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Nicotinic control of axon excitability regulates
thalamocortical transmission
Hideki Kawai, Ronit Lazar & Raju Metherate
The thalamocortical pathway, a bundle of myelinated axons that arises from thalamic relay neurons, carries sensory information
to the neocortex. Because axon excitation is an obligatory step in the relay of information from the thalamus to the cortex, it
represents a potential point of control. We now show that, in adult mice, the activation of nicotinic acetylcholine receptors
(nAChRs) in the initial portion of the auditory thalamocortical pathway modulates thalamocortical transmission of information by
regulating axon excitability. Exogenous nicotine enhanced the probability and synchrony of evoked action potential discharges
along thalamocortical axons in vitro, but had little effect on synaptic release mechanisms. In vivo, the blockade of nAChRs in the
thalamocortical pathway reduced sound-evoked cortical responses, especially those evoked by sounds near the acoustic threshold.
These data indicate that endogenous acetylcholine activates nAChRs in the thalamocortical pathway to lower the threshold for
thalamocortical transmission and to increase the magnitude of sensory-evoked cortical responses. Our results show that a
neurotransmitter can modulate sensory processing by regulating conduction along myelinated thalamocortical axons.

Thalamic neurons transmit sensory information that is crucial for
cortical function; for example, they establish topographic maps in
sensory cortex1. The transmission of information from thalamus to
cortex seems to be highly effective, with axon myelination to ensure
faithful transmission and highly reliable neurotransmitter release at
thalamocortical synapses2–4, but depends on several processes that are
subject to neuromodulatory regulation5–8, including synaptic integration in the somata of thalamic neurons and synaptic release at thalamocortical terminals. The intervening processes—namely, action
potential initiation and propagation along thalamocortical axons—
could also influence thalamocortical efficacy by, for example, establishing
the threshold for thalamocortical transmission and synchronizing action
potentials to drive cortical neurons to threshold9,10. A full understanding
of thalamocortical relay mechanisms calls for detailed knowledge of each
of these processes, including potential points of regulation.
The neurotransmitter acetylcholine (ACh) can influence thalamocortical processing via nAChRs in at least two ways. First, postsynaptic
nAChRs can mediate depolarization in some thalamic11,12 and cortical13–15 neurons, potentially altering the integration of afferent inputs.
Second, presynaptic nAChRs are thought to regulate neurotransmitter
release, including release from thalamocortical terminals, in ways that
can be independent of action potentials (tetrodotoxin-insensitive) or
dependent on action potentials (tetrodotoxin-sensitive; also called
‘preterminal’ nAChRs)16,17. Recently, a potential third mechanism
has been implicated: positron emission tomography (PET) studies
using a radioactive nicotinic ligand in humans have shown that
nAChRs are present in the white matter (myelinated axons) of sensory
thalamocortical pathways18. It has been suggested that such receptors

are being transported to the cortex, or might serve an unknown
function in the white matter. To date, there has been no evidence
that ACh—or any other neurotransmitter—acts on myelinated thalamocortical axons, even though neuromodulation of action potential
initiation or propagation could powerfully regulate thalamocortical
transmission. Here we use in vitro and in vivo preparations of the
auditory thalamocortical pathway from the adult mouse to determine
whether nAChRs regulate thalamocortical transmission. We show that
activation of nAChRs in the initial portion of the pathway modulates
thalamocortical transmission by regulating axon excitability.
RESULTS
Reliable thalamocortical synaptic transmission
Myelinated axons of auditory thalamic relay neurons course through the
superior thalamic radiation (STR) before exiting the thalamus, where
they join the internal capsule in the subcortical white matter, and
eventually terminate in layers 3–4 of primary auditory cortex. We
prepared auditory thalamocortical slices19 from 2–3-month-old mice,
and used ‘minimal’ stimulation to isolate monosynaptic thalamocortical
responses in layer 3–4 neurons under voltage clamp. Neurons analyzed
here showed adapting spike discharges with or without after-depolarization (that is, we excluded non-adapting, ‘fast spiking’ neurons). Stimulation of axons in the STR with intensity that increased in small increments
resulted in a gradual increase in success probability for evoked excitatory
postsynaptic currents (EPSCs) with little change in response amplitude
(that is, ‘minimal’ or ‘single axon’ stimulation; Fig. 1a). The success rate
reached a plateau near 100% (Fig. 1b), indicating that thalamocortical
synaptic transmission is highly reliable2,3,20.
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Figure 1 Postsynaptic and axon spike
responses to stimulation of adult thalamocortical
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0.89 (n ¼ 5), not different from that in (b) (ANOVA, P ¼ 0.90).
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Because the sigmoidal function of intensity against success rate
(Fig. 1b) peaks near 100% (that is, there are no failures), the rising
phase of the function reflects the efficacy of action potential initiation
at the stimulus site. In particular, failures do not reflect branch point
failure in the cortex or failure to release transmitter, as neither would be
overcome by increasing stimulus intensity in the STR. To confirm this
inference, we recorded action potentials (axon spikes) extracellularly
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from visually identified axons in the subcortical white matter while
stimulating in the STR (Fig. 1c). The intensity-success rate functions
for axon spikes (Fig. 1d) were similar to those for minimal EPSCs
(Fig. 1b). Thus, the success rate of minimal responses depends on the
probability of action potential induction in the STR, probably at the
node of Ranvier nearest the stimulus site.
Nicotine raises probability of action potential induction
We then tested the effect of nicotine on thalamocortical EPSCs evoked
by minimal stimulation. At stimulus intensities where success rates
were sub-maximal, bath application of nicotine (o1 mM; see Methods
for drug concentrations) increased success rate without altering
response amplitude (Fig. 2a–c). Nicotine also did not affect the ratio
of EPSC amplitudes elicited by paired-pulse stimulation (Supplementary Fig. 1 online). The enhancement of success rate was mediated by
nAChRs, as it was blocked by the antagonist dihydro-b-erythroidine
(DHbE, 1 mM; Fig. 2d). In contrast to the results at sub-maximal
stimulus intensities, at higher intensities that elicited B100% success,
nicotine had no effect on success rate (99.2 ± 0.8%, 97.9 ± 2.2% and

Figure 2 Nicotine enhances success rate for thalamocortical EPSCs. (a) In
one example, successful responses (’) increased and failures (&) decreased
during nicotine exposure (o1 mM). Numbers 1–3 refer to sample traces
shown below. Arrows indicate stimulus onset. (b) Success rates before (Pre),
during (NIC) and after (Wash) nicotine perfusion (5-min bin) for each
experiment (thin lines) and on average (thick line, mean ± s.e.m., ANOVA,
*P o 0.05, n ¼ 9). (c) Peak amplitudes did not change during nicotine
treatment (ANOVA, P ¼ 0.89). (d) The nicotinic antagonist DHbE (B1 mM)
blocked the effect of nicotine on success rate. Success rates for DHbE alone
(white bar, n ¼ 4), nicotine with DHbE (gray bar, n ¼ 4; DHbE was perfused
B6 min before nicotine), and nicotine alone (black bar, n ¼ 9; data from
(b) above) were normalized to baseline control. Error bars represent s.e.m.
(ANOVA, *P o 0.05). (e) Nicotine lowers stimulus intensities for threshold
error function (threshold for action potential induction). Minimal response
success rates for b and Figure 4b were combined (total of 15 cells). Success
rates from before nicotine treatment (Pre; open squares) were aligned on the
average error function (solid curve, see Fig. 1b). Success rates from during
nicotine treatment (NIC; filled squares) were plotted directly above the
corresponding control data (connected with vertical lines for each cell) and
fitted with the threshold error function equation (dashed line, see Methods).
SI50 and RS values for NIC were 96.1% and 6.08 (with 95% confidence
intervals between 2.25 and 9.92).
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Figure 3 Nicotine enhances success rate for axon
spikes in subcortical white matter. (a) Bath perfusion of nicotine increased axon spike success
rate. Top, sample traces of axon spikes (arrowheads) before, during and after nicotine bath perfusion. Ten traces for each condition are overlaid.
Arrows indicate stimulus artifacts. Bottom, for the
same cell, time course of nicotine effect on
success rate (2-min bins; horizontal bar represents
duration of nicotine perfusion). (b) Axon spike
success rate for each experiment (thin lines, each
data point represents 5-min bin) and on average
(thick line; ± s.e.m., n ¼ 6, ANOVA, *P o 0.01).
Note in one experiment (the bottom thin line), that
nicotine induced responses to a previously subthreshold stimulus. (c) A schematic diagram of a
local perfusion experiment. Axon spikes initiated in
the STR (stimulus) were recorded in the subcortical
white matter (record). The perfusion needle was
placed sequentially at three different locations:
(i) the recording site in sub-cortical white matter;
(ii) the stimulus site in the STR; and (iii) the MGv.
(d) Local perfusion of nicotine (1 mM in the
perfusion needle) increased success rates
(5-min bin; ± s.e.m., ANOVA, *P o 0.05) when
applied to stimulus site in the STR (Stim/STR,
n ¼ 9), but not to recording site in white matter
(Rec/WM, n ¼ 7) or to the MGv (n ¼ 8). Black bars
are during nicotine, white bars are during wash.
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98.9 ± 1.1% before, during and after nicotine; n ¼ 4) or peak amplitude
(21.8 ± 4.7 pA, 19.4 ± 4.1 pA, and 17.1 ± 4.3 pA before, during and after
nicotine) and still did not affect paired-pulse ratio (Supplementary
Fig. 1). Moreover, when tested in the absence of stimulus-evoked
EPSCs, nicotine did not induce postsynaptic currents or alter the
frequency or amplitude of spontaneous postsynaptic currents
(Supplementary Fig. 2 online) as would be expected if preterminal
nAChRs, whose activation evokes action potentials, were involved17,21.
Taken together, these data show that nicotinic enhancement of success
rate does not involve presynaptic, preterminal or postsynaptic nAChRs.
Rather, these data indicate that nAChRs regulate the probability
of action potential induction in axons that pass the site of stimulation
in the STR.
In Fig. 2e, we express the effect of nicotine as a change in the
threshold function for action potential induction (see Methods for
details). Nicotine shifted the function to lower stimulus intensities,
indicating that it enhanced the excitability of thalamocortical axons.
Thalamic white matter is the site of nicotinic regulation
To test the idea that nAChRs regulate the excitability of myelinated
thalamocortical axons, we performed several additional experiments.
First, we found that bath perfusion of nicotine increased the success
rate of axon spikes recorded from the sub-cortical white matter
and evoked by STR stimulation (Fig. 3a,b). Then, we perfused
nicotine locally, placing the tip of a perfusion needle at three

Stim/STR

MGv

sites: the recording site for axon spikes in subcortical white matter
(1–2 mm ‘downstream’ of the stimulus site), the stimulus site in the
STR, and the ventral division of the medial geniculate nucleus
(MGv, B0.5–1 mm upstream of the stimulus site), whose neurons
are the source of thalamocortical axons passing through the STR
(Fig. 3c). Control tests showed that local perfusion at the subcortical
white matter or MGv does not affect the stimulus site in the
STR (Supplementary Fig. 3 and Supplementary Methods online).
A consistent increase in success rate occurred only with nicotine
perfusion at the stimulus site (Fig. 3d). Finally, we completely
separated MGv from the thalamocortical pathway by cutting the
STR upstream of the stimulus site at the MGv ‘exit zone’, and
tested the effect of bath-applied nicotine on minimal EPSCs recorded
in the cortex (Fig. 4). Nicotine still increased the success rate, with no
change in peak amplitude. These data confirm that the locus of
nicotinic action is at the stimulus site, that is, along myelinated
thalamocortical axons.
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Figure 4 Minimal EPSCs in thalamocortical slices with MGv severed.
(a) Thalamocortical slice with a cut (arrow) through the STR between MGv
and the stimulus site (S). The STR is the bracketed region between the cut
and the internal capsule, antero-medial to the lateral geniculate nucleus
(LG). A typical recording site (R) in auditory cortex is also shown. Scale bar,
500 mm. (b) Nicotine increased the success rate (mean ± s.e.m., n ¼ 6,
ANOVA, *P o 0.05; 5-min bin for each group). (c) Nicotine did not alter
peak amplitude (mean ± s.e.m., ANOVA, P ¼ 0.84).
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Figure 5 Nicotine decreases the latency and latency variability of axon
spikes. (a) Top, sample traces of axon spikes elicited with low intensity/long
duration stimulation (52 mA, 15 ms) before (Pre), during and after (Wash)
nicotine (o1 mM). Ten traces for each group are shown; arrow indicates
stimulus onset. Bottom, for the same cell, time course of effect on spike
latency for successful responses. Horizontal bar shows approximate
period of nicotine bath perfusion. (b,c) Axon spike latency and s.d.
before, during and 45 min after nicotine perfusion for each experiment
(thin lines, average of 10 pulses) and on average (thick line; ± s.e.m.,
n ¼ 4, paired t-test, *P o 0.05).
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Nicotinic control of action potential timing
What might be the function of white matter nAChRs in thalamocortical transmission? First, nicotinic activation lowers the threshold for
action potential induction (Fig. 2e) to stimulus intensities that normally do not induce action potentials. In experiments in which no or
few successful responses were elicited (lowest success rates in Figs. 2b
and 3b), nicotine enabled stimulus-induced action potentials, indicating that nicotinic activation works as a permissive gate for triggering
action potentials when membrane potentials are near threshold.
Second, nicotinic activation could potentially decrease action potential latency because of a decrease in the time to reach threshold at the
site of action potential induction. Indeed, analysis of onset latency for
minimal EPSCs recorded in auditory cortex and axon spikes recorded
in subcortical white matter showed small but significant decreases
during nicotine treatment (Supplementary Fig. 4 online; minimal
EPSC latency reduced by 6 ± 2% below control, n ¼ 8; axon spike
latency reduced by 1.7 ± 0.3% below control, n ¼ 5; mean ± s.e.m.,
ANOVA, P o 0.005 for both). However, it seemed that the relatively
small change in onset latency during nicotine could be due to latencies
being already near minimum owing to the intense, short-duration (0.2
ms) electrical stimulus. Conversely, the use of weaker but more
prolonged stimuli would produce longer latencies and better mimic
synaptic depolarization produced at dendrites and the soma, several
hundred micrometers away22,23. To simulate such synaptic inputs, we
placed a stimulus electrode in the MGv exit zone upstream of the STR
(‘Cut’ area in Fig. 4a). After identification of axon spikes in subcortical
white matter with short-duration stimulation, we lowered the stimulus
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intensity and prolonged the stimulus duration to 10–15 ms. Axon spike
latency was delayed by 4.6 ± 0.5 ms (n ¼ 4) compared with high
intensity/short duration stimulation (at high intensity, onset latency ¼
2.5 ± 0.4 ms, s.d. 0.022 ± 0.005 ms). Under the weaker stimulus
condition, nicotine decreased the onset latency to much greater extent
(1.5 ± 0.5 ms, or 21 ± 6% decrease; n ¼ 4, ANOVA, P o 0.05; Fig. 5),
while increasing the success rate as expected (from 48.4 ± 5.9% to 76.6
± 9.4%, ANOVA, P o 0.05). These data support the idea that nicotinic
activation shortens the time taken to reach threshold.
Third, nicotinic activation might improve the synchronous timing of
action potential discharge. The decrease in onset latency for axon spikes
elicited with low intensity/long duration stimulation was associated
with a decrease in latency variability (s.d.) to 25 ± 6% below control
(ANOVA, P o 0.05; Fig. 5c). A similar decrease in onset variability was
observed with high intensity/short duration stimulation for axon spikes
(s.d. decreased to 28 ± 8% below control, n ¼ 5, ANOVA, P o 0.005),
but not minimal EPSCs (s.d. decreased to 5 ± 13% below control,
P 4 0.05; see Supplementary Fig. 4).
We found similar effects of nicotine on spike timing when we used
monopolar stimulation to better confine the stimulus to a single site in
the thalamocortical pathway. We recorded from single axons in subcortical white matter as described above, but axon spikes were elicited
by cathodal (negative) current through a single electrode placed in the
STR B0.2–0.3 mm downstream of the MGv exit zone. Monopolar
stimulation greatly limited the effective distance for eliciting axon
spikes. Thus, when stimuli reliably elicited axon spikes, moving the
stimulus electrode in B50 mm steps perpendicular to the thalamocortical pathway resulted in a loss of effective stimulation within B100 mm,
indicating that there was a steep gradient of current density away from
the electrode. With monopolar (as with bipolar) stimulation, lowering
the stimulus intensity and prolonging its duration delayed the onset
latency of axon spikes. As before, nicotine decreased spike latency and
latency variability (latency decrease 5.5 ± 0.9%, ANOVA, P o 0.001;
control latency 3.69 ± 0.19 ms, success rate 91.6 ± 5.2%; s.d. decrease
17.3 ± 2.1%, ANOVA, P o 0.0001, control s.d. 0.31 ± 0.07 ms; n ¼ 5).
Thus, the data obtained using monopolar stimulation are consistent
with those obtained using bipolar stimulation, including data from
slices cut between MGv and the STR (Fig. 4), and support the idea that
the action of nicotine along the initial part of the thalamocortical
pathway enhances thalamocortical transmission.
Overall, these in vitro data indicate that nicotinic activation in
the initial portion of thalamocortical axons away from the somata
of neurons in the MGv enhances axon excitability, reduces the
latency of spiking, and promotes synchronous timing of action
potential discharge.
Nicotinic control of thalamocortical transmission in vivo
We then investigated the functional importance of nicotinic regulation
of axon excitability in the intact animal, by determining whether
pharmacological blockade of nAChRs in the STR could affect soundevoked responses in the auditory cortex of anesthetized mice. We used a
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amplitude of tone-evoked responses in auditory cortex. (a) Sample images of a drug injection site. Top,
posterior TRN in or near the thalamocortical
a light microscope image of a brain section cut in the ‘thalamocortical’ plane. Bottom, the injection site
pathway did not affect the onset latency or
(white circle in top image) was identified as the site of highest fluorescence intensity (same section
initial amplitude of the earliest current sink, or
as top). A multiprobe track is visible in the cortex (white arrow in top image). Scale bar, 500 mm.
the peak amplitude of the main sink (Supple(b) Sample traces (top) and group average amplitudes (bottom) for CSD of early onset sink in auditory
mentary Fig. 7 online), indicating that
cortex before (black) and after (red) ACSF (left) and DHbE (right) injection in the STR. Stimulus is
blockade of DHbE-sensitive nAChRs in the
10-dB characteristic frequency tone. Numbers on the abscissa indicate the end of a 5-ms period
(see Methods). n ¼ 7 for both ACSF and DHbE (*P o 0.05, paired t-test). Scale: vertical bars are
auditory sector of the TRN or downstream
3 mV mm–2, and horizontal bars are 10 ms. (c,d) Change in onset latency (c) and initial (5-ms)
portions of the STR does not influence cortical
amplitude (d) of early onset sink for different stimulus intensities (characteristic frequency tone).
responses to the acoustic stimuli used here.
At 10 and 20 dB above acoustic threshold, onset latency increases and initial amplitude decreases
Similarly, injections of DHbE into other strucafter DHbE injection (filled bars) in comparison to ACSF injection (open bars) (n ¼ 7, ANOVA,
tures adjacent to the STR produced effects that
*P o 0.05). (e) Peak amplitude of CSD main current sink before (black) and after (red) DHbE injection
were qualitatively different from those of STR
(n ¼ 7 for 10, 20 and 60 dB; n ¼ 5 for 40 and 50 dB; paired t-test, *P o 0.05).
injections (Supplementary Fig. 6): injections
into the MG proper increased the peak ampli16-channel multiprobe electrode to record, simultaneously across all tude of the main current sink (to 135.4 ± 15.4% of pre-injection
cortical layers, local field potentials (LFPs) evoked in response to pure amplitude, n ¼ 3; response to 10–60 dB stimuli averaged for each
tone stimuli at the characteristic frequency (the frequency of a sound at experiment), whereas injections into the lateral portion of the lateral
which the threshold of evoked response is lowest). Current source geniculate or hippocampus had no effect (97 ± 1% of pre-injection LFP
density (CSD) analysis, which reveals the putative sites of synaptic slope, n ¼ 3). Thus, selective blockade of nAChRs in the initial portion
input (current sinks), identified one or two large current sinks in the of the thalamocortical pathway reduces information transmission to
middle to upper layers (B200–400 mm from the pia) generated by the cortex.
acoustic input. The earliest onset current sink in the input layers, which
probably represents thalamocortical inputs, was either the main DISCUSSION
(largest amplitude) current sink, or an adjacent sink immediately These complementary in vitro and in vivo results show that endogenous
below (the ‘lower sink’). When the onset was faster in the lower sink, ACh activates nAChRs in the initial portion of the auditory
the main sink initially had a small negative CSD amplitude (current thalamocortical pathway to regulate thalamocortical transmission.
source; for example, Supplementary Fig. 5 online). We then deter- Nicotinic activation increased axon excitability, decreasing the response
mined the effect on the onset latency and amplitude of the earliest sink threshold in thalamic relay neurons and increasing the probability and
(either main or lower) and the peak of the main current sink of synchrony of firing among thalamocortical axons. These effects should
microinjecting either vehicle (artificial cerebrospinal fluid, ACSF) or reduce the acoustic threshold for cortical neurons and increase the
DHbE (10 mM) directly into or near the STR. Control and drug magnitude of sound-evoked cortical responses, consistent with in vivo
solutions (B50–60 nl) contained different fluorescent markers, to observations. This function of nAChRs is distinct from known
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postsynaptic, presynaptic or preterminal mechanisms of nicotinic
enhancement16,17. The regulation of thalamocortical axon excitability
offers a powerful control mechanism, as it occurs after synaptic
integration in the thalamus and before the initiation of neurotransmitter release at the terminals.
The effect of nicotine on axon excitability indicates that nAChRs are
probably located near nodes of Ranvier along myelinated thalamocortical axons. A decreased response threshold could result from direct
depolarization of the axon membrane and/or intracellular signaling
following nAChR activation24–27. Other possible mechanisms include
effects on membrane proteins that control membrane potential28 or on
non-neuronal cells29. Notably, changes in excitability persisted for the
duration of nicotine application, despite likely desensitization of
DHbE-sensitive nAChRs, indicating that stochastic nicotinic activation
occurs for the duration of drug perfusion30, or possibly that there is
persistent signaling subsequent to brief nicotinic activation. Desensitization alone is unlikely to increase excitability, for several reasons.
First, such a mechanism would imply a previously ongoing—and
inhibitory—endogenous nicotinic action that itself did not produce
desensitization. Second, DHbE perfusion in vitro, which would have
blocked any tonic nicotinic action, did not affect success rate. And
finally, the effect of DHbE in vivo shows that endogenous nicotinic
actions are facilitatory, not inhibitory. Future studies will be necessary
to elucidate precise mechanisms of enhanced axon excitability.
Our data have several implications for thalamocortical processing.
First, if the STR contains the site of initial action potential generation
for thalamocortical relay neurons, or if nAChRs are located near the
action potential initiation site, then the outcome of thalamic synaptic
integration (whether to spike or not) might be regulated by nAChRs.
This view is supported by our observations that nicotine enabled
previously-subthreshold stimulation to elicit action potentials. Clearly,
nAChRs enhance excitability at axon locations that are electrotonically
close to somatodendritic inputs22,23. In addition, nAChRs enhance the
synchrony of discharge, which can increase the efficacy with which
cortical neurons are activated, through increased temporal summation9,10. Together, the actions of axon-related nAChRs would decrease
the acoustic threshold and increase response magnitude for neurons in
auditory cortex. Note that our findings do not preclude nicotinic
regulation of thalamocortical axons outside the STR, as suggested by
recent anatomical studies18, although the lack of effect of antagonist
injections in the downstream STR argue against uniform effects
throughout the thalamocortical pathway. Nicotinic regulation might
also occur within the cortex, where thalamocortical axons ramify
extensively31,32, although receptors beyond the STR would presumably
not regulate the response threshold.
An additional issue raised by our findings concerns the source of
endogenous ACh. The nucleus basalis of Meynert and the pedunculopontine and laterodosal tegmental nuclei—brain regions that regulate
cognitive function and behavioral state6,33—are important sources of
cholinergic input to the forebrain34. Although the proximity of
cholinergic synapses to thalamocortical axons has not been examined,
axons that are immunopositive for choline acetyltransferase, the AChsynthesizing enzyme, are present along the thalamocortical pathway
(data not shown). The release of ACh from glia35,36 remains another
potential source of transmitter.
In conclusion, we have identified a new role for nAChRs in regulating
cortical information processing by enhancing the excitability of thalamocortical axons. In addition to mediating an endogenous regulatory
role, this action might underlie the facilitatory effect of nicotine, the
main psychoactive ingredient in tobacco, on sound-evoked cortical
potentials37,38. Nicotinic enhancement of thalamocortical transmission
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might improve the selectivity of cortical receptive fields8,39, and sensory
filtering or attentional focus40,41. Furthermore, cholinergic regulation of
thalamic neurons during different behavioral states6 could involve
nAChRs on thalamocortical axons. These mechanisms might mediate
the effects of exogenous nicotine or endogenous ACh on the regulation
of sensory-cognitive function.
METHODS
Animals. We used young adult mice (2–3 months old; FVB strain) throughout
the experiments. The care and use of animals were approved and reviewed by
the Institutional Animal Care and Use Committee of the University of
California, Irvine.
Thalamocortical slice preparation. Mice were anesthetized with halothane and
decapitated. Brains were quickly removed into cold ACSF containing 125 mM
NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.25 KH2PO4, 1.2 mM MgSO4, 2.0 mM
CaCl2 and 10 mM dextrose, bubbled with 95% O2/5% CO2. Auditory
thalamocortical slices (B450–500 mm) were prepared using a vibroslicer (Leica
VT1000) essentially as described for younger animals19, except that the
diagonal cut was made at an angle of 201, instead of 151. Slices were placed
in a holding chamber containing oxygenated ACSF at room temperature for
41 h. To sever thalamocortical axons at the STR, we made a small incision
with a blade during slice preparation.
Minimal stimulation experiment. We carried out whole-cell patch recordings
as described in the Supplementary Methods. We obtained minimally stimulated, presumed monosynaptic, EPSCs by stimulating the STR at 0.l Hz with
increasing intensities (1–400 mA; intensity variability depended on electrodes
used as well as biological factors) while clamping cells at –70 mV (resting
membrane potentials, –71 ± 5 mV) until we observed all-or-none responses.
Then, we lowered the stimulation intensity to a point at which no response was
observed and then increased it in small increments to examine the range of
effective stimulus intensities and probability of success. Typical criteria for
minimal responses4,42–44 were used: (1) all-or-none synaptic events at
sub-maximal stimulus intensities; (2) little change in EPSC onset latencies
(o2  s.d.) of the mean of onset latency before drug application; mean
latency: 3.71 ± 1.19 ms; mean s.d.: 0.54 ± 0.29 ms); (3) little change in the rise
time and half width of EPSCs; (4) little change in onset latency and amplitude
with increased stimulus intensity; and (5) little change (o0.5 ms) in onset
latency to multi-pulse (5–10 pulses at 20 Hz) stimulation. Although the
possibility of disynaptic (or multisynaptic) responses exists, the minimal
responses could be considered monosynaptic because we observed no apparent
doublet (or greater) responses, and no step increase in EPSC amplitude unless
stimulus intensity was greatly elevated (presumably recruiting other axons).
Axon spike recordings. Extracellular axon spikes (single units) were recorded
in the subcortical white matter using a glass electrode (15–30 mm tip) with or
without light suction. When suction was used, we used a water column to
maintain sustained negative pressure during recordings. Fibers were visualized
using IR-DIC microscopy (40 objective). Signals were amplified and low-pass
filtered (6–10 kHz, AI401 headstage, CyberAmp 380), and digitized at
20 kHz. We stimulated the STR as described above. For monopolar stimulation,
we used one pole of the parallel bipolar electrode. Axon spikes were identified
based on all-or-none responses at threshold, the ability to follow paired-pulses
at 100–200 Hz (intensity 10–20% above threshold), and, in some cases,
sensitivity to tetrodotoxin (B1 mM).
For long duration/low intensity stimulation experiments, we first obtained
axon spikes with short duration pulses as above to identify them, and then
lowered stimulus intensity and prolonged stimulus duration (biphasic stimulus). Axon spikes could be elicited with prolonged duration at intensity below
the threshold for 0.2 ms. Onset latency increased as stimulus intensity was
lowered. We used stimulus durations of 10–20 ms to accommodate latency
delay and variability. The average stimulus intensities for bipolar and monopolar stimulations used for weak intensity/long duration stimulation experiments were 52.5 ± 19.6 mA (n ¼ 4, range 24–108 mA) and 18.3 ± 7.4 mA (n ¼ 5,
range 4.5–40.8 mA), respectively.
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In vitro data analysis. Minimally stimulated EPSCs and spontaneous postsynaptic currents were defined as having amplitudes 41.6 times the root mean
square of noise45 and were identified using a template-scaling algorithm
(AxoGraph46). Response parameters (peak amplitude, onset time, rise time,
half width) were measured using AxoGraph.
Axon spikes were visually identified above baseline noise. The onset latency for
axon spikes was obtained using AxoGraph at 50% of response peak amplitude.
We calculated the success rates for minimal responses and axon spikes by
dividing the number of successful responses by the total number of stimuli
(typically 31 for a 5-min bin). We analyzed peak amplitudes and onset latencies
for the same data.
To measure relative spread (see Supplementary Note online) of stimulus
intensity-success rate functions, we fit the data for stimulus intensity and success
rate with the following threshold error function (the function of action potential
firing probability that follows an integrated Gaussian distribution47) using
GraphPad Prism (GraphPad Software): Y ¼ 50 [1 + erf{(X – SI50) RS–1}] where
Y is success rate, X is normalized stimulus intensity, SI50 is the stimulus intensity
at which success rate is 50%, RS is the value for relative spread, and erf(x) is the
Gauss error function. We obtained the normalized stimulus intensity (Is) by
normalizing stimulus intensities to the value that gives a 50% success rate.
To assess the effect of nicotine on axon excitability, we examined the change
in the threshold function for action potential induction during nicotine
perfusion (Fig. 2e). We computed normalized stimulus intensities for success
rates before nicotine perfusion based on the averaged threshold error function
derived in Figure 1b, and aligned the success rates on the error function. Success
rates for nicotine were plotted directly above the corresponding baseline control
(pre-nicotine) data and fitted with the threshold error function equation.
In vitro drug application. We carried out bath perfusion using a single line of
tubing with a mixing drip bag before the recording chambers. Drugs were
prepared in oxygenated ACSF from stock solutions and perfused. In the
submersion recording chamber (B1 ml volume), drug concentration reached
about 50, 65 and 75% of the reservoir concentration after 1, 3 and 5 min of
perfusion, respectively, as determined by recording the changes in extracellular
potential by switching ACSF to a solution containing a one-third concentration
of electrolyte.
Local perfusion was accomplished using a single 30 gauge needle (outer
diameter 0.3 mm, inner diameter 0.15 mm) connected to a chamber manifold
(MPP-4, Warner) and positioned with a micromanipulator. Two syringes
(60 ml) containing either oxygenated ACSF or nicotine (1 mM) in the ACSF
were connected to the manifold, and either solution was locally perfused by
gravity feed. The menisci of the solutions in the syringes were leveled. Flow rate
was estimated to be B0.12 ml min–1. In addition to local perfusion, ACSF was
continuously perfused in the bath as described above. During experiments,
ACSF was locally perfused for baseline recordings, then switched to nicotinecontaining ACSF for 5 min, and then switched back to ACSF for recovery. The
perfusion needle in the STR was placed B0.1 mm from the bipolar stimulus
electrode, and at the white matter recording site B0.1 mm from the recording
electrode. At each perfusion site (white matter recording site, STR stimulation
site and MGv), the perfusion needle was oriented so that the flow was in the
posterior direction away from the thalamocortical pathway (see Fig. 3c for the
position and orientation of electrodes and the perfusion needle at each of the
three sites). See Supplementary Methods for control experiment.

for primary auditory cortex was identified using tones in 5-kHz steps at
near-threshold intensities (–10 dB to 20 dB sound pressure level (SPL)), and
recording in the anterior-posterior (A-P) axis using LFPs on the cortical
surface. Reversal of tonotopy, indicating the border with an anterior auditory
field, was detected in most cases. Then, we selected a recording site within
primary auditory cortex on the basis of the shortest latency and largest
amplitude surface LFP to 10–70-dB tones recorded along the dorsal-ventral
(D-V) axis. We inserted a multiprobe perpendicular to the pial surface to
record LFPs throughout the cortical depth for current source density (CSD)
analysis (see below). CSD profiles at recording sites showed fast onset, large
current sinks within B200–400 mm of the pia and smaller, but faster onset
sinks B600–700 mm from the pia (presumably thalamocortical collateral input
to the lower layers; see Supplementary Fig. 5), indicating that the recordings
were from primary auditory cortex48.
We obtained more precise characteristic frequency and threshold determinations online by analyzing the initial slope of LFPs recorded B300–400 mm from
the pia. LFP initial slopes were measured by finding the maximum slope (0.5–1
ms duration) during the initial rising (or declining) phase (5–10 ms from
estimated response onset) of the averaged LFPs. Characteristic frequency was
determined in 1-kHz steps as the frequency that elicited the shortest latency
LFP at threshold intensity. Threshold intensity at characteristic frequency was
determined in 5-dB steps as the lowest intensity to produce LFPs above baseline
noise (43  s.d. of 100 ms baseline before tone onset) with consistent onset
latencies in response to repetitive tone presentation. At threshold, onset
latencies averaged 36 ± 4 ms (± s.e.m., n ¼ 11).
In vivo drug application. We delivered thalamic microinjections using a 0.5-ml
Hamilton syringe fitted with a glass pipette (30–50 mm tip) typically at B5 nl
every 30 s over 5 min. The pipette was backfilled with solutions prepared in
ACSF (with 1 or 25 mM NaHCO3) containing either 2% trimethylrhodaminedextran (10 kD molecular weight, Molecular Probes/Invitrogen) or fluorescindextran (10 kD molecular weight, Molecular Probes). DHbE (10 mM) was
diluted from 10 mM stock. The solutions were centrifuged at 10,000 rpm for
B3 min and filtered with 0.22-mm nylon filters (Osmonics/Fisher Scientific)
before backfilling.
The microinjector was inserted near the STR at stereotaxic coordinates of
A-P: 1.5–1.6 mm from Bregma, lateral-medial (L-M): 2.2–2.3 mm, and D-V:
2.8 mm. The coordinates for injection near TRN were 1.0–1.1 mm A-P, 2.5–
2.6 mm L-M, and 2.8 mm D-V. The coordinates for injection in MG were 2.2–2.3
mm A-P, 2.4–2.5 mm L-M and 2.8 mm D-V. Baseline LFPs were then recorded by
presenting 25 tones per intensity at 0.5 Hz. Different intensities (0–60 dB above
threshold) at characteristic frequency were presented sequentially and repeated
until stable baseline responses were obtained. We estimated the stability of baseline
LFPs online by measuring the initial slope (1–2 ms duration from estimated
onsets). After B5 min of drug injection, recordings resumed immediately and
lasted for B1 h (typically 7–9 repetitions of the intensity sequence at characteristic
frequency). The microinjector was then removed. In some experiments, another
microinjector was inserted for a second experiment. At the end of experiments,
animals were perfused with 4% paraformaldehyde for histochemistry and
imaging to localize drug injection sites (see Supplementary Methods).

In vivo electrophysiology. Mice were anesthetized with urethane (Sigma;
0.7 g kg–1 intraperitoneally) and xylazine (Phoenix Pharmaceuticals; 13 mg kg–1
intraperitoneally) in saline, placed in a sound-attenuating chamber
(IAC) and maintained at 36–37 1C. Anesthesia was supplemented as necessary
with 0.13g kg–1 urethane and 1.3 mg kg–1 xylazine intraperitoneally through
a catheter to avoid movement of the mice. A craniotomy was performed and the
right auditory cortex was exposed. Acoustic stimuli were presented as described in
Supplementary Methods. LFPs were recorded with a glass pipette (B1 MO at
B1 kHz) or a 16-channel silicon multiprobe (impedance 2–3 MO, 100 mm
separation; NeuroNexus) and were filtered and amplified (1 Hz to 10 kHz, AI-401
or AI-405 CyberAmp380), digitized (AxoGraph) and stored on a Mac computer.
We determined multiprobe recording sites in the auditory cortex physiologically as follows. The tonotopic characteristic frequency gradient expected

In vivo data analysis. We averaged the LFP traces of 25 tone stimuli recorded in
multi-probe channels and carried out CSD analysis on- or off-line using
AxoGraph48,49. We selected 3–5 main sink CSD traces with stable baseline
and consistent sound-evoked responses blind to microinjection solutions and
then averaged CSD traces at every probe channel for before (pre) and after
(post) microinjection for each experiment (‘average CSD trace’).
The onset latency of the average CSD trace was defined as the first point of
consecutive data points of at least 3 ms duration that were above a threshold
amplitude, defined as 2  s.d. of 7–10 ms baseline before response. The end of
the baseline was defined as the onset of the fastest CSD traces found in the
lower layers (typically B600–700 mm below the cortical surface) in response to
high intensity tones (60 dB or above) or clicks. We used the same baseline
window for onset latency determination for different tone intensities. We
calculated the onset latency difference for the early onset sink (Fig. 6c) by
subtracting pre-injection latency from post-injection latency for each experiment (that is, a positive value means increased latency after injection).
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For group average amplitudes of early onset sinks (Fig. 6b,d), we averaged
the amplitudes of the average CSD traces at 5-ms non-overlapping, incremental
steps from 15 ms before to 50 ms after the onset of the pre-injection trace
(0 ms time point). For initial amplitude changes (Fig. 6d), we normalized the
group average amplitudes of the first 5 ms (0–5 ms) for post-injection to those
for pre-injection. The peak amplitude of the main current sink (Fig. 6e) was
quantified by averaging the amplitude of a 1 ms duration centered on the peak
of the average CSD traces.
Statistical analysis. Statistical comparisons were performed using Microsoft
Excel or SPSS. Tests on independent means were Student’s t-test or factorial
ANOVA (a ¼ 0.05). Tests on related means were paired t-test (two-tail). All
mean data are reported ± s.e.m. unless indicated otherwise.
Note: Supplementary information is available on the Nature Neuroscience website.
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