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Aim: Spiking activities and neuronal network oscillations in the theta frequency range have been found in many cortical areas during 
information processing.  The aim of this study is to determine whether nicotinic acetylcholine receptors (nAChRs) mediate neuronal 
network activity in rat medial septum diagonal band Broca (MSDB) slices. 
Methods: Extracellular field potentials were recorded in the slices using an Axoprobe 1A amplifier.  Data analysis was performed off-
line.  Spike sorting and local field potential (LFP) analyses were performed using Spike2 software.  The role of spiking activity in the 
generation of LFP oscillations in the slices was determined by analyzing the phase-time relationship between the spikes and LFP oscil-
lations.  Circular statistic analysis based on the Rayleigh test was used to determine the significance of phase relationships between 
the spikes and LFP oscillations.  The timing relationship was examined by quantifying the spike-field coherence (SFC).
Results: Application of nicotine (250 nmol/L) induced prominent LFP oscillations in the theta frequency band and both small- and 
large-amplitude population spiking activity in the slices.  These spikes were phase-locked to theta oscillations at specific phases.  
The Rayleigh test showed a statistically significant relationship in phase-locking between the spikes and theta oscillations.  Larger 
changes in the SFC were observed for large-amplitude spikes, indicating an accurate timing relationship between this type of spike and 
LFP oscillations.  The nicotine-induced spiking activity (large-amplitude population spikes) was suppressed by the nAChR antagonist 
dihydro-β-erythroidine (0.3 μmol/L).
Conclusion: The results demonstrate that large-amplitude spikes are phase-locked to theta oscillations and have a high spike-timing 
accuracy, which are likely a main contributor to the theta oscillations generated in MSDB during nicotine receptor activation.
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Introduction
Local field potential (LFP) oscillations in the theta frequency 
band modulate neuronal activity and play important roles in 
memory formation, attention, arousal and recall[1–3].  Theta 
oscillations are present in many brain areas, including the hip-
pocampus and cortex[4–8].  Theta oscillations control the timing 
of neuronal firing.  Additionally, GABA (A) receptor-mediated 
inhibition during oscillations controls spike timing in CA1 

pyramidal neurons[9, 10].  The phase relationship between the 
spikes and theta oscillations can be computed and used as a 
predictor of memory strength[11].  The relationship between 
spikes and LFPs is highly specific to the underlying connectiv-
ity of a local network; the LFP-spike relationship is complex 
and may vary within same brain area under similar task 
conditions[2].

The medial septum diagonal band Broca (MSDB), located in 
the basal forebrain area[12], provides the major cholinergic and 
GABAergic projections to the hippocampus.  It plays a pivotal 
role in the generation of the hippocampal theta rhythm[13, 14] 
and is thought to be an essential internal timing mechanism 
for neuronal firing in the hippocampus.  In vivo, a proportion 
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of septohippocampal neurons display rhythmic burst firing 
that is phase-locked to the hippocampal theta rhythm.  Activa-
tion of the brain stem reticular formation increases hippocam-
pal theta activity via the indirect excitation of rhythmic burst-
ing in the MSDB[15].

Although the MSDB sends cholinergic axons to the hip-
pocampus[16], it receives cholinergic input from the pedunculo-
pontine tegmental nucleus.  Cholinergic projections modulate 
MSDB neuronal firing at least partly through nAChR activa-
tion[17].  nAChR activation regulates stimulus-evoked transient 
gamma oscillations in the hippocampus[18]; nicotine-induced 
theta oscillations have also been reported[19].  It is unknown 
whether the tonic activation of nAChRs can induce oscillatory 
or spiking activity in the MSDB.  The aim of this study is to 
determine whether nAChR activation can induce local net-
work activity (ie, LFPs and spikes) and the timing of neuronal 
spikes relative to the theta rhythm during nicotine application.

Materials and methods
Preparation of slices
All procedures were performed in accordance with the UK 
Animals (Scientific Procedures) Act of 1986 and associated 
guidelines and with the prior approval of the local ethical 
committee of the University of Leeds.  All efforts were made 
to minimize animal suffering and to reduce the number of 
animals used.  Three-week-old male Wistar rats (n=64) were 
anesthetized by intraperitoneal injection of Sagatal (sodium 
pentobarbitone, 100 mg/kg, Rhône Mérieux Ltd, Harlow, UK).  
When all pedal reflexes were abolished, the animals were 
perfused intracardially with chilled (5 °C), oxygenated artifi-
cial cerebrospinal fluid (ACSF) in which the sodium chloride 
had been replaced by iso-osmotic sucrose.  This ACSF (305 
mosmol/L) contained (in mmol/L) 225 sucrose, 3 KCl, 1.25 
NaH2PO4, 24 NaHCO3, 6 MgSO4, 0.5 CaCl2, and 10 glucose.  
For extracellular field recording, two 450-µm sagittal slices of 
rat brain, straddling the midline and containing the MSDB, 
were cut at 4–5 °C in sucrose ACSF using a Leica VT1000S 
vibratome (Leica Microsystems UK, Milton Keynes, UK).

Electrophysiological recording and data analysis
For extracellular field potential recordings, two MSDB slices 
were transferred to an interface recording chamber.  The slices 
were continuously perfused with ACSF using a peristaltic 
pump (minipuls 3, Gilson, Madison, WI, USA) at 2 mL/min.  
The slices were maintained at 33 °C and kept at the interface 
between the ACSF and warm humidified carbogen gas (95% 
O2–5% CO2).  This ACSF contained (in mmol/L) 126 NaCl, 3 
KCl, 1.25 NaH2PO4, 24 NaHCO3, 2 MgSO4, 2 CaCl2 and 10 glu-
cose.  The slices were allowed to equilibrate in this medium 
for 1 h before recording.  

Both channels of an Axoprobe 1A amplifier (Axon Instru-
ments, Union City, CA, USA) were used for extracellular field 
recordings.  Recording pipettes were glass microelectrodes 
containing ACSF (resistance 2–5 MΩ).  The data were band-
pass filtered online between 0.5 Hz and 2 kHz using the 
Axoprobe amplifier and a NeuroLog system NL106 AC/DC 

amplifier (Digitimer Ltd, Welwyn Garden City, UK).  The data 
were digitized at a sample rate of 5–10 kHz using a CED 1401 
plus ADC board (Digitimer Ltd).  Electrical interference from 
the mains supply was eliminated from extracellular record-
ings online using 50 Hz noise eliminators (HumBug; Digitimer 
Ltd).  
   The data were analyzed off-line using software from Spike2 
(CED, Cambridge, UK) and MATLAB (MathWorks, Natick, 
Massachusetts, USA).  Power spectra were generated to pro-
vide a quantitative measure of the frequency components in 
a stretch of recording.  Power, a quantitative measure of the 
oscillation strength, was plotted against the respective fre-
quency.  Power spectra were constructed for 30–60 s epochs 
of extracellular field recordings using a fast Fourier transform 
algorithm provided by MATLAB.  The parameters used for 
measuring the oscillatory activity in the slice were peak fre-
quency (Hz) and area power (µV2).  In this study, area power 
was equivalent to the computed area under the power spec-
trum between the frequencies of 4 and 12 Hz.  Spikes were 
detected and counted by the Spike2 software if the spike was 
more than one-third of the average spike height during the 
field population spiking activity.

Spike sorting was performed off-line using the Spike2 
software; spikes were matched with templates generated by 
Spike2 based on the spike waveform shape.

Estimation of phase-locking and spike-field coherence 
LFPs were recorded from the same electrode as the spiking 
activity.  To investigate the strength of theta frequency phase-
locking, the LFPs were band-pass filtered in the theta band 
(4–12 Hz) using a two-way least-squares FIR filter (the eegfilt.
m routine from the EEGLAB toolbox).  The phase was esti-
mated using the Hilbert transform (HT), a well-known trans-
formation that is used to determine the instantaneous phase 
of a real signal x(t).  Essentially, the HT is used to compute a 
complex signal Y(t), called the analytical signal corresponding 
to x(t), defined by

Y(t)=x(t)+j·h(t)                                      (1)
where h(t) is the HT of x(t).  If x(t) is band-pass filtered for the 
theta frequency, then

where f(t) is the phase function of the complex signal Y(t) 
corresponding to x(t).  The phase of each spike at the theta fre-
quency was then determined using the results of the HT trans-
form.  The phase was measured (in radians) in the range -π/2 
to +π/2 and was reflected to the range 0 to 2π (0° to 360°) with 
the phases zero and 2π equal to the peak, and phase π equal to 
the trough of the oscillation.  The sample of all phase angles Φi 
(i=1, …, n) defines the first trigonometric moment

The mean direction or preferred phase µ of the sample is given 
by the orientation of m′, and the mean resultant length    is 
given by the modulus of m′.

The Rayleigh test determines the significance of the mean 

f(t)=tan-1 [ h(t) ]                                     (2)                    x(t)
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phase direction in a cycle histogram.  The spikes had accurate 
phase-locking performance for low P values.  The Rayleigh 
statistic is Z=n   2, and the probability that the null hypothesis 
of sample uniformity holds is given by
       P=e-Z[1+(2Z–Z2)/(4n)–(24Z–132Z2+76Z3–9Z4)/(288n2)]    (3)

To guarantee sufficient statistical power, only neurons that 
fired at least 50 spikes were evaluated for phase-locking.

To analyze the data further, the spike-field coherence (SFC) 
was quantified to examine the timing relationship between the 
spikes of single neurons and the ongoing theta oscillations.  
The SFC is the ratio of the frequency spectrum of the spike-
triggered average (STA) to the average spectrum of the LFP 
traces (spike-triggered power or STP).  The SFC is a function 
of frequency f and ranges from 0% to 100%.  Formally, the  
SFC( f )=[STA( f )/STP( f )]×100%.

For every spike, the STA was constructed by extracting a 200 
ms time window of the LFP, centered on the spike.  Averag-
ing these traces of LFPs produced the STA.  STP quantifies the 
power of the oscillations that are present in LFPs and is calcu-
lated by averaging the spectra of individual LFP traces.

All statistical tests were performed using SigmaStat soft-
ware (SPSS Inc, CA, USA).  The results are expressed as the 
mean±standard error of the mean.  The significance of com-
parisons between two groups was determined using Stu-
dent’s t test or rank-sum test.  Comparisons of more than two 
groups were made using either one-way analysis of variance 
(ANOVA) on the ranks or repeated-measures ANOVA.  For 
all measures in this study, P<0.05 was considered significant.

Drugs used for electrophysiology
Except where indicated, all standard reagents were obtained 
from either Sigma-Aldrich (UK) or VWR International (Lut-
terworth, UK).  Nicotine and dihydro-β-erythroidine (DHβE 
0.3 µmol/L) were purchased from Tocris Cookson, Ltd (Bris-
tol, UK).  Stock solutions at 103 of the working concentration 
were made in water and stored in individual aliquots at -45 °C.  
Working solutions were freshly prepared on the day of the 
experiment. The drugs were applied by bath perfusion.

Results
LFPs were recorded from MSDB slices using extracellular 
electrodes.  In a proportion of MSDB slices (n=6), no spikes or 
persistent oscillatory activity was detected in control condi-
tions.  Nicotine (250 nmol/L) induced only small-amplitude 
population spikes (≤50 µV) and oscillatory activity at the theta 
frequency band (theta oscillations) (Figure 1A, 1C).  The spikes 
(in blue) and oscillatory activity (in red) were extracted using 
either high-pass (300 Hz) or band-pass filtering (4–12 Hz) (Fig-
ure 1B, 1D).  The waveform of the sorted spikes is presented in 
Figure 1E.  The interspike intervals for all spikes were longer 
than or equal to 3 ms (Figure 1F), validating that these spikes 
were biological signals.  A histogram of spike phases indicated 
that the mean phase (165°) of spikes was near the trough of the 
theta oscillations (Figure 1G).

The STA of the LFP was used to measure local neuronal syn-
chronization.  The STA was constructed by averaging LFP seg-

ments of 200 ms centered on every spike.  As shown in Figure 
1H and 1I, the flat STA traces and very small power spectrum 
of the STA indicated that the spikes had no temporal relation-
ship to the LFP oscillations.  In Figure 1J, the average spectrum 
of all LFP segments was shown, and it was used to construct 
the STA (STP). 

The SFC was also used to examine the timing relationship 
between the spikes of single neurons and the ongoing theta 
oscillations.  A larger SFC indicated that the spikes more 
accurately followed a particular phase of this frequency.  The 
SFC is the ratio of the frequency spectrum of STA to STP.  As 
expected, the SFC was not significant (Figure 1K).  

In a set of MSDB slices (n=9), small-amplitude population 
spikes (≤50 µV) and LFPs were detected in the control condi-
tion.  Nicotine application induced relatively large-amplitude 
population spikes (50–99 µV) and the LFP (Figure 2A, 2C).

In the example shown in Figure 2A, 2C, 2E, and 2H, nicotine 
increased the number of small-amplitude population spikes 
from 1.1 Hz to 6.7 Hz and induced large-amplitude popula-
tion spikes (3.4 Hz).  In this example experiment, we observed 
low-frequency (<10 Hz) oscillations that were present before 
the application of nicotine.  Nicotine increased the oscillatory 
frequency (from 7 to 10 Hz) and the power (Figure 2B, 2D).  

The STA traces showed a deviation from zero, indicating a 
relationship between spike timing and the LFP.  In our experi-
ments, the STA trace deviation, fSTA, and percentage change 
in the SFC for small-amplitude spikes in both the control con-
dition and in the presence of nicotine were relatively small 
(Figure 2N, 2O, 2Q–2S, 2U, and Figure 2G, 2J).  The STA trace 
deviation, fSTA, and percentage change in the SFC were sig-
nificantly higher for the relatively large-amplitude spikes (Fig-
ure 2V, 2W, 2Y) in the nicotine group than in the control.  The 
STA of phase-locked neurons showed strong oscillations in the 
8–12 Hz range (Figure 2O, 2S, 2W).  These results suggest that 
neurons with nAChR activation can generate relatively large 
spikes that are synchronized better during oscillatory activity.

In another set of MSDB slices (n=7), small-amplitude popu-
lation spikes and small but significant theta oscillations were 
detected in the control condition; after nicotine application, 
significant amounts of large-amplitude populations spikes 
(≥100 µV) were recorded.  In the example shown in Figure 
3A, 3C, 3E, 3H, and 3K, nicotine increased the frequency of 
small-amplitude population spikes from 1.1 Hz to 3.7 Hz and 
induced large-amplitude population spikes (3.4 Hz).  In this 
example experiment, prominent low-frequency (<10 Hz) oscil-
lations were present before the application of nicotine, and 
nicotine increased the power of the theta oscillations (Figure 
3B, 3D).

Neurons had a range of phase preferences (Figure 3G, 3J, 
3M), but the mean phases of these spikes relative to the theta 
oscillations differed.  For the small-amplitude population 
spikes in control conditions, the mean phase compared to the 
theta oscillation was 175°.  After nicotine application, the mean 
phase of the large- and small-amplitude population spikes rel-
ative to the theta oscillation were near the initial rising phase 
(210°) and the trough (165°) of the LFP, respectively.  Interest-
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ingly, the spikes with a mean phase of 210° (phase-locking to 
theta) had a higher STA power and SFC (Figure 3O, 3Q, 3W, 
3Y), suggesting that spikes with a mean phase of 210° are well 
synchronized; in contrast, the spikes with a mean phase of 
165° had low STA power and SFC.  Our example experiment 
showed that the STA of each significantly phase-locked neu-
ron showed strong oscillations in the 3–8 Hz range (Figure 3O, 
3S, 3W).

To verify the effect of nicotine is through nAChR activation 
and is not an artifact, we tested the effect of an nAChR blocker 
on nicotine-induced spiking activity.  Figure 4 shows an exam-

ple in which the nicotine-induced spiking activity (large-am-
plitude population spikes) was reduced by the nAChR antago-
nist DHβE (a α4β2 nAChR blocker, the most common form of 
nAChR in the brain), thus verifying the effect of nicotine.

Discussion
In this study, nAChR activation induced LFP oscillations at 
the theta frequency and spiking activity in MSDB slices.  The 
phase-locking to theta oscillations induced by nicotine varied 
for small-amplitude population spikes but was consistent for 
large-amplitude population spikes.  Our results demonstrate a 

Figure 1.  Nicotine-induced small amplitude spikes (≤50 µV) and theta oscillatory activities.  The sampling rate was 1000 Hz.  (A, C) Traces of field 
recordings before and after nicotine application (250 nmol/L).  (B, D) The blue line indicates the spikes (300 Hz high-pass filtered); the red line, the 
oscillatory activities (pass band 4–12 Hz).  (E) Waveform of sorted spikes indicating a single unit recording.  (F) Interspike interval.  (G) Histogram of 
spike phase for the 4–12 Hz oscillation.  (H) Spike-triggered average (STA) of LFPs from 238 spikes.  (I) Frequency spectrum of STA of LFP.  (J) The 
average spectrum of all LFP segments which was used to construct the STA (STP).  (K) Calculation of the spike-field coherence (SFC), a ratio of the 
spectrum of STA divided by STP.
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strong, accurate timing relationship between the large-ampli-
tude population spikes and LFP oscillations, as measured by 
large percentage changes in the SFC.  The LFP-spike relation-
ship can predict memory strength[3, 20]; the strong phase and 
timing relationship between nicotine-induced large-amplitude 
spikes and theta oscillations suggests that nicotine receptor 

activation plays a powerful role in memory enhancement.  Our 
results also suggest that combining methods to assess phase-
locking and SFC can provide a better description of spike-LFP 
oscillations.

Nicotine can induce both small- and large-amplitude popu-
lation spikes.  The mean phase of small-amplitude population 

Figure 2-1.   Nicotine-induced intermediate amplitude spikes (51–99 µV) and theta oscillatory activities.  (A, B) Low-level spontaneous neuronal activity 
in the control condition.  (C, D) Spikes and LFPs in the presence of nicotine.  The sampling rate was 1000 Hz.  ((B, D) Spikes (300 Hz high-pass filtered,
blue line) and the low-frequency component of the LFP (pass band 4–12 Hz, red line).  (E, H, K) Waveforms of sorted spikes indicate multiple unit 
recording before (E) and after nicotine application (H, K).  (F, I, L) Interspike interval frequency plot.  (G, J, M) Histograms of spike phases of three 
waveforms for the 4–12 Hz oscillations.  (G) The mean phase (250°) is in the initial rising phase toward the peak 360° (P=0.0002801) in the control 
condition.  (J, M) Histograms of spike phases for small and relatively large population spikes for the 4–12 Hz oscillations were at 240° (P<10–17, 
Rayleigh test) and 210° (P<10–33, Rayleigh test) in the presence of nicotine.  The mean phases are near trough, but in the initial rising phase.
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spikes is 165°, located in the falling phase near the trough 
(180°) of the LFP.  The mean phase of large-amplitude popula-
tion spikes is 210°, and these are located in the initial rising 
phase.  The difference in phase-locking to the theta oscillation 
between small- and large-amplitude spikes suggests that these 
spikes belong to different types of neurons rather than the 
same type of neurons in different locations.  The MSDB has 
been reported to contain three different types of neurons with 
distinct firing properties: fast firing, slow firing, and burst 
firing[21].

The STA is very sensitive for detecting neuronal synchro-
nization because the LFP averages over many spikes.  If 
spike times have a reliable temporal relationship to the local 
neuronal activity (ie, the LFP), then LFP fluctuations add up 
during the spike-triggered averaging process.  Conversely, if 
spike times have no temporal relationship to the activity of 
the surrounding neurons, fluctuations in the LFP average out 
during STA compilation, thus producing a flat STA.  A flat 
STA was observed in the first case of this study, although the 
phase-locking of these spikes to LFP oscillations appeared to 
be significant (Rayleigh test).  This suggests that the phase 
relationship alone is not enough to describe the spike-LFP rela-
tionship.  In the second and third cases, strong phase-locking 

to the theta oscillations and prominent STA fluctuations were 
observed for large-amplitude spikes during nicotine stimula-
tion.  This is consistent with a previous observation that nico-
tine increases the power of theta oscillations and the number 
of population spikes (data not shown).  These data suggest 
that nicotine receptor activation modifies the spike-timing 
accuracy in the MSDB.  Previous studies demonstrated that 
the spike-timing accuracy was apparent in both the amygdala 
and hippocampus, suggesting that both structures can regu-
late memory strength[3].  We now propose that the MSDB also 
contains neurons that are phase-locked to theta oscillations, 
supporting a role of the MSDB in memory.

The STA results showed that nicotine induced neuronal 
oscillations at both low (3–8 Hz) and high (8–12 Hz) theta 
frequencies.  This may reflect the complicated structures and 
neuronal arrangement in the MSDB or difficulty in finding the 
exact structures for electrode placement[22].

Previous studies have reported that both excitatory and 
inhibitory neurotransmission contribute to the theta oscil-
lations in the MSDB[19, 23].  It is not clear whether the small- 
and large-amplitude spikes correlate with the two different 
types of neurons mentioned above[22].  Given that these spikes 
are phase-locked differently to the theta oscillations, further 

Figure 2-2.  (N) Spike-triggered average (STA) of spikes within 60 s.  (O) Frequency spectrum of STA.  (P) The spike-triggered power (STP) is the average 
spectrum of all LFP segments used to construct the STA.  (Q, U, Y) Spike-field coherence (SFC) before (Q) and after nicotine (U, Y).  SFC was calculated 
as the ratio of the spectrum of STA divided by STP.  The threshold for the spike sorting was ±50 μV.
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research using intracellular recording and immunocytochem-
istry is warranted to identify the types of these spiking neu-
rons.
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