
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