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Nicotine Enhances Amplitude and
Consistency of Timing of Responses
to Acoustic Trains in A1
Irakli Intskirveli and Raju Metherate*

Department of Neurobiology and Behavior, Center for Hearing Research, University of California, Irvine, Irvine, CA,
United States

Systemic nicotine enhances neural processing in primary auditory cortex (A1) as
determined using tone-evoked, current-source density (CSD) measurements. For
example, nicotine enhances the characteristic frequency (CF)-evoked current sink in
layer 4 of A1, increasing amplitude and decreasing latency. However, since presenting
auditory stimuli within a stream of stimuli increases the complexity of response
dynamics, we sought to determine the effects of nicotine on CSD responses to trains of
CF stimuli (one-second trains at 2–40 Hz; each train repeated 25 times). CSD recordings
were obtained using a 16-channel multiprobe inserted in A1 of urethane/xylazine-
anesthetized mice, and analysis focused on two current sinks in the middle (layer 4)
and deep (layers 5/6) layers. CF trains produced adaptation of the layer 4 response
that was weak at 2 Hz, stronger at 5–10 Hz and complete at 20–40 Hz. In contrast, the
layer 5/6 current sink exhibited less adaptation at 2–10 Hz, and simultaneously recorded
auditory brainstem responses (ABRs) showed no adaptation even at 40 Hz. Systemic
nicotine (2.1 mg/kg) enhanced layer 4 responses throughout the one-second stimulus
train at rates ≤10 Hz. Nicotine enhanced both response amplitude within each train and
the consistency of response timing across 25 trials. Nicotine did not alter the degree of
adaptation over one-second trials, but its effect to increase amplitudes revealed a novel,
slower form of adaptation that developed over multiple trials. Nicotine did not affect
responses that were fully adapted (20–40 Hz trains), nor did nicotine affect any aspect
of the layer 5/6 current sink or ABRs. The overall effect of nicotine in layer 4 was to
enhance all responses within each train, to emphasize earlier trials across multiple trials,
and to improve the consistency of timing across all trials. These effects may improve
processing of complex acoustic streams, including speech, that contain information in
the 2–10 Hz range.
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INTRODUCTION

Activation of nicotinic acetylcholine receptors (nAChRs)
increases neural excitability due to the influx of cations
through the receptor ion channel (Dani and Bertrand, 2007;
Albuquerque et al., 2009). However, the effect of nicotine
on neural processing cannot be inferred from this cellular
action alone since nAChRs are found on both excitatory and
inhibitory neurons and in different neural compartments,
regulating, for example, presynaptic release of neurotransmitter,
postsynaptic depolarization, and action potential propagation
along axons (Dani and Bertrand, 2007; Albuquerque et al.,
2009; Poorthuis et al., 2013). Since sensory-evoked current-
source density (CSD) profiles reflect integrated synaptic activity
within neural circuits, they provide a circuit-level measure
that can be used to evaluate nicotinic regulation of neural
processing (Muller-Preuss and Mitzdorf, 1984; Metherate
et al., 2012). In primary auditory cortex (A1) of rodents,
for example, nicotine enhances the characteristic frequency
(CF)-evoked thalamocortical response (layer 4 current sink),
increasing peak amplitude and decreasing both onset and
peak latencies (Intskirveli and Metherate, 2012; Askew et al.,
2017). This effect is likely due to multiple nAChR-mediated
cellular actions in A1, including increased excitability of
thalamocortical axons, excitation of a subset of inhibitory
interneurons, and depolarization of pyramidal neurons due to
disinhibition (i.e., excitation of interneurons that innervate other
interneurons) (Kawai et al., 2007; Intskirveli and Metherate,
2012; Askew et al., 2019).

However, acoustic stimuli rarely occur in isolation and can
trigger complex response dynamics when presented within a
stream of auditory stimuli (Todorovic et al., 2011; Phillips
et al., 2017). A simple example is the response adaptation
that occurs when a stimulus is presented repetitively; i.e.,
evoked responses become progressively weaker during a train
of CF stimuli, with the degree of adaptation increasing with
repetition rate. Response adaptation is weak in the lower auditory
pathway and increasingly prominent in the auditory forebrain,
especially cortex. In A1, CF-evoked responses begin to adapt
at very low repetition rates, e.g., 1–2 Hz, and adapt fully at
rates of 15–20 Hz (Creutzfeldt et al., 1980; Wang et al., 2008;
Yao et al., 2015).

Since repetitive stimulation produces strong adaptation in
A1 and systemic nicotine enhances cortical responses, here
we examined the effects of nicotine on response adaptation
during CF stimulus trains (one-second trials of 2–40 Hz
stimuli; trials repeated 25 times). For the CF-evoked current
sink in layer 4, nicotine enhanced responses throughout the
stimulus train at rates ≤10 Hz. Nicotine increased response
amplitude, and notably, also enhanced the consistency of
response timing. While nicotine did not affect the degree of
adaptation over one-second trials, the drug revealed a novel,
slower adaptation that emerged over multiple trials after initial
response enhancement. The overall effect of nicotine was to
enhance all responses within each train, to emphasize earlier
trials across multiple trials, and to improve the consistency of
timing across trials.

MATERIALS AND METHODS

Animal Preparation
Adult (60–80 days old) male FVB mice were used for all
procedures in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and as approved by the University of California, Irvine
Institutional Animal Care and Use Committee (IACUC). Mice
were anesthetized with urethane (Sigma; 0.7 g/kg i.p.) and
xylazine (Phoenix Pharmaceutics; 13 mg/kg i.p.) in saline, placed
in a sound-attenuating chamber (model AC-3, IAC, Bronx,
NY, United States) and maintained at 36–37◦C. Anesthesia
was supplemented as necessary (0.13 g/kg urethane, 1.3 mg/kg
xylazine i.p.) via a catheter to avoid movement of the mice.
The head was secured in a stereotaxic frame (model 923,
Kopf Instruments, Tujunga, CA, United States). After a midline
incision, the skull was cleared and secured to a custom-
made head holder. A craniotomy was performed over the
right auditory cortex and the exposed brain was kept moist
with warm saline. A burr hole was made over vertex and a
dental screw with connector inserted for recording the auditory
brainstem response (ABR).

Electrophysiology
For mapping A1, stimulus-evoked local field potentials (LFPs)
were recorded with a glass micropipette filled with 1 M NaCl
(∼1 M� at 1 kHz). ABR and LFP recordings were filtered
and amplified (1–1000 Hz, AI-401, CyberAmp 380; Axon
Instruments), digitized, and stored on a computer (AxoGraph
software). LFPs for CSD profiles were recorded using a 16-
channel silicon multiprobe (∼2–3 M� at 1 kHz for each
177-µm2 recording site, 100-µm separation between recording
sites; NeuroNexus Technologies), filtered and amplified
(1 Hz to 10 kHz, AI-405, CyberAmp 380), digitized and
stored on a computer.

Acoustic Stimulation
Acoustic stimuli were digitally synthesized and controlled with
custom software and delivered through an open-field speaker
(FF-1 with SA1 amplifier and RP2.1 Real Time-Processor;
Tucker-Davis Technologies) positioned ∼3 cm in front of the left
ear. For calibration [sound pressure level (SPL), in dB re: 20 µPa]
a microphone (model 4939 and Nexus amplifier; Bruel and Kjaer)
was positioned in place of the animal at the tip of the left earbar.
For mapping A1, tones were 100 ms in duration with 5-ms linear
rise and fall ramps (range 5–40 kHz and 0–70 dB SPL). For
determining ABR threshold, white-noise stimuli (10 ms duration,
3 ms rise/fall ramps) were delivered at 2/s for 100 repetitions and
repeated at 0–70 dB SPL. For multiprobe recordings, 10 ms tones
(3 ms rise/fall ramps) were delivered at 2, 5, 10, 20, and 40 Hz for
1 s trials in sets of 25 trials at 30 dB above threshold.

Determining the A1 Recording Site
To find a recording site in A1 we used our method previously
described (Intskirveli and Metherate, 2012). Briefly, we recorded
tone-evoked responses from multiple sites ∼250 µm apart along
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the anterior-posterior axis in auditory cortex at a depth of
∼400 µm (approximately layer 4). Based on responses to a
standard set of tones (5–40 kHz in 2.5-kHz steps, 0–70 dB
SPL in 5-dB steps), we determined CF (frequency with the
lowest threshold) for each recording site. After constructing a CF
map and confirming the tonotopy expected for A1, including a
reversal of tonotopy at the border with the anterior auditory field
(Stiebler et al., 1997), we chose a region within A1 and mapped
along the dorsoventral axis to identify a recording site (CF 10–
20 kHz) with a short-latency, large-amplitude response in layer
4 for all subsequent procedures. At this site we inserted a 16-
channel multiprobe perpendicular to the pia surface to record
LFPs throughout the cortical depth and re-determined CF (1-kHz
steps) and threshold (5-dB steps) based on LFPs at a depth of 300–
400 µm. Threshold responses exceeded three standard deviations
of the mean baseline determined over 100 ms preceding the tone.

Drug Application
(−)-Nicotine hydrogen tartrate (Sigma) was dissolved in saline,
adjusted to pH 7.0 and delivered subcutaneously (2.1 mg/kg, free
base). This dose is reliably suprathreshold for nicotine effects in
mouse A1 (Intskirveli and Metherate, 2012).

Data Analysis
For each one-second trial, tone-evoked LFP responses were
baselined using the 10 ms period before the first stimulus, and
one-dimensional CSD profiles constructed off-line using custom
Matlab script. CSD profiles are the second spatial derivative
of the LFP laminar profile (Muller-Preuss and Mitzdorf, 1984);
conventionally, a current sink implies the location, timing, and
magnitude of underlying synaptic excitation. In each CSD profile
we identified two prominent current sinks based on onset latency
and depth. First, the current sink in the middle layers (typically
200–400 µm depth) with shortest onset latency was designated
the “layer 4” current sink. A second, deeper current sink, typically
300 µm below the layer 4 sink, was designated the “layer 5/6”
current sink. Current-sink peak amplitudes and latencies (for the
max peak within 100 ms from stimulus onset) were measured
in each condition. Coefficient of variance was calculated to show
changes in latency variability after nicotine injection. Adaptation
ratio during a train stimulus was calculated as the peak amplitude
of the mean adapted response divided by the first response
(“mean adapted response” is 2nd response for 2 Hz, mean 3rd–
5th response for 5 Hz and mean 3rd–10th response for 10 Hz).
Statistical comparisons were performed with GraphPad Prism.
Related means (for pre-drug, saline, and nicotine responses) were
compared using repeated measures (RM-) ANOVA and Tukey’s
post hoc test for multiple comparisons. Since for each mouse all
data were obtained at a single recording site, for group statistics
“n” refers to the number of animals.

RESULTS

After mapping with a microelectrode to determine the location
of A1 in each animal, we selected a single recording site
from among those exhibiting robust CF-evoked LFPs in the

middle layers. The selected recording sites exhibited CFs of 10–
20 kHz. At the selected site we inserted a 16-channel linear
multiprobe to record LFPs and derive CSD profiles. We analyzed
two prominent CF-evoked current sinks: the shortest-latency
middle-layer current sink (“layer 4”) and the infragranular sink
in layer 5/6. For stimulus trains, CF tones (10 ms duration,
30 dB above threshold) were presented at each rate (2, 5,
10, 20, and 40 Hz) for one second, repeated 25 times (2.5 s
between trial onsets, total duration of each set ∼1 min). Stimulus
sets for each rate (2–40 Hz) were presented in random order
and the entire series (five rates) repeated so that results for
each rate were averaged from two stimulus sets per condition.
Stimulus sets were presented under three conditions: before
any manipulation (Pre), after systemic saline (Saline) and after
systemic nicotine (Nicotine; 2.1 mg/kg, s.c.). The total duration of
acoustic stimulation in each condition was ∼12–15 min, which is
less than the typical duration (∼30 min) of nicotine effects from
a single injection (Intskirveli and Metherate, 2012).

Figure 1A depicts one stimulus set for a 5-Hz CF train
(left) alongside a representative set of responses (right) showing
the layer 4 current sink evoked in the Pre (black traces) and
Nicotine (red traces) conditions. Averaged responses for this
animal are in Figure 1B and exhibit typical response adaptation
in the pre-drug condition (each trace is average of two sets
of 25 trials): adaptation was minimal at 2 Hz but increased
with stimulus rate until complete adaptation occurred at 20 and
40 Hz. Inset traces above 5 and 40-Hz responses show ABR
recordings that exhibited no adaptation even at 40 Hz. Since,
in most animals, stimulus rates of 20–40 Hz produced complete
adaptation of cortical responses, only data for rates up to and
including 10 Hz were analyzed for effects of nicotine. Data
were obtained from 10 mice, but three early experiments did
not include 2 Hz stimulation. In four animals, 10 Hz produced
complete adaptation and the results were not analyzed further.
One experiment had a faulty ABR electrode and was excluded
from ABR analysis.

Systemic Nicotine Enhances Layer 4
Response to CF Stimulus Trains
Consistent with previous studies (see section “Introduction”),
systemic nicotine enhanced the layer 4 response to the first
stimulus in each train. The example in Figure 1B and group
data in Figure 2 show that nicotine increased the peak
amplitude of each first response compared to pre-drug and
saline responses and reduced its peak latency. For subsequent
responses within each train, nicotine similarly enhanced response
amplitude despite adaptation that increased with stimulus rate
(Figures 2A,B; inset traces are examples of adapted responses
at 5 and 10 Hz). When normalized to pre-drug amplitude,
nicotine’s enhancement of adapted responses was similar to its
effect on the first response (Figure 2; first response to 2–10 Hz
trains enhanced 32–44%, adapted responses enhanced 33–60%).
Fully adapted responses at the highest rates (20–40 Hz) were
not enhanced by nicotine (Figure 1B). Systemic saline had
no effect on any measure (Figures 1, 2, blue traces, graphs,
and histograms).
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FIGURE 1 | Effects of systemic nicotine on layer 4 current sink evoked by CF stimulus trains. (A) Schematic of 5 Hz stimulus set (left): 25 trials, each with five CF
stimuli presented over one second; 1.5 s inter-trial interval. Red boxes represent data averaged across 25 trials, as in panel B and Figures 2, 4, or averaged within
each trial, as in Figure 3. Traces (right) show example 5 Hz responses in pre-drug condition (black traces) and after systemic nicotine (2.1 mg/kg; red traces). In this
and the following figures, horizontal marks indicate 10 ms tone presentation. (B) Representative layer 4 current sinks evoked by CF stimuli presented at different
rates (2–40 Hz); responses shown are for the first half of each 1-s trial and traces are average from two sets of 25 trials. Inset above 5 Hz response shows
simultaneously recorded ABR (example traces) and group data for ABR peak amplitude in each condition. Inset above 40 Hz response shows separately recorded
ABR (10 ms white noise stimulus).
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FIGURE 2 | Nicotine increased peak amplitude and decreased peak latency for responses to CF stimulus trains. (A) Group data show peak amplitude (normalized to
value of first pre-drug response) for trains at 2, 5, and 10 Hz. Insets for 5 and 10 Hz show example traces for adapted responses, vertical scales represent
25 mV/mm2. Histograms show amplitudes separately for first response and adapted responses combined. In this and following figures, *indicates p < 0.05.
(B) Group data show peak latency separately for first response and adapted responses.

Graphs in Figure 2A (left), suggest enhancement of peak
amplitude for nicotine compared to pre-drug and saline
responses. For statistical analysis (Figure 2A, right), data are
grouped separately for the first response at each rate and
for subsequent adapted responses (for this and the following
analyses, data for 5 and 10 Hz exclude 2nd response due to
variable reduction before a plateau level of adaptation); asterisks
indicate significant enhancement compared to pre-drug and
saline values (RM-ANOVA with Tukey post hoc tests; 2 Hz: 1st
response p = 0.0004, 2nd response p = 0.0020, n = 7; 5 Hz: 1st
response p = 0.0009, 3rd–5th response p = 0.0035, n = 10; 10 Hz:
1st response p = 0.0005, 3rd–10th response p = 0.0023, n = 6).
Post hoc tests confirmed no effect of saline on any measure of
amplitude or latency (p’s � 0.05).

Despite enhanced amplitudes, nicotine did not alter the
degree of adaptation as estimated by the ratio of adapted

responses to the first response. This adaptation ratio for pre-
drug responses averaged 0.67 ± 0.04 for 2 Hz, 0.43 ± 0.04
for 5 Hz and 0.3 ± 0.02 for 10 Hz and did not change with
saline or nicotine (RM-ANOVA, p’s � 0.05). Thus, nicotine
enhanced response amplitudes, but did not affect adaptation,
within each stimulus train.

Simultaneous ABR recordings showed no effect of nicotine or
saline on brainstem responses (Figure 1B, inset data at 5 Hz; peak
amplitude averaged for 1st–5th response; RM-ANOVA, p = 0.331,
n = 9), indicating that the locus of nicotine’s effect is more central.

As in prior studies, nicotine reduced the peak latency of
the first response at all rates (Figure 2B; RM-ANOVA, 2 Hz:
p = 0.0065, n = 7; 5 Hz: p = 0.0051, n = 10; 10 Hz: p = 0.0020,
n = 6). Note, as shown in Figure 2A, inset traces, that adapted
responses to 5 Hz trains (and 2 Hz, not shown) had longer-
latency peaks than did 10 Hz responses, and at times exhibited
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two peaks, at short and long latencies (arrows in inset traces,
Figure 2A). In contrast, 10 Hz responses exhibited only short-
latency peaks (inset traces, Figure 2A). Since short and long
latency peaks were not always evident, only a single value
(max peak) was used for analysis. For 2 Hz and 5 Hz adapted
responses, max peaks were altered by nicotine, exhibiting larger
amplitudes (above, Figure 2A) and shorter latencies (Figure 2B;
RM-ANOVA; 2 Hz: 2nd response p = 0.0120, n = 7; 5 Hz: 3rd–5th
response p = 0.0065, n = 10). However, for the 10 Hz responses,
nicotine had no effect on peak latencies of adapted responses
(3rd–10th response p = 0.447, n = 6). The 10 Hz data likely reflect
adaptation of longer-latency response components that did not
recover between stimulus trials, leaving only a shorter-latency
peak (latency ∼20 ms) that was not affected by nicotine.

Thus, nicotine enhanced partially adapted responses
throughout one-second stimulus trains at 2–10 Hz by increasing
peak amplitude, and for 2–5 Hz trains also reduced peak latency.
However, nicotine did not change the degree of adaptation and
did not affect fully adapted responses at 20–40 Hz.

Nicotine Improves Timing Consistency of
Layer 4 Response to Repeated Trials
We next examined the degree to which nicotine altered response
consistency from trial to trial (over 25 trials). As illustrated
schematically in Figure 1A, this analysis involved averaging all
responses within each trial (i.e., averaging 2, 5, or 10 responses
per trial) and plotting the result for the 25 trials in each stimulus
set. An example for a 5 Hz stimulus set is in Figure 3A and
group data are in Figures 3B,C. For peak amplitude (Figure 3B),
control responses (pre-drug and saline) exhibited little change
over 25 trials, suggesting weak or no effects of stimulation that
outlasted the 1.5 s interval between the end of one trial and the
beginning of the next (pre-drug adaptation ratio for trials 20–
25: 2 Hz: 0.95 ± 0.07; 5 Hz: 0.92 ± 0.07; 10 Hz: 1.13 ± 0.16).
Nicotine, however, revealed an additional effect: while the drug
increased response amplitude across all 25 trials, its effect was
more prominent in early trials (Figure 3B). At each rate, nicotine
enhanced response amplitudes for both the first six and last
six trials in the stimulus set (RM-ANOVA; 2 Hz: first six trials
p = 0.0005, last six trials p = 0.0203, n = 7; 5 Hz: first six trials
p = 0.0048, last six trials p = 0.0028, n = 10; 10 Hz: first six
trials p = 0.0119, last six trials p = 0.0154, n = 6). And, for
2 and 5 Hz stimuli, the increase in amplitude for the first six
responses was greater than that for the last six responses (t-tests,
2 Hz: p = 0.0066; 5 Hz: p = 0.0062; 10 Hz: p = 0.983), indicating
a more prominent effect of nicotine early in the stimulus set.
Similarly, for 2 and 5 Hz stimuli the initial response in nicotine
showed greater adaptation than in controls (RM-ANOVA, 2 Hz,
p = 0.009; 5 Hz, p = 0.0139; 10 Hz, p = 0.925). Overall, nicotine
enhanced response amplitude across 25 trials in the stimulus set
and its effects were more prominent for early trials.

Note that data for all stimulus rates (2–40 Hz) were collected
after a single nicotine injection and that stimulus sets at different
rates were presented in random order. Moreover, group data
(Figure 3B) are based on two stimulus sets for each rate,
delivered at different times after the nicotine injection. Thus, the

greater effect of nicotine on early trials is not due to stronger
effects immediately after the nicotine injection that dissipate over
time. Rather, the results suggest a nicotinic effect on auditory
processing that strongly enhances initial responses then adapts
slowly to a lower level where it remains for the entire stimulus
set. The degree of adaptation is estimated by the adaptation
ratio (above), whereas the rate of adaptation can be estimated
by fitting the nicotine data with an exponential decay function
(smooth red line in Figure 3B); the decay rates (tau, 2 Hz:
1.6 trials; 5 Hz: 2.5 trials; 10 Hz: 1.0 trials) are similar over a
five-fold range of stimulus frequency, suggesting a mechanism
independent of frequency.

The effect of nicotine on peak latency across 25 trials is
shown in Figure 3C. Control latencies (pre-drug and saline)
exhibited trial-to-trial variability that changed little over 25 trials
(Figure 3C, left). For 2 and 5 Hz trains, nicotine reduced peak
latencies, as expected (cf. Figure 2B), but also reduced trial-
to-trial variability so that latencies were more consistent across
the stimulus set. We compared variability among conditions
by determining the coefficient of variation (CV; Figure 3C,
right) and found that nicotine reduced CV (RM-ANOVA; 2 Hz:
p = 0.0087, n = 7; 5 Hz: p = 0.0100, n = 10). For 10 Hz, peak
latencies in control conditions were already short (as described
above), exhibited little variability, and were not affected by
nicotine (p = 0.4443). Note that while slower stimulus rates (2–
5 Hz) could generate current sinks with one or two peaks (arrows
in Figure 2A, inset trace for 5 Hz), 10 Hz stimuli generated
only single, short-latency peaks (Figure 2A, inset trace for 10 Hz
stimulus). It appears, therefore, that longer-latency peaks adapt
with 10 Hz stimulation and that nicotine does not regulate the
latency of the remaining peak (but does regulate its amplitude;
Figure 3B).

Overall, this analysis of nicotine’s effects across 25 trials
shows that the drug enhances response amplitude for 2–
10 Hz trains, as expected (Figure 2A), but responses early
in the stimulus set are affected more strongly. Nicotine also
reduced response latency, and latency variability, for 2–5 Hz
trains so that trial-to-trial consistency was enhanced. Thus,
over a stimulus set, nicotine served to enhance response
amplitude and consistency, emphasizing response amplitude
to initial stimuli in particular. A comparison of within-trial
(Figure 2) and across-trial (Figure 3) responses reveals two
mechanisms of adaptation: the well-documented, within-trial
adaptation is unaffected by nicotine (even as response amplitudes
are enhanced), whereas a novel, comparatively slow, across-
trial adaptation is prominent only when responses are initially
enhanced by the presence of nicotine.

Nicotine Does Not Affect Train-Evoked
Responses in Layer 5/6
Finally, we examined the infragranular CSD profile to determine
the effects of systemic nicotine (Figure 4). The CF-evoked layer
5/6 current sink reflects synaptic activity in infragranular neurons
(Cruikshank et al., 2002; Zhou et al., 2010), though compared
to the layer 4 current sink it is smaller (inset in Figure 4A)
and exhibits a shorter-latency peak (Figure 4B). Results for
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FIGURE 3 | Nicotine enhanced responses across 25 trials—preferentially for initial trials—and improved timing consistency. (A) Example response to 5 Hz stimulus
set. Each trace is average of all five responses within a trial (see horizontal red box in Figure 1A); figure depicts responses across 25 trials. (B) Group data show that
nicotine enhanced response amplitudes for 2–10 Hz trains (as expected, cf. Figure 2A), but enhancement was greater early in the stimulus set, whereas pre-drug
and saline controls show little change over 25 trials (group data are average of two stimulus sets in each of 6–10 animals; for clarity, error bars are not shown).
(C) Nicotine reduced peak latency (as expected, cf. Figure 2B) and reduced latency variability across 25 trials (left), as reflected in coefficient of variation (right), for 2
and 5 Hz trains.
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the layer 5/6 current sink were obtained simultaneously
with data in layer 4. In response to CF stimulus trains
of 2–10 Hz, the layer 5/6 current sink exhibited weaker
adaptation (Figure 4A) than observed in layer 4 (Figure 2A).
However, unlike in layer 4, systemic nicotine had no effect
on either the peak amplitude (Figure 4A) or peak latency
(Figure 4B) of the CF-evoked layer 5/6 current sink (RM-
ANOVA; p � 0.05, n = 6–10). It may be worth noting
that the peak latency of the layer 5/6 current sink is short
(∼20 ms) and similar to that of adapted 10-Hz responses
in layer 4 whose latencies also are not affected by nicotine
(Figures 2B, 3C). These short-latency responses may reflect
a greater contribution of afferent thalamocortical, rather than
intracortical, processes.

DISCUSSION

We examined the effects of systemic nicotine on CSD responses
to CF stimulus trains of 2–40 Hz in urethane/xylazine-
anesthetized mice. Nicotine generally enhanced the tone-evoked
current sink in layer 4 resulting in three novel findings: (i)
within each one-second trial of CF trains at rates of 2–10 Hz,
nicotine enhanced the first response and subsequent, partially
adapted responses without affecting the degree of adaptation
(adaptation ratio); (ii) across 25 trials in each stimulus set,
nicotine preferentially enhanced early-trial responses revealing a
novel, slower form of adaptation with a time-course of seconds;
(iii) across trials, nicotine also enhanced the consistency of
response timing for 2–5 Hz trains. Nicotine had no effect on
the layer 5/6 current sink in A1, nor on brainstem ABRs.
The overall effect of nicotine in layer 4 was to enhance all
responses within each trial, to emphasize earlier trials across
multiple trials, and to improve the consistency of timing across
trials. These effects may improve cortical processing of acoustic
streams, such as speech envelopes, that encode information in the
2–10 Hz range.

Adaptation of CSD Responses Evoked
by Acoustic Trains
An advantage of using CSD recordings for this study is
that current sinks reflect summed synaptic integration
within local circuits rather than simply their output (action
potentials) (Muller-Preuss and Mitzdorf, 1984; Metherate
et al., 2012). The middle-layer current sink with the earliest
onset is considered to be the site of thalamocortical input
(designated “layer 4”). However, although the layer 4
current sink is triggered by thalamocortical input, by the
time the response reaches peak amplitude at a latency
of ∼30–50 ms it is dominated by intracortical activity
(Intskirveli et al., 2016). Thus, the layer 4 current sink
reflects both monosynaptic thalamic input, especially at
short latencies, and progressively greater contributions of
intracortical activity at longer latencies. It follows that the
preferential adaptation of longer-latency components at
moderate stimulus rates (e.g., 10 Hz, Figure 2A) likely
reflects the failure of multi-synaptic intracortical activity,

whereas adaptation of shorter-latency components at all rates
could also reflect reduced thalamic input (Creutzfeldt et al.,
1980). The present study demonstrates that current-sink
adaptation—which increased with stimulus rate and was
complete at ≥ 20 Hz—resembles that described for single
units in anesthetized and waking animals (Creutzfeldt et al.,
1980; Wang et al., 2008; Yao et al., 2015). Studies in waking
animals including humans describe more complex response
dynamics in addition to simple adaptation (Todorovic et al.,
2011; Phillips et al., 2017), indicating that the present study
targets only a subset of mechanisms. Still, the results illustrate
the usefulness of CSD recordings for studying nicotinic
regulation of adaptation.

In the present study, urethane anesthetic was preferred for
its limited depressive effects on nicotinic responses compared
to other anesthetics (Hara and Harris, 2002). Still, urethane
does reduce sensory cortex responsiveness (Sceniak and Maciver,
2006), though not synaptic activity mediated by glutamate
or GABA (Sceniak and Maciver, 2006), and the present
studies should be extended to awake animals. However,
since nicotine can alter cognition-related electrophysiological
responses (Harkrider and Hedrick, 2005), tests in awake animals
should control behavioral state as well.

CF train stimuli can be useful for understanding auditory
processing since stimuli within an acoustic stream elicit more
complex response dynamics than tones in isolation. The
present results point to potential consequences of activating
nAChRs during an acoustic stream, with the caveat that
some effects will likely depend on brain state, especially
states such as arousal and attention that are associated
with release of endogenous acetylcholine (Celesia and Jasper,
1966; Parikh et al., 2007). That is, dose-dependent effects of
nicotine will depend on endogenous, as well as exogenous,
activation of nAChRs. Consistent with this notion, studies
in human subjects have found that effects of nicotine can
vary with baseline measures, i.e., enhancement of performance
in subjects with weaker baseline performance, but not in
subjects with stronger baselines (Baschnagel and Hawk, 2008;
Knott et al., 2014a,b; Behler et al., 2015). Notably, during
attention, adaptation is sensitive to “top-down” regulation,
being reduced for unexpected stimulus trains and enhanced for
expected trains (Todorovic et al., 2011). While it is unclear
to what extent top-down regulation is cholinergic, the effects
demonstrated in the present study reflect potential mechanisms
by which endogenous acetylcholine and/or exogenous nicotine
can regulate processing. A better understanding of these
mechanisms may be therapeutically useful, e.g., for development
of drug treatments for auditory processing deficits (see final
section, below).

Nicotinic Enhancement of Acoustic
Train-Evoked Responses
The effects of systemic nicotine on the CF-evoked layer 4 current
sink likely involve actions within the auditory thalamocortical
pathway and intracortical circuits in A1 (Kawai et al., 2007;
Intskirveli and Metherate, 2012; Askew et al., 2017, 2019).
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FIGURE 4 | Nicotine had no effect on CF-evoked current sink in layer 5/6. Infragranular current sink recorded simultaneously with current sink in layer 4.
(A) Systemic nicotine did not affect peak amplitude of responses to stimulus sets (2–10 Hz). Inset shows example “first response” to CF stimulus in layer 5/6.
(B) Group data for peak latency, separately for first response of train and for adapted responses combined.
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Activation of nAChRs within the thalamocortical pathway
increases axon excitability to decrease the latency of thalamic-
evoked axon spikes and increase the consistency of spike
timing (decreased latency CV). Increased synchrony within
a population of thalamocortical axons should enhance
summation of converging inputs to cortical neurons,
thereby enhancing cortical responses. Intracortical actions
include recently identified mechanisms by which robust
nicotinic excitation of inhibitory interneurons expressing
Vasoactive Intestinal Peptide (VIP) produces disinhibition of
pyramidal neurons—likely via VIP-interneuron projections
to other interneurons—thereby enhancing responsiveness
to afferent inputs (Askew et al., 2019). Although nicotine is
delivered systemically and nAChRs are found throughout the
auditory pathways (Morley and Happe, 2000; Sottile et al.,
2017; Noftz et al., 2020), we have not observed effects of
systemic nicotine in the auditory brainstem (ABR, present
study) or midbrain and thalamus (Askew et al., 2017) that
might contribute to enhanced CF-evoked cortical responses
[although midbrain and thalamic effects of systemic nicotine
do contribute to the narrowing of cortical receptive fields
(Askew et al., 2017)].

The present study describes three novel findings: First,
systemic nicotine enhanced the peak response (increased
amplitude, decreased latency) of partially adapted responses to
CF trains at rates of 2–10 Hz (Figure 2). Adaptation per se is
not affected by nicotine since the adaptation ratio was not altered
and nicotine did not prevent complete adaptation at higher rates
(20–40 Hz). Thus, nicotine enhances responses to CF trains but
does not affect within-trial adaptation (time-course of hundreds
of milliseconds).

Second, analysis across the 25 trials of each stimulus set
revealed a slower adaptation (time-course of seconds), that is
evident only in the presence of nicotine to enhance initial
responses (Figure 3B). Nicotine does regulate this slower
adaptation since it is weak or absent in controls, and the
adaptation may depend on nicotinic mechanisms since the
adaptation rate is similar across a five-fold range of stimulus
frequency. For example, the slow adaptation could involve
neuromodulatory mechanisms since nicotinic regulation of tone-
evoked responses in A1 requires activation of intracellular
MAP kinase (Intskirveli and Metherate, 2012). Previous studies
have demonstrated multiple forms of adaptation in A1 with
time-courses ranging from hundreds of milliseconds to tens
of seconds (Ulanovsky et al., 2004). Similarly, fast and slow
forms of adaptation over hundreds of milliseconds and tens
of seconds, respectively, can be observed in the in vitro
auditory cortex with stimulation of afferent inputs (Metherate
and Ashe, 1995), suggesting mechanisms that are cortical
(or thalamocortical) in origin. Nicotinic regulation of these
mechanisms may contribute to top-down regulation of auditory
cortex, e.g., during attention-related release of acetylcholine that
activates nAChRs.

Third, a striking effect of nicotine in the present study is
the enhanced consistency of response timing across trials for
2–5 Hz trains (Figure 3C). That is, nicotine reduced trial-to-
trial variability of peak latency even as peak amplitude was

enhanced and then adapted. This regulation of peak latency only
occurred in responses with longer-latency response components
(peak latency ∼30–50 ms), whereas the absence of such responses
for 10 Hz trains, likely due to adaptation of intracortical
response components, precluded this effect. The nicotinic effect
on peak timing is reminiscent of effects on axon spike timing in
thalamocortical axons described above (Kawai et al., 2007) and
may reflect, in part, increased synchrony of discharge among
afferent inputs. Given the importance of timing in auditory
processing, it is likely that increased consistency could enhance
auditory processing generally.

Finally, in contrast to the effects of nicotine on the layer
4 current sink, we observed no effect on the simultaneously
recorded infragranular current sink (layer 5/6; Figure 4) or
brainstem responses (ABR; Figure 1B). The infragranular
sink exhibits very short latencies (e.g., onset <10 ms, peak
∼20 ms) and likely reflects collateral projections of the main
thalamocortical input (Cruikshank et al., 2002; Zhou et al.,
2010). Compared to the layer 4 response, the infragranular
current sink exhibited weaker adaptation at each stimulus
rate tested, and neither its peak amplitude nor peak latency
was affected by systemic nicotine. The ABR exhibited no
adaptation even at the highest rate tested (40 Hz) and its peak
amplitude and latency were not affected by nicotine. Although
the ABR recordings were of insufficient resolution to measure
individual components, ABR studies in human subjects also
found limited effects (reduced Wave I; no effect on Waves III
and V) by systemic nicotine (transdermal patch) (Harkrider
et al., 2001). However, studies in human subjects did observe
nicotinic enhancement (increased amplitude, decreased latency)
for longer-latency potentials of presumed thalamocortical and
cortical origin (Harkrider and Champlin, 2001) and improved
consonant-vowel discrimination measured both behaviorally and
electrophysiologically (Harkrider and Hedrick, 2005).

Implications for Possible Therapeutic
Use of Nicotine
In human subjects, cortical activity tracks the envelope of
ongoing speech at frequencies ≤10 Hz that correspond to the
occurrence of syllables, words and phrases (Vander Ghinst et al.,
2019; Fuglsang et al., 2020). Cortical speech tracking is enhanced
by attention, and enhanced tracking is associated with better
speech comprehension, even as subjects age (Mesgarani and
Chang, 2012; Decruy et al., 2019). Indeed, envelop tracking
increases more with comprehension in older subjects than
in young adults (Decruy et al., 2019), and with hearing
loss in older adults (Fuglsang et al., 2020), suggesting that
compensatory brain mechanisms enhance speech tracking when
the task is more difficult (e.g., with aging and/or hearing loss).
Such results raise the possibility that activation of nAChRs
by exogenous agonist, including nicotine itself, could help
compensate for auditory deficits by increasing the gain and
temporal consistency of cortical responses (Metherate et al.,
2012), similarly to the findings of the present study. Indeed,
recent psychoacoustic studies show performance enhancement
with systemic nicotine (polacrilex gum) in normal-hearing
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young adults, especially in more difficult listening conditions
(Pham et al., 2020). Future studies will explore this in human
subjects with auditory processing deficits associated with aging
or communication disorders.
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