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Abstract
Mouse models have been developed to simulate several relevant human traits associated with alcohol
use and dependence. However, the neurophysiological substrates regulating these traits remain to be
completely elucidated. We have previously demonstrated that differences in the event-related
potential (ERP) responses can be found that distinguish high-alcohol preferring from low alcohol
preferring mice that resemble difference seen in human studies of individuals with high and low risk
for alcohol dependence. Recently, evidence of genes that affect event-related oscillations (EROs)
and the risk for alcohol dependence has emerged, however, to date EROs have not been evaluated
in genetic mouse models of high and low alcohol preference. Therefore, the objective of the present
study was to characterize EROs in mouse models of high (B6 and HAP-1 mice) and low (D2 and
LAP-1 mice) alcohol preference. A time-frequency representation method was used to determine
delta, theta and alpha/beta ERO energy and the degree of phase variation in these mouse models.
The present results suggest that the decrease in P3 amplitudes previously shown in B6 mice,
compared to D2 mice, is related to reductions in evoked delta ERO energy and delta and theta phase
locking. In contrast, the increase in P1 amplitudes reported in HAP-1 mice, compared to LAP mice,
are associated with increases in evoked theta ERO energy. These studies suggest that differences in
delta and theta ERO measures in mice mirror changes observed between groups at high- and low-
risk for alcoholism where changes in EROs were found to be more significant than group differences
in P3 amplitudes, further suggesting that ERO measures are more stable endophenotypes in the study
of alcohol dependence. Further studies are needed to determine the relationship between expression
of these neurophysiological endophenotypes and the genetic profile of these mouse models.
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Animal models of alcoholism have an advantage in that they allow for the control of a number
of characteristics of the animal’s genetic background, prior drug exposure, and to a large extent,
the environment (for review, see Rodd et al., 2004; Lovinger and Crabbe, 2005; Bell et al.,
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2006; Bennett et al., 2006; Sanchis-Segura and Spanagel, 2006). Notably, genetic selection
studies have established high drinking lines of mice and rats (see Bell et al., 2006; Green and
Grahame, 2008). Mice have been increasingly used to examine the neurobiology of alcohol
dependence and comparisons between several inbred mouse strains have shown significant
differences in commonly studied phenotypes related to alcohol dependence (for review, see
Bennett et al., 2006; Crabbe, 2008). For instance, the inbred mouse strains C57BL/6 (B6) and
DBA/2J (D2) exhibit significant differences in their susceptibility to alcohol withdrawal (Buck
et al., 1997; Metten and Crabbe, 2005). B6 mice have shown a low level of withdrawal severity,
whereas D2 mice exhibited extreme withdrawal severity. Moreover, voluntary alcohol intake
differed significantly between B6 and D2 mice. While B6 mice showed high alcohol preference
(~16 g/kg/day), D2 mice exhibited low alcohol preference (~0.2 g/kg/day) (Phillips et al.,
1994; Rodriguez et al., 1995; Ruf et al., 2004).

The genetics of alcohol consumption have also been studied in mice selectively bred for high
and low alcohol preference. After 10 breeding generations, high alcohol preference (HAP-1)
mice consumed greater than 10 g/kg alcohol/day and low alcohol preference (LAP-1) mice
consumed little more than 2 g/kg alcohol/day (Grahame et al., 1999b). Consistent with findings
obtained in low-alcohol preferring D2 mice (Ruf et al., 2004), LAP-1 mice showed greater
alcohol withdrawal severity than HAP-1 mice following acute alcohol exposure (Chester et
al., 2003).

The study of neurophysiological endophenotypes in genetic mouse models with well-
differentiated alcohol-related phenotypes could be an additional tool for identifying
susceptibility genes for alcohol dependence. There is considerable support to develop and study
mice models that simulate several relevant human endophenotypic behavioral traits associated
with alcohol-related phenotypes (Bennett et al., 2006); however, the neurophysiological
substrates regulating these traits remain largely unknown. We have previously characterized
the electrophysiological profile of mice with high and low alcohol preference [B6 vs. D2 mice
(Ehlers and Somes, 2002) and HAP-1 vs. LAP-1 mice (Slawecki et al., 2003)]. These initial
electrophysiological studies provided two basic findings. Firstly, B6 mice were found to have
significantly lower amplitude of the N1a, N1b and P3 event-related potential (ERP)
components, when compared to the D2 strain (Ehlers and Somes, 2002). This finding is similar
to what has been reported for human subjects at differing risk for alcohol dependence (for
review, see Porjesz et al., 2005). Secondly, it was found that that HAP-1 mice have significantly
larger amplitude of the P1 ERP component, when compared to LAP-1 mice (Slawecki et al.,
2003), a finding different from that reported in the human literature. These findings suggest
that genetic mouse models of increased alcohol consumption exhibit different
neurophysiological profiles.

In recent years, there has been considerable debate as to whether the neural basis of ERP
generation originate from an additive, evoked activation of neural assemblies independent of
ongoing EEG, or generated by phase resetting of ongoing EEG oscillations in response to
sensory input (for review, see Sauseng et al., 2007; Rangaswamy and Porjesz, 2008). There is
evidence to suggest that both models may play a role in the basis of the ERP. In fact, it has
been proposed that some ERP components, including the P3 component, arise from
superimposed event-related oscillations (EROs) induced by sensory or cognitive processes that
influence the dynamics of EEG rhythms (e.g. Yordanova and Kolev, 1996; Karakas et al.,
2000; Demiralp et al., 2001). EROs are estimated by a decomposition of the EEG signal into
phase and magnitude information for a range of frequencies and then changes in those
frequencies are characterized over a millisecond time scale with respect to task events. EROs
have been demonstrated to be sensitive measures of both normal and abnormal cognitive
functioning in humans (see Bressler and Freeman, 1980; Klimesch et al., 1994, 1997;
Schurmann et al., 1997, 2001; Doppelmayer et al., 1998; Gevins et al., 1998; Basar et al.,
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1999, 2001a, 2001b, 2001c; Kopell et al., 2000). Additionally, these oscillations have been
linked to several relevant genes associated with alcohol dependence phenotypes (Edenberg et
al., 2004, Jones et al., 2004, 2006b; Porjesz et al., 2005; Begleiter and Porjesz, 2006;
Rangaswamy et al., 2007a, 2007b).

Studies have demonstrated that delta and theta EROs are the primary contributors to the P3
ERP component (Stampfer and Basar, 1985; Basar-Eroglu et al., 1992; Yordanova and Kolev,
1996; Basar et al., 1999; Karakas et al., 2000; Demiralp et al., 2001; Schurmann et al., 2001).
More recently, it was demonstrated that adolescent offspring of alcohol dependent individuals
(high-risk group) showed a reduction in parietal P3 amplitude and in cortical delta and theta
ERO power during the temporal window of the P3 response, compared to age-matched controls
(low-risk group) (Rangaswamy et al., 2007a). This study concluded that since differences in
delta and theta ERO energy between high- and low-risk groups are more significant than group
differences in P3 amplitudes, ERO measures are more stable endophenotypes in the study of
alcohol dependence (Rangaswamy et al., 2007a).

Reductions in P3 amplitude have been related not only to decreased cortical ERO energy but
also to higher phase variability and weaker phase locking. It has been shown that the reduction
of P3 amplitude during retrieval of a working memory task is associated to decreased delta
ERO power and increased phase variability (Schack and Klimesch, 2002). In addition to their
role generating the P3 ERP component, evoked oscillations have been also shown to play a
role in the generation of other ERP components, including the P1-N1 complex. There is
evidence to suggest that alpha and theta evoked power and phase locking plays an important
role in the generation of the P1-N1 complex (Klimesch et al., 2004). However, whether
differences in ERO energy and phase variability play a role in the different neurophysiological
profiles previously reported in mouse models of increased alcohol consumption remains
unclear.

In view of the evidence from human studies of genes linked to EROs (Porjesz et al., 2005),
characterizing the relationship between an alcohol preference phenotype and changes in EROs
in genetic mouse models could provide valuable information of specific changes in brain
oscillatory activity that have been shown to be under genetic control, however, to date EROs
have not been evaluated in these models. The purpose of the present study was to extend our
initial analyses of neurophysiological endophenotypes in these genetic mouse models of high
(B6 and HAP-1) and low (D2 and LAP-1) alcohol preference in the alcohol-naive state by
determining the relationship between their alcohol preference phenotype and cortical
oscillatory activity in response to an auditory oddball paradigm. In this study, we investigated
cortical oscillatory activity in the delta, theta, and alpha/beta frequency ranges, within the
temporal windows of the P1, N1a, N1b and P3 responses, which we previously showed to
distinguish these models in the alcohol-naive state (Ehlers and Somes, 2002, Slawecki et al.,
2003). ERO and PLI analyses were accomplished from the same datasets that were used to
generate the ERP data reported in previous publications (Ehlers and Somes, 2002, Slawecki et
al., 2003). We hypothesize that differences in P3 and N1 amplitudes previously reported in B6
and D2 mice in the alcohol-naive state (Ehlers and Somes, 2002) are associated to differences
in delta and theta ERO energy and theta and alpha/beta ERO energy, respectively. In contrast,
differences in P1 amplitude previously reported in HAP-1 and LAP-1 mice in the alcohol-naive
state (Slawecki et al., 2003) are associated to differences in alpha/beta ERO energy.

EXPERIMENTAL PROCEDURES
Animals

In the first study, 66 male mice, 29 of the C57BL/6 strain (B6) and 37 of DBA/2 strain (D2)
were used. Mice were obtained from The Scripps Research Institute breeding facility, weighing
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between 19 and 30 g. In the second study, 52 male mice, 15 HAP-1 mice, 18 LAP-1 mice and
19 HS/Ibg mice were used. HAP-1, LAP-1 and HS/Ibg mice were obtained from Indiana
University and were from the 20th breeding generation of the first replicate line of HAP and
LAP mice, as previously described (Slawecki et al., 2003). HS/Ibg mice were obtained from
the Institute for Behavioral Genetics at the University of Colorado and served as the progenitor
stock (Grahame et al., 1999b). They were from the 67th breeding generation. All mice were
housed 3–4 per cage in controlled temperature and lighting conditions, with food and water ad
libitum for the duration of the study. Detailed description of the environmental conditions of
mice from both studies can be found elsewhere (Ehlers and Somes, 2002, Slawecki et al.,
2003). The work described herein adheres to the guidelines stipulated in the NIH Guide for the
Care and Use of Laboratory Animals (NIH publication No. 80–23, revised 1996) and was
reviewed and approved by The Scripps Research Institute’s Institutional Animal Care and Use
Committee.

Surgical procedure
Mice were implanted with stainless steel screws (Small Parts, Miami Lakes, FL; size: 000 ×
120 × 1/16th) in three sites in the calvarium under halothane anesthesia (1–2% in O2). Screws
were placed in the skull overlying the frontal cortex (anterioposterior (AP): + 1.7 mm,
mediolateral (ML): ± 1.5 mm; area M1, primary motor) and the parietal cortex (AP: −2.0 mm,
ML: ± 2.0 mm; area PPtA, posterior parietal association area) (Franklin and Paxinos, 1997).
A third screw, which was grounded during recording, was placed posterior to lambda in the
skull overlying the cerebellum. After surgery mice were then returned to their home cages and
allowed 3–9 days to recover before the beginning of electrophysiological studies. Further
details about the surgical procedures have been described previously (Ehlers and Somes,
2002, Slawecki et al., 2003).

Electrophysiological recording procedures
Electroencephalograms (EEG) and ERPs were recorded using Microtech™ recording cables.
ERPs were collected from two monopolar leads (frontal and parietal cortices) referenced to a
grounded electrode overlying the cerebellum (i.e., frontal cortex-ground, parietal cortex-
ground). EEG signals were recorded on a polygraph, with a band pass of 0.3–35 Hz with a 60-
Hz notch filter in. The signals were amplified (75 μV/mm) and the EEG, as well as the
calibration signals, were transferred from the Nihon-Kohden polygraph on-line to a Macintosh
computer, which also controlled the presentation of the auditory stimuli. ERP trials were
digitized at a rate of 256 Hz. Potential artifacts identified by computer software were excluded
only after visual analysis of raw EEG. In the first study, B6 and D2 mice were approximately
between 10 and 14 weeks of age at the time of the electrophysiological recordings. In the second
study, HAP-1, LAP-1 and HS/Ibg mice were initially maintained in a quarantine facility for 7
weeks. They were approximately between 13 and 18 weeks of age at the time of the
electrophysiological recording. These studies have been described previously (Ehlers and
Somes, 2002, Slawecki et al., 2003).

General procedures
EEG and ERP recordings were collected in one recording session in a sound-attenuated and
electrically grounded BRS/LVE recording chamber (90 × 90 × 85 cm). The auditory ERP
session consisted of 312 individual tone presentations or trials. A three-tone auditory ‘oddball’
paradigm that has been developed to directly model studies employed in humans was used
(Putnam and Roth, 1990, Kaneko et al., 1996). Three tone types were presented: a standard
tone (1000 Hz square wave, 70 dB, 84% probability), a rare tone (2000 Hz square wave, 85
dB, 10% probability), and a noise tone (white noise, 100 dB, 6% probability). For study 2, the
standard tone generated was 75 dB. All tones were presented for 20 ms with rise and fall times
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of < 1 ms. Individual trials were 1000 ms in duration (100 ms pre-stimulus + 900 ms post-
stimulus) and were separated by variable intervals ranging from 500 to 1000 ms. At the
conclusion of the testing, all mice were euthanized using CO2 asphyxiation. Further details
about the auditory ERP sessions were described previously (Ehlers and Somes, 2002: Slawecki
et al., 2003).

Event-related oscillations (ERO) and phase locking index (PLI) analyses
ERO and PLI analyses were accomplished from the same datasets that were used to generate
the ERP data reported in previous publications (Ehlers and Somes, 2002, Slawecki et al.,
2003). Data from each trial generated by the stimuli were processed by a time-frequency
analysis algorithm, which utilizes the S-transform (Stockwell et al., 1996), a generalization of
the Gabor transform (Gabor, 1946), defined as:

The S-transform resembles a continuous wavelet but it uses scaled Gaussian windows which
are not, strictly, wavelets. The equation for calculation of the S transform of discrete time series
h(kT) at time jT and frequency n/NT is where T is the sample period of the discrete time series,
j is the sample index, N is the number of samples in the time series, n is the frequency index,
and H[ ] is the Fourier spectrum of the discrete time series. The computer code we use is based
closely on a C language S-transform subroutine available from the NIMH MEG Core Facility
web site (http://kurage.nimh.nih.gov/meglab/). The defining equation of the S-transform is a
convolution integral in continuous time. The method we use is equivalent to the finite discrete
time version of this, but for computational efficiency, multiplications in frequency domain are
used rather than convolution in time domain. The inputs to the S-transform are real, but the
outputs are complex. We use the magnitudes squared of the time-frequency output values,
discarding the corresponding phase angles.

The PLI was calculated to measure phase variability in relation to stimulus onset, as previously
described (Schack and Klimesch, 2002; Klimesch et al., 2004). The PLI, which ranges between
zero and one, is a measure of phase resetting (Schack and Klimesch, 2002). An increased PLI
indicates less phase variability and stronger phase locking to the onset, whereas a reduced PLI
indicates higher phase variability and weaker phase locking (Schack and Klimesch, 2002).

Implicit in this and related methods is the assumption that the trial being analyzed is preceded
by and followed by identical trials. To reduce consequences of resulting discontinuities, we
use a cosine window over the initial and final 100 msec of the input time series of each trial.
The output of the transform for each stimuli and electrode site was calculated by averaging the
individual trials containing the time-frequency energy distributions. To quantify S transform
magnitudes, a region of interest (ROI) was identified by specifying the band of frequencies
and the time interval contained in the rectangular ROI. ERO energy was determined as the
measure of the energy values in the ROI. PLI was determined as the peak amplitude of the PLI
in the ROI. These analyses are similar to what has been previously described (Schack and
Klimesch, 2002; Jones et al., 2004). Baseline corrected post-stimulus activity (900 ms) was
calculated by subtracting pre-stimulus ERO energy values (100 ms) from the post-stimulus
ROI values, as previously described (Padmanabhapillai et al., 2006b). The ROI frequencies
were: delta (1–4 Hz), theta (4–8 Hz) and alpha/beta (8–35 Hz). The ROI time intervals
correspond to the P1/N1a ERP component (0 – 50 ms), N1b/P3a components (50 – 350 ms)
and the P3b component (350 – 800 ms). The duration of time windows for delta, theta and
alpha/beta frequencies were as follow: 50 ms for the P1/N1a ERP component, 300 ms for the
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N1b/P3a component and 450 ms for the P3b component. ROI frequencies and time intervals
are consistent with our previous ERP studies (Ehlers and Somes, 2002, Slawecki et al.,
2003).

Statistical Analysis
Statistical analyses were performed by using SPSS for the Macintosh (SPSS, Inc., Chicago,
IL). Brain regions were assessed independently. Data analyses were performed on ERO energy
and PLI for the ROIs in response to standard, rare and noise tones. Group (B6 vs D2 or HAP-1
vs. LAP-1 vs. HS/Ibg) was assessed as a between subject variable. Tone (standard, rare and
noise) was assessed as within subject repeated measures. To assess between strain differences,
two-way repeated measures ANOVA were used. For all repeated measures analyses,
Greenhouse-Geisser corrected P-values were reported to account for violations of sphericity.
When appropriate, post hoc analysis of two-way repeated measures ANOVA (Group × Tone)
utilized one-way ANOVA to assess strain differences. Post hoc analysis of two-way repeated
measures ANOVA (Tone) utilized pairwise comparisons. Post hoc analysis of one-way
ANOVA (Group) utilized the Least Square Difference (LSD) test. For these analyses, P-value
was set at P < 0.05 to determine the levels of statistical significance. Independent one-way
ANOVA were used to assess baseline differences in ERO energy between strains. To correct
for multiple comparisons of ROIs, P-value was set at P < 0.01 to determine the levels of
statistical significance.

RESULTS
The present study extended our initial analyses of neurophysiological endophenotypes in
genetic mouse models of high and low alcohol preference by characterizing changes in ERO
mean energy and the degree of phase variability in the frontal and parietal cortices. Changes
in ERO energy and PLI were estimated for time-frequency ROIs derived using standard, rare
and noise auditory oddball data. Presentation of auditory oddball stimuli produced changes in
ERO mean energy in the frontal and parietal cortices. While these changes were observed in
all frequency bands studied (delta, theta and alpha/beta), they were dependent on the type of
auditory stimuli used to generate the ERP (standard vs. rare vs. noise). Our findings also suggest
that changes in ERO mean energy were dependent on the cortical region studied (frontal vs.
parietal). Moreover, the present results provide evidence of strain differences in ERO mean
energy and PLI of selected frequency bands within time windows corresponding to ERP
components previously shown to be changed in these models of alcohol preference.

ERO mean energy and phase locking in B6 and D2 mice
Effect of tone type on ERO energy and PLI—Fig. 1A–D illustrates a grand mean S-
transform time-frequency representation of the rare auditory oddball data in the frontal and
parietal cortices obtained from B6 and D2 mice. Visual inspection of the time-frequency
representation of the EROs in Fig. 1A–D show changes in ERO energy following presentation
of the rare tone. As shown in Fig. 1A–B, an increase in ERO energy in the delta, theta and
alpha/beta frequency bands is observed following presentation of the rare tone (vs. baseline).
Changes in ERO energy were also observed following presentation of standard and noise tones
(data not shown). Differences in ERO energy among the three auditory stimuli were observed
in the frontal and parietal cortices when collapsing across B6 and D2 groups.

Two-way repeated measures ANOVA with ERO energy as dependent variable revealed a
significant main effect of Tone in the delta (0–50 ms and 350–800 ms time windows), theta
(0–50 ms time window) and alpha/beta (0–50 ms, 50–350 ms and 350–800 ms time windows)
frequency bands in the frontal cortex (Table 1). Repeated measures ANOVA also showed a
significant main effect of Tone in the delta (50–350 ms and 350–800 ms time windows), theta
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(50–350 ms and 350–800 ms time windows) and alpha/beta (0–50 ms and 350–800 ms time
windows) bands in the parietal cortex (Table 1). Post hoc pairwise comparisons showed lower
ERO mean energy in the frontal and parietal cortices in the delta and theta frequency bands in
response to noise tones (vs. standard and/or rare tones) during the 0–50 ms, 50–350 ms and
350–800 ms time windows (Table 1). Lower ERO energy in the parietal delta and theta bands
(50–350 ms and 350–800 ms time window) was observed in response to rare tones, compared
to standard tones (Table 1). Pairwise analyses indicated lower ERO mean energy in the frontal
and parietal alpha/beta frequency band in response to standard and rare tones (vs. noise) during
the 0–50 ms time window (Table 1). Lower ERO energy in the frontal and parietal alpha/beta
bands (0–50 ms time windows) were also observed in response to standard tones, compared
to rare tones (Table 1). In contrast, lower ERO energy in the frontal and parietal alpha/beta
band (350–800 ms) was observed in response to noise tones, compared to standard tones (Table
1).

Two-way repeated measures ANOVA with PLI as dependent variable revealed a significant
main effect of Tone in the delta, theta and alpha/beta frequency bands (0–50 ms, 50–350 ms
and 350–800 ms time windows) in the frontal and parietal cortices, when collapsing across B6
and D2 groups (Supplementary table 1). Post hoc pairwise comparisons showed larger PLI in
response to noise tones (vs. standard and/or rare tones) during the 0–50 ms, 50–350 ms and
350–800 ms time windows in the frontal and parietal delta, theta and alpha/beta bands. Larger
PLI was also observed in response to rare tones (vs. standard tones) (Supplementary table 1).

ERO differences between B6 and D2 mice: Baseline activity—No differences were
observed in baseline ERO mean energy in the frontal delta and theta bands between B6 and
D2 mice (Supplementary table 2). In contrast, baseline ERO mean energy in the frontal alpha/
beta band was lower in B6 than in D2 mice in response to standard and rare tones
(Supplementary table 2). Baseline ERO energy in the parietal delta, theta and alpha/beta bands
was lower in B6 than in D2 mice in response to standard tones. Lower baseline ERO energy
in the parietal theta and alpha/beta bands was also observed in B6 mice in response to rare
tones and in the parietal theta band in response to noise tones (Supplementary table 2).

ERO differences between B6 and D2 mice: ERO energy and PLI in the 0–50 ms
window
ERO Energy: Significant Group × Tone interaction was observed in the delta band in the
parietal cortex [F(1.8, 112.8) = 4.8; P < 0.05]. Group × Tone interaction in the delta band was
not significant in the frontal cortex (Fig. 2A). Post hoc assessment revealed that the reduction
of parietal delta ERO energy in response to standard [F(1,65) = 9.6; P < 0.005] and rare [F
(1,65) = 5.2; P < 0.05] tones is attenuated in B6 mice, compared to D2 mice (Fig. 2B).

Group × Tone interaction in the theta band was significant in the frontal cortex [F(1.7, 108.8)
= 5.8; P < 0.01], but not in the parietal cortex. Post hoc assessment revealed that B6 mice had
higher ERO energy in the frontal theta band in response to noise tones [F(1,65) = 4.1, P <
0.05]. Significant Group × Tone interaction was found in the alpha/beta band in the frontal and
parietal cortices [frontal: F(1.8, 112.8) = 45.6; P < 0.001; parietal: F(1.6, 103.7) = 38.5; P <
0.001]. Post hoc assessment revealed that B6 mice had lower ERO energy in the frontal alpha/
beta band in response to standard [F(1,65) = 57.2; P < 0.001] and rare [F(1,65) = 8.3; P < 0.01]
tones (Fig. 3A). Post hoc analyses also revealed that B6 mice had lower ERO energy in the
parietal alpha/beta band in response to standard [F(1,65) = 57.5; P < 0.001] and rare [F(1,65)
= 18.4; P < 0.001] tones (Fig. 3B). In contrast, post hoc assessment showed that B6 mice had
higher ERO energy than D2 mice in the frontal and parietal cortices in response to noise tones
[frontal: F(1, 65) = 7.4; P < 0.01; parietal: F(1,65) = 4.7; P < 0.05] (Figs. 3A–B). Figure 1A–
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D illustrates grand-averaged ERO time-frequency representations of the rare tones for the delta
(a: parietal cortex) and alpha/beta (b: frontal and parietal cortices) frequency bands.

PLI: Significant Group × Tone interaction was observed in the delta and theta bands in the
frontal and parietal cortices (Table 2). Post hoc assessment revealed that B6 mice had lower
PLI in the frontal and parietal delta and theta bands in response to standard, rare and noise
tones (Table 2). Post hoc analyses also showed that B6 mice had lower PLI in the frontal and
parietal alpha/beta band in response to standard tones and in the parietal alpha/beta band in
response to rare tones (Data not shown). In contrast, B6 mice showed higher PLI in the frontal
alpha/beta band in response to noise tones (Data not shown). Figure 4A–B illustrates grand-
averaged PLI time-frequency representations of the rare tones for the parietal delta (a) and
theta (b) frequency bands.

ERO differences between B6 and D2 mice: ERO energy in the 50–350 ms window
ERO Energy: Significant Group × Tone interaction was observed in the delta band in the
parietal cortex [F(1.6, 105.4) = 4.8; P < 0.05]. Group × Tone interaction in the delta band was
not significant in the frontal cortex (Fig. 2C). Post hoc assessment revealed that B6 mice had
lower ERO energy in the parietal delta band in response to standard [F(1,65) = 7.7; P < 0.01]
and rare [F(1,65) = 5.7; P < 0.05] tones (Fig. 2D).

Group × Tone interaction in the theta band was not significant in the frontal and parietal
cortices. In contrast, significant Group × Tone interaction was found in the alpha/beta band in
the frontal and parietal cortices [frontal: F(1.8, 116.6) = 22.6; P < 0.001; parietal: F(1.8, 112.6)
= 10.7; P < 0.001]. Post hoc assessment revealed that B6 mice had lower ERO energy in the
frontal alpha/beta band in response to standard [F(1,65) = 16.7; P < 0.001] and rare [F(1,65)
= 9.7; P < 0.005] tones (Fig. 3C). In contrast, post hoc analyses revealed no significant
differences in parietal alpha/beta band ERO energy between B6 and D2 mice (Fig. 3D). Figure
1A–D illustrates grand-averaged ERO time-frequency representations of the rare tones for the
delta (c: parietal cortex) and alpha/beta (d: frontal cortex) frequency bands.

PLI: Significant Group × Tone interaction was observed in the delta and theta band in the
parietal, but not in the frontal cortex (Table 2). Post hoc assessment revealed that B6 mice had
lower PLI in the parietal delta and theta bands in response to standard, rare and noise tones
(Table 2). Post hoc analyses also showed that B6 mice had lower PLI in the frontal and parietal
alpha/beta band in response to standard tones and in the parietal alpha/beta band in response
to rare tones (Data not shown). In contrast, B6 mice showed higher PLI in the frontal alpha/
beta band in response to noise tones (Data not shown). Figure 4A–B illustrates grand-averaged
PLI time-frequency representations of the rare tones for the parietal delta (c) and theta (d)
frequency bands.

ERO differences between B6 and D2 mice: ERO energy in the 350–800 ms
window
ERO Energy: Group × Tone interaction in the delta band was significant in the parietal cortex
[F(1.9, 120.4) = 3.8; P < 0.05], but not in the frontal cortex (Figs. 2E–F). However, post hoc
assessment revealed no significant differences in ERO energy in the parietal delta band between
B6 and D2 mice (Fig. 2F). Group × Tone interaction in the theta band was significant in the
frontal cortex [F(1.5, 95.1) = 7.3; P < 0.005], but not in the parietal cortex. Post hoc assessment
revealed that B6 mice had higher ERO energy in the frontal theta band in response to standard
[F(1,65) = 4.4; P < 0.05], rare [F(1,65) = 7.3; P < 0.01] and noise [F(1,65) = 9.7; P < 0.005]
tones.
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Significant Group × Tone interaction was found in the alpha/beta band in the parietal cortex
[F(1.8, 113.4) = 5.1; P = 0.01], but not in the frontal cortex (Figs. 3E–F). Post hoc assessment
revealed that B6 mice had lower ERO energy in the parietal alpha/beta band in response to
standard [F(1,65) = 4.2; P < 0.05] and rare [F(1,65) = 7.1; P = 0.01] tones (Fig. 3F). Figure
1A–B illustrates grand-averaged ERO time-frequency representations of the rare tones for the
theta (e) and alpha/beta (f) frequency bands in the frontal cortex.

PLI: Significant Group × Tone interaction was observed in the delta and theta bands in the
parietal and frontal cortices [delta: frontal: F(1.8, 116.7) = 5.4; P < 0.01; parietal: F(1.5, 98.0)
= 5.6; P = 0.01; theta: frontal: F(1.8, 115.4) = 5.3; P < 0.01; parietal: F(1.8, 112.6) = 10.7; P
= 0.01]. Post hoc assessment revealed that B6 mice had lower PLI in the parietal and frontal
delta band in response to standard, rare and noise tones (Data not shown). Post hoc analyses
also showed that B6 mice had lower PLI in the frontal and parietal theta band in response to
standard tones and rare tones (Data not shown). In contrast, Group × Tone interaction was not
significant in the alpha/beta band in the frontal and parietal cortices.

ERO mean energy and phase locking in HAP-1, LAP-1 and HS/Ibg mice
Effect of tone type on ERO energy and PLI—Fig. 5A–C illustrates a grand mean S-
transform time-frequency representation of the rare auditory oddball data in the frontal cortex
obtained from HAP-1, LAP-1 and HS/Ibg mice. Visual inspection of the time-frequency
representation of the EROs in Fig. 5A–C show changes in ERO energy following presentation
of the rare tone. As shown in Fig. 5A–C, an increase in ERO energy in the delta, theta and
alpha/beta frequency bands is observed following presentation of the rare tone (vs. baseline).
Changes in ERO energy were also observed following presentation of standard and noise tones
(data not shown). Differences in ERO energy among the three auditory stimuli were observed
in the frontal and parietal cortices when collapsing across HAP-1, LAP-1 and HS/Ibg groups.
Two-way repeated measures ANOVA with ERO energy as dependent variable revealed a
significant main effect of Tone in the delta (0–50 ms, 50–350 ms and 350–800 ms time
windows), theta (0–50 ms and 350–800 ms time windows) and alpha/beta (0–50 ms, 50–350
ms and 350–800 ms time windows) frequency bands in the frontal cortex (Table 3). Repeated
measures ANOVA also showed a significant main effect of Tone in the delta and theta (50–
350 ms and 350–800 ms time windows) bands and in the alpha/beta (0–50 ms and 350–800
ms time windows) band in the parietal cortex (Table 3). Post hoc pairwise comparisons showed
lower ERO mean energy in the frontal and parietal delta band in response to noise tones (vs.
standard and/or rare tones) during the 0–50 ms, 50–350 ms and 350–800 ms time windows
(Table 3). Higher ERO energy in the frontal theta (0–50 ms time window) band and frontal
and parietal alpha/beta (0–50 ms and 50–350 ms time windows) band was observed in response
to noise tones (vs. standard and/or rare tones) (Table 3). In contrast, lower ERO energy in the
frontal alpha/beta band (350–800 ms time window) and parietal theta and alpha/beta bands
(50–350 ms and 350–800 ms time windows) was observed in response to noise tones, compared
to standard and rare tones (Table 3).

Two-way repeated measures ANOVA with PLI as dependent variable revealed a significant
main effect of Tone in the delta, theta and alpha/beta (0–50 ms, 50–350 ms and 350–800 ms
time windows) frequency bands in the frontal and parietal cortices, when collapsing across
HAP-1, LAP-1 and HS/Ibg groups (Supplementary table 3). Post hoc pairwise comparisons
showed larger PLI in response to noise tones (vs. standard and/or rare tones) during the 0–50
ms, 50–350 ms and 350–800 ms time windows in the frontal and parietal delta, theta and alpha/
beta bands. Larger PLI was also observed in response to rare tones, compared to standard tones
(Supplementary table 3).
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ERO differences among HAP-1, LAP-1 and HS/Ibg mice: Baseline activity—No
differences were observed in baseline ERO mean energy in the frontal and parietal delta, theta
and alpha/beta bands among HAP-1, LAP-1 and HS/Ibg mice (Supplementary table 4).

ERO differences between HAP-1, LAP-1 and HS/Ibg mice: ERO energy and PLI
in the 0–50 ms window
ERO Energy: Group × Tone interaction in the delta, theta and alpha/beta bands in the 0 to 50
ms time window were not significant in the frontal and parietal cortices among HAP-1, LAP-1
and HS/Ibg mice.

PLI: Significant Group × Tone interaction was observed in the theta band in the frontal [F
(3.3, 80.4) = 4.5; P < 0.005], but not in the parietal cortex. Post hoc assessment revealed that
HAP-1 mice had higher PLI than HS/Ibg mice in response to standard tones (Data not shown).
No Group × Tone interaction was observed in the delta and alpha/beta bands in the frontal and
parietal cortices (Data not shown). Supplementary figure 1A–C illustrates grand-averaged PLI
time-frequency representations of the rare tones for HAP-1, LAP-1 and HS/Ibg mice.

ERO differences between HAP-1, LAP-1 and HS/Ibg mice: ERO energy and PLI
in the 50–350 ms window
ERO Energy: Group × Tone interaction in the delta and alpha/beta bands were not significant
in the frontal and parietal cortices. In contrast, significant Group × Tone interaction was found
in the theta band in the frontal cortex [F(2.9, 71.5) = 4.1; P = 0.01] (Fig. 6), but not parietal
cortex. Post hoc assessment revealed that HAP-1 mice had higher ERO energy than LAP-1
mice in the frontal theta band in response to rare tones [F(2,51) = 3.8; P < 0.05] (Fig. 6). Post
hoc analyses revealed that LAP-1 mice had lower ERO energy than HS/Ibg mice in frontal
theta band in response to standard [F(2,51) = 3.9; P < 0.05], rare [F(2,51) = 3.8; P < 0.05] and
noise [F(2,51) = 3.7; P < 0.05] tones (Fig. 6). Figure 5A–C illustrates grand-averaged ERO
time-frequency representations of the rare tones for the theta frequency band.

PLI: Significant Group × Tone interaction was observed in the delta band in the frontal (Table
4), but not in the parietal cortex. Post hoc assessment revealed that HS/Ibg mice had lower PLI
than HAP-1 and LAP-1 mice in response to rare tones (Table 4). No Group × Tone interaction
was observed in the theta and alpha/beta bands in the frontal and parietal cortices (Table 4).
Supplementary figure 1A–C illustrates grand-averaged PLI time-frequency representations of
the rare tones for HAP-1, LAP-1 and HS/Ibg mice.

ERO differences between HAP-1, LAP-1 and HS/Ibg mice: ERO energy and PLI
in the 350–800 ms window
ERO Energy: Group × Tone interaction in the delta, theta and alpha/beta bands in the 0 to 50
ms time window were not significant in the frontal and parietal cortices among HAP-1, LAP-1
and HS/Ibg mice.

PLI: Significant Group × Tone interaction was observed in the delta band in the frontal [F
(3.0, 73.6) = 3.1; P < 0.05], but not in the parietal cortex. Post hoc assessment revealed no
significant differences between HAP-1, LAP-1 and HS/Ibg mice in response to standard, rare
and noise tones (Data not shown). No Group × Tone interaction was observed in the theta and
alpha/beta bands in the frontal and parietal cortices (Data not shown).

DISCUSSION
Substantial evidence has emerged to suggest that brain oscillations represent
neurophysiological correlates of human information processing and cognitive function (Basar
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et al., 1999; Karakas et al., 2000). More recently, emphasis has been placed on understanding
their genetic basis and their potential regulatory role on neural function. As a result, brain
oscillations have been proposed to be endophenotypes for complex genetic disorders, including
drug addiction and psychiatric disorders (for reviews, see Begleiter and Porjesz, 2006). The
Collaborative Study on the Genetics of Alcoholism (COGA) has employed brain oscillations
as endophenotypes to search for genes involved in alcohol dependence. Findings from their
studies have identified several genes that increase the susceptibility for risk of alcohol
dependence. Those studies have also achieved significant progress in identifying EROs
associated with generating the P3 component and several genes potentially involved in their
regulation (for reviews, see Porjesz et al., 2005; Begleiter and Porjesz, 2006; Rangaswamy and
Porjesz, 2008).

Recent research efforts have focused on studying genes that may regulate EROs associated
with increased susceptibility to alcohol dependence. Studies have shown that alcohol
dependent individuals manifest significantly less evoked theta and delta ERO power than age-
matched controls (Jones et al., 2006a). Rangaswamy et al. (2007a) showed that adolescent
offspring of alcohol dependent individuals have reduced delta and theta ERO power. Findings
from those studies suggest that a decrease in theta and delta EROs may antecede the
development of alcohol dependence. Studies have shown significant linkage and association
between frontal theta ERO power and the cholinergic muscarinic receptor gene (CHRM2) on
chromosome 7 (Jones et al., 2004, 2006b). There is also evidence to suggest a significant
association between the parietal delta ERO power and CHRM2 (Jones et al., 2004, 2006b).
However, the relationship between an alcohol preference phenotype and changes in EROs are
not well understood in genetic mouse models of high and low alcohol preference. The present
study sought to examine whether EROs generated by auditory stimuli differentiated mice
differing in traits known to influence their amount of alcohol consumption.

Effects of a passive three-tone auditory ‘oddball’ paradigm on ERO energy and PLI
Several laboratories have provided ample evidence to suggest that ERP components, including
a late positivity, can be obtained from mice (see Ehlers and Somes, 2002; Siegel et al., 2003;
Umbricht et al., 2005). Like most ERP studies using rodents as subjects a “passive” auditory
oddball paradigm has been used to generate ERPs in mice. The advantages of a passive
paradigm are that it can be administered to human and other animal subjects without extensive
prior training, and it does not require the subject to respond to the stimuli. These passive
paradigms have been efficiently used in mouse studies where large numbers of subjects are
necessary for instance, in the screening of drugs or testing line/sex differences (Slawecki et
al., 2003; Connolly et al., 2004; Maxwell et al., 2004; Amann et al., 2008; Ehrlichman et al.,
2008; Gandal et al., 2008; Rudnick et al., 2009).

B6 and D2 mice—While ERPs have been successfully recorded in a number of animal
species the use of ERO technology to study brain function in animal models has been less
applied (Schurmann et al., 2000). The present studies extend and confirm findings
demonstrating that EROs can be recorded in mice. EROs have been previously reported in the
delta, theta and alpha/beta ranges in response to auditory stimuli that were impacted by
differences in stimulus characteristics (Ehlers and Criado, in press). In that study oscillations
in the 7.5–40 Hz frequencies were found to be significantly affected in the 0–50 msec time
range in response to differences in tone frequency. Whereas, changes in tone loudness produced
changes in oscillations in the 7.5–40 Hz frequencies in the 350–800 msec range. In a separate
study, evoked gamma oscillations were reported in mice that were enhanced by nicotine and
blocked by pretreatment with mecamylamine (Phillips et al., 2007).

Criado and Ehlers Page 11

Neuroscience. Author manuscript; available in PMC 2010 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Our previous studies in B6 and D2 mice showed that the mouse P3 and N1 amplitudes were
significantly larger in response to the rare tones, compared to the standard tones (Ehlers and
Somes, 2002). Our present findings showed that ERO energy was not significantly greater in
response to the rare tones, compared to the standard tones. However, PLI values in the 0–50
ms and 50–350 ms time window were significantly higher in rare tones, compared to standard
tones. These findings suggest that an increase in phase locking and reduction in phase
variability could be responsible for the larger P3 and N1 ERP amplitudes in response to the
rare tones.

HAP-1, LAP-1 and HS/Ibg mice—We previously showed that, collapsed across lines,
frontal N1a and N1b amplitudes increased as a function of the tone loudness. In general, frontal
and parietal N1a and N1b amplitudes were greater when the noise tone was presented,
compared to the rare and standard tones (Slawecki, et al., 2003). The present findings showed
greater frontal theta and alpha/beta ERO energy in response to noise tones during the 0–50 ms
and 50–350 ms time windows, compared to standard tones. PLI values in the 0–50 ms and 50–
350 ms time windows were significantly higher in noise tones, compared to standard and rare
tones. These findings suggest that an increase in phase locking and reduction in phase
variability could be responsible for the larger N1a and N1b amplitudes in response to the noise
tones.

ERO and PLI analyses in B6 and D2 mice
We previously demonstrated that B6 and D2 strains did not differ in overall EEG amplitudes
(Ehlers and Somes, 2002). However, B6 mice showed significantly lower amplitude in the N1
and P3 ERP components in frontal and parietal cortices, when compared to the D2 strain. These
findings suggested that B6 mice exhibited lower ‘responsivity’ to neurosensory stimuli and
further confirmed that decreased P3 amplitude in this mouse model is associated with increased
risk for enhanced alcohol consumption. The N1 component consists of the N1a component, a
large negative component that peaks between 20 and 30 ms, and the N1b component, a broader
negative component that peaks between 80 and 90 ms. The P3 component is a broad positive
wave that peaks between 200 and 300 ms (Ehlers and Somes, 2002). Findings from the present
study indicate that lower evoked alpha/beta band energy in the 0 to 50 ms time window, in
response to standard and rare tones, may mediate the reduction in N1a amplitudes in B6 mice,
compared to D2 mice. Consistent with their reduced N1a amplitudes (Ehlers and Somes,
2002), lower evoked alpha/beta band energy in B6 mice were observed in both frontal and
parietal cortices. The negative values of the baseline-corrected delta ERO energy in the 0 to
50 ms time window suggest a significant reduction, below baseline ERO energy levels, in
frontal and delta ERO energy following presentation of all auditory tones (0 to 50 ms time
window). Compared to D2 mice, B6 mice showed a significant attenuation of the reduction in
evoked parietal delta band in the 0 to 50 ms time window. While the functional significance
of these findings is presently unclear, attenuation of this time-dependent inhibitory effect on
delta ERO energy may be also contributing to the reduced N1a amplitudes in the parietal cortex
of B6 mice.

B6 mice also exhibited reduced delta ERO energy in the 50 to 350 ms time window in the
parietal cortex. Since decreased N1b and P3 amplitudes were previously reported in B6 mice
(Ehlers and Somes, 2002), lower energy in the delta frequency band may mediate reduced N1b
and P3 amplitudes in B6 mice. The present results also demonstrated reduced delta and theta
PLI in B6 mice, compared to D2 mice. These findings suggest that decreased N1b and P3
amplitudes are associated with reduced delta and theta PLI. Interestingly, our results also
demonstrated higher energy in the evoked frontal theta band in the 350–800 ms time window
of B6 mice, compared to D2 mice. Further study is needed to characterize the functional
significance of this increase in the energy of the evoked frontal theta band.
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Genetic sensitivity to convulsants during alcohol withdrawal has been studied in different
mouse strains to determine the neurochemical mechanisms regulating the symptoms of alcohol
withdrawal associated with each strain. For instance, while high-alcohol preferring B6 and
low-alcohol preferring D2 mice have been shown to exhibit significant differences in voluntary
alcohol intake (Metten and Crabbe, 2005), these strains also differ in their susceptibility to
alcohol withdrawal. B6 mice have shown low levels of withdrawal severity, whereas D2 mice
exhibit high levels of withdrawal severity (Ruf et al., 2004). Moreover, studies by Metten and
Crabbe found that, compared to D2 mice, B6 mice were also less sensitive to administration
of bicuculline during alcohol withdrawal (Metten and Crabbe, 2005). This reduced sensitivity
in B6 mice was also observed with other pro-convulsant drugs acting on GABAA receptors,
including tert-butyl-bicyclo-2,2,2-phosphorothionate (TBPS) and 5-(2-cyclohexylidene-
ethyl)-5-ethyl barbituric acid (CHEB) (Metten and Crabbe, 2005). These findings led Metten
and Crabbe to suggest that B6 mice have deficits in GABAergic receptor function (Metten and
Crabbe, 2005).

The present study did not test whether deficits in GABAergic receptor function are responsible
for the lower energy in the evoked frontal alpha/beta band observed in the 0 to 50 ms, 50 to
350 ms and 350 to 800 ms time windows in B6 mice, compared to D2 mice. However, there
is evidence suggesting that deficits in GABAergic receptors are associated with beta
oscillations and with an increased risk for developing alcohol dependence. For instance,
inhibitory GABAergic interneurons may play an important role generating high-frequency
EEG rhythms such as beta and gamma oscillations (Whittington et al., 2000). Evidence from
human studies suggests deficits in GABA/benzodizepine receptors in the brains of individuals
at risk for alcohol dependence (Volkow et al., 1995). Consistent with these findings, Porjesz
and colleagues reported significant linkage and linkage disequilibrium between a GABAA
receptor gene on chromosome 4 and beta oscillations (Porjesz et al., 2002). Moreover, a
GABAA receptor gene encoding the alpha-2 subunit has also been associated with beta
oscillations and DSM-IV-TR diagnosis of alcohol dependence (Edenberg et al., 2004). Studies
have also shown that gamma oscillations, which are also regulated by GABAergic mechanisms
(Whittington et al., 2000), are attenuated in individuals diagnosed with alcohol dependence
and at risk for alcohol dependence (Padmanabhapillai et al, 2006a, 2006b). More recently,
attenuated evoked-beta band oscillations have been reported in alcohol dependent individuals
(Rangaswamy et al., 2007b). While these findings suggest that deficits in beta oscillations and
GABAA receptor function are associated with increased risk of alcohol dependence, future
studies in B6 and D2 mice could provide a better understanding of the relationship between
GABAA receptor function, beta oscillations and the risk of alcohol dependence.

B6 mice have been also shown to be less susceptible than D2 mice to the proconvulsant effects
of the glutamate agonist N-methyl-D-aspartate (NMDA) and the potassium channel antagonist
4-aminopyridine (Kosobud and Crabbe, 1990; Metten and Crabbe, 2005). These data suggest
that, compared to D2 mice, B6 mice have deficits in neural mechanisms mediating inhibitory
(e.g., GABAergic system) and excitatory (e.g., NMDA and potassium channel functions)
neurotransmission in the CNS. Moreover, microdialysis studies have also shown that B6 mice
exhibit lower basal levels of acetylcholine (ACh) in the hippocampus than D2 mice (Imperato
et al., 1996). Evidence from human studies has implicated genes regulating glutamatergic and
cholinergic function with delta and theta oscillatory activity in individuals at risk of alcohol
dependence (for review, see Rangaswamy and Porjesz, 2008). However, further research is
needed to determine the relationship between these neurotransmitter systems, cortical
oscillatory activity and alcohol preference in B6 and D2 mice.

Previous studies using the taste conditioning procedure have shown that B6 and D2 mice also
differ in the taste sensitivity to alcohol (Risinger and Cunningham, 1995). Quantitative train
locus (QTL) analyses in different strains of mice, including B6 and D2, have identified several
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chromosomal regions containing genes that may play a role in the development of alcohol-
induced conditioned taste aversion (Risinger and Cunningham, 1998). These studies found
taste conditioning QTLs on different chromosomes, including chromosome 7 that encode
CHRM2. These finding are consistent with differences in cholinergic function between B6 and
D2 mice (Imperato et al., 1996). Evidence of significant linkage and association between frontal
theta ERO power and CHRM2 has also been shown in humans (Jones et al., 2004, 2006b).
However, the relationship among cortical ERO energy, alcohol taste and CHRM2 in B6 and
D2 mice is still unclear. Findings from the present study showed that baseline ERO energy in
the frontal alpha/beta band and in the parietal delta, theta and alpha/beta bands were
significantly reduced in B6 mice, compared to D2 mice. Studies have shown behavioral
differences between B6 and D2 mice (Crawley et al., 1997; Mayeda and Hofstetter, 1999).
Findings from these studies indicated that B6 mice showed higher levels of motor activity and
better performance in the Morris water maze and contextual fear conditioning tasks than D2
mice. In contrast, while B6 mice showed greater baseline startle responses than D2 mice, they
showed reduced levels of anxiety-like behaviors and prepulse inhibition (PPI) than D2 mice
(Crawley et al., 1997; DuBois et al., 2006). Whether the neural mechanisms mediating
behavioral differences between B6 and D2 mice play a role in the strain-dependent differences
in cortical ERO energy remain unclear. While ERO and PLI analyses were performed with
baseline-corrected values, future studies are needed to determine whether strain-dependent
behavioral activity and basal levels of ERO activity and phase locking play a role in the different
neurophysiological profile found between B6 and D2 mice.

ERO and PLI analyses in HAP-1, LAP-1 and HS/Ibg mice
Studies have shown that while HAP-1 mice consume two to three times more alcohol than
LAP-1 mice (Grahame et al., 1999a), LAP-1 mice showed greater alcohol withdrawal severity
following acute alcohol exposure (Chester et al., 2003). These differences between HAP-1 and
LAP-1 mice are consistent with differences in alcohol consumption between B6 and D2 mice.
However, the electrophysiological profile distinguishing HAP-1 from LAP-1 mice (Slawecki
et al., 2003) differs from our earlier results characterizing B6 and D2 mice (Ehlers and Somes,
2002). We previously showed that HAP-1 mice had significantly larger amplitude in the P1
ERP component compared to LAP-1 and HS/Ibg mice (Slawecki et al., 2003). This increased
P1 amplitude in the frontal cortex was one of the neurophysiological variables that
differentiated HAP-1 from LAP-1 mice. In addition, we showed that EEG peak frequency was
lower in LAP-1 mice in the 2–4 Hz and 8–16 Hz EEG bands of the frontal cortex, compared
to HAP-1 mice (Slawecki et al., 2003). In contrast, average cortical EEG power was not
different between HAP-1 and LAP1 mice (Slawecki et al., 2003). These electrophysiological
findings suggest that increased P1 amplitude and increased delta and alpha EEG peak
frequencies are the most likely variables indexing susceptibility to high alcohol consumption
and preference in ‘high risk” HAP-1 mice compared to ‘low risk’ LAP-1 mice. The P1
component is a large positive component that peaks between 45 and 60 ms (Slawecki et al.,
2003). In our original ERP study (Slawecki et al., 2003), assessment of the neurophysiological
profile in HS/Ibg mice allowed for the determination of which line, the HAP-1 or the LAP-1,
deviated most from the progenitor stock. These initial studies found that HAP-1 mice consumed
more alcohol and had higher alcohol preference than LAP-1 and HS/Ibg mice (Slawecki et al.,
2003). P1 amplitude was greater in HAP-1 mice than in LAP-1 and HS/Ibg mice (Slawecki et
al., 2003). In contrast, the present study found that HAP-1, LAP-1 and HS/Ibg mice showed
no significant differences in ERO energy in the delta, theta and alpha/beta bands in the 0 to 50
ms time window. However, we found that HAP-1 mice showed higher theta ERO energy than
LAP-1 mice in the 50–350 ms time window, in response to rare tones. In contrast, HAP-1 and
LAP-1 mice showed no significant differences in theta PLI. Differences in P1 amplitude
between HAP-1 and LAP-1 mice were observed in all three tones (Slawecki et al., 2003),
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whereas differences in theta ERO energy between HAP-1 and LAP-1 were only observed in
response to rare tones.

The amplitude of the P1 component has been associated with increased arousal and attention
(Coull, 1998). Studies in high-alcohol-drinking (HAD) and low-alcohol-drinking (LAD) rats
from replicate line 2 (HAD-2 and LAD-2) have also shown that HAD-2 rats have increased
P1 amplitude compared to LAD-2 rats (Katner et al., 2002). We previously speculated that
increased P1 amplitude in HAP-1 mice, compared to LAP-1 mice, could indicate an increased
level of arousal or attention in HAP-1 mice (Slawecki et al., 2003). However, this hypothesis
is not supported by the fact that alpha/beta EROs, which have been shown to reflect attentional
demands (Klimesch et al., 1998), were not different between HAP-1 and LAP-1 mice in the
present study. Interestingly, findings from our previous study also suggested that HAP-1 mice
showed a significantly higher frontal EEG peak alpha frequency than LAP-1 and HS/Ibg mice
(Slawecki et al., 2003). Consistent with the increase in P1 amplitude, these findings were not
observed in the parietal cortex. Whether the higher frontal EEG peak alpha frequency played
a role in the increase in P1 amplitude in HAP-1 mice remains unclear.

Previous studies have shown behavioral differences between HAP-1 and LAP-1 mice
(Grahame et al., 2000; Chester and Barrenha, 2007). While HAP-1 mice showed greater
baseline startle responses and PPI than LAP-1 mice, both strains showed similar baseline levels
of motor activity. However, since findings from the present study showed that baseline energy
ERO activity was not significantly different among HAP-1, LAP-1 and HS/Ibg mice, these
different phenotypes do not account for the findings in the present study. Studies by Chester
and colleagues (2003) using the taste conditioning procedure showed that HAP-1 and LAP-1
mice also differ in the taste sensitivity to alcohol. QTL analyses in HAP-1 and LAP-1 mice
have identified several chromosomal regions containing genes that may play a role in alcohol
preference (Bice et al., 2006, 2008). Initial studies in HAP-1 and LAP-1 mice found a QTL on
chromosome 9 near the gene that encodes the dopamine D2 receptor, Drd2 (Bice et al.,
2006). More recently, Bice et al. (2008) found that alcohol-naive HAP-1 mice showed
significantly reduced levels of Drd2 mRNA expression in the nucleus accumbens and
hippocampus, compared to LAP-1 mice. These findings are consistent with previous
observations by Belknap and Atkins (2001) and Cunningham (1995) of a QTL near the
Drd2 locus on chromosome 9 influencing alcohol consumption and conditioned-place
preference. While those findings support the hypothesis that lower expression levels of D2
receptors may increase the risk to alcohol and drug use (e.g., Volkow et al., 1999), it is still
unclear whether differences in the neurophysiological profile in HAP-1 and LAP-1 mice might
be associated with any of these QTLs.

CONCLUSION
Considerable progress has been made to develop mouse and rat models that simulate several
relevant human endophenotypic behavioral traits associated with alcohol-related problems.
Our initial electrophysiological studies found that ERP responses that distinguish high-alcohol
preferring B6 mice from low-alcohol preferring D2 mice (decreased N1 and P3 amplitudes)
differ from the ERP responses that distinguish HAP-1 from LAP-1 mice (increased P1
amplitude) (Ehlers and Somes, 2002, Slawecki et al., 2003). The present study extended our
initial analyses in these genetic mouse models and found that the decrease in P3 amplitudes
previously shown in B6 mice, compared to D2 mice, is related to reductions in evoked delta
ERO energy and delta and theta phase locking. We found no evidence supporting our
hypothesis that reductions in theta ERO energy are associated with reduced P3 amplitudes in
B6 and D2 mice. Our data also suggest that the increase in P1 amplitudes reported in HAP-1
mice, compared to LAP mice, is associated with increases in evoked theta ERO energy, not in
alpha/beta ERO energy. These studies suggest that differences in delta and theta ERO measures
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in mice mirror changes observed between groups at high- and low-risk for alcoholism where
changes in EROs were found to be more significant than group differences in P3 amplitudes,
further suggesting that ERO measures are more stable endophenotypes in the study of alcohol
dependence. Further studies are needed to determine the relationship between the expression
of these neurophysiological endophenotypes and the genetic profile of these mouse models.
Understanding the relationship between evoked oscillatory activity, phase resetting and ERP
responses in mouse models with high and low alcohol preference may provide insight into the
brain processes underlying susceptibility to alcohol dependence.
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Figure 1.
Time-frequency representation of evoked delta, theta and alpha/beta bands energy distribution
of rare stimuli in the frontal and parietal cortices in B6 and D2 mice. Time-frequency responses
of evoked theta (e) and alpha/beta (b, d, f) bands energy distribution to rare stimuli in B6 (A)
and D2 (B) mice in the frontal cortex. Time-frequency responses of evoked delta (a, c) and
alpha/beta (b, f) bands energy distribution to rare stimuli in B6 (C) and D2 (D) mice in the
parietal cortex. Time-frequency ROI windows used were 0 – 50 ms, 50 – 350 ms and 350 –
800 ms (white squares).

Criado and Ehlers Page 22

Neuroscience. Author manuscript; available in PMC 2010 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mean amplitude values of ERO energy for delta bands in response to standard, rare and noise
stimuli in the frontal and parietal cortices. B6 mice showed attenuation of post-stimulus
decrease in delta ERO energy in the 0–50 ms time window in response to standard and rare
tones in the parietal cortex (B). B6 mice showed lower delta ERO energy than D2 mice in the
50–350 ms time window in response to standard and rare tones in the parietal cortex (D). * =
Significant differences between B6 and D2 mice (P < 0.05).
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Figure 3.
Mean amplitude values of ERO energy for evoked alpha/beta band in response to standard,
rare and noise tones in frontal and parietal cortices. B6 mice showed lower ERO energy than
D2 mice in the alpha/beta band in response to standard and rare tones in the frontal cortex
(A: 0–50 ms; C: 50–350 ms; E: 350–800 ms). B6 mice showed lower ERO energy than D2
mice in the alpha/beta band in response to standard (B: 0–50 ms) and rare (B: 0–50 ms; F: 350–
800 ms) in the parietal cortex. In contrast, Bt mice showed higher ERO energy than D2 mice
in response to noise tones in the frontal (A: 050 ms) and parietal (B: 0–50 ms) cortices. * =
Significant differences between B6 and D2 mice (P<0.05).
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Figure 4.
Time-frequency representation of evoked delta, theta and alpha/beta bands PLI distribution of
rare stimuli in the parietal cortex in B6 and D2 mice. Time-frequency responses of evoked
delta (a, c) and theta (b, d) bands PLI distribution to rare stimuli in B6 (A) and D2 (B) mice in
the parietal cortex. Time-frequency ROI windows used were 0 – 50 ms and 50 – 350 ms (white
squares).
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Figure 5.
Time-frequency representation of evoked delta, theta and alpha/beta bands energy distribution
of rare stimuli in the frontal cortex in HAP-1, LAP-1 and HS/Ibg mice. Time-frequency
responses of evoked theta band energy distribution to rare stimuli in HAP-1 (A), LAP-1 (B)
and HS/Ibg (C) mice in the frontal cortex. Time-frequency ROI windows used was 50 – 350
ms (white squares).
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Figure 6.
Mean amplitude values of ERO energy for theta bands in response to standard, rare and noise
stimuli in the frontal cortex. LAP-1 mice showed lower ERO energy than HAP-1 mice in the
350–800 ms time window in the theta band in response to rare tones. LAP-1 mice showed
lower ERO energy than HS/Ibg mice in response to standard, rare and noise tones. * =
Significant differences between HAP-1 and LAP-1 mice (P < 0.05). & = Significant differences
between HS/Ibg and LAP-1 mice (P < 0.05).
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Table 1
Tone Main Effects of ERO energy in B6 and D2 mice

Standard Tone Rare Tone Noise Tone Tone Effects

Frontal

0–50 ms

Delta Band −51.1 ± 2.8 −52.1 ± 3.0 −57.6 ± 3.4& F(1.5,96.1)=8.9, P<0.005

Theta Band −74.8 ± 4.3 −73.7 ± 4.4 −84.2 ± 5.3& F(1.7,108.8)=7.9, P<0.005

Alpha/Beta Band 332.6 ± 25.6 457.3 ± 31.4@ 676.1 ± 43.8& F(1.8,112.8)=54.3, P<0.001

50–350 ms

Delta Band 432.4 ± 30.2 428.8 ± 31.7 423.3 ± 27.6 F(1.4,89.0)=0.25, NS

Theta Band 1288.6 ± 70.4 1309.6 ± 79.0 1369.2 ± 87.9 F(1.5,95.1)=2.9, NS

Alpha/Beta Band 2804.9 ± 116.2 2868.9 ± 138.1 2976.8 ± 138.5 F(1.8,116.6)=3.7, P<0.05

350–800 ms

Delta Band 661.9 ± 46.9** 658.3 ± 51.1 601.7 ± 40.6 F(1.3,84.1)=5.7, P<0.05

Theta Band 1874.3 ± 101.9 1940.4 ± 110.5 1815.5 ± 128.7 F(1.5,95.1)=3.3, NS

Alpha/Beta Band 3778.8 ± 173.4 3659.4 ± 194.9 3245.3 ± 195.7& F(1.5,98.6)=16.5, P<0.001

Parietal

0–50 ms

Delta Band −42.4 ± 2.2 −40.9 ± 2.4 −39.4 ± 2.2 F(1.8,112.8)=1.7, NS

Theta Band −73.9 ± 3.4 −76.9 ± 3.9 −76.2 ± 3.9 F(1.7,109.8)=0.6, NS

Alpha/Beta Band 200.9 ± 19.0 266.9 ± 24.3@ 382.2 ± 35.0& F(1.6,103.7)=23.7, P<0.001

50–350 ms

Delta Band 311.0 ± 17.3 286.6 ± 16.5@ 260.4 ± 15.1& F(1.6,105.4)=13.7, P<0.001

Theta Band 1098.7 ± 49.2 1050.9 ± 49.7@ 929.0 ± 44.0& F(1.6,105.5)=27.8, P<0.001

Alpha/Beta Band 2915.9 ± 119.6 2896.5 ± 132.6 2904.7 ± 128.2 F(1.8,112.6)=0.04, NS

350–800 ms

Delta Band 472.7 ± 26.2 425.4 ± 23.3@ 381.3 ± 21.8& F(1.9,120.4)=22.9, P<0.001

Theta Band 1700.8 ± 78.9 1691.9 ± 82.5 1519.1 ± 83.2& F(1.9,123.6)=11.0, P<0.001

Alpha/Beta Band 4424.9 ± 187.7** 4225.5 ± 185.6 3942.8 ± 205.0 F(1.8,113.4)=9.2, P<0.001

Values are mean ± SEM. Represent statistically significant difference,

**
standard vs. noise tones;

&
noise vs. standard and rare tones;

@
rare vs. standard tones; (post hoc pairwise comparisons, P < 0.05).
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Table 3
Tone Main Effects of ERO energy in HAP-1, LAP-1 and HS/Ibg mice

Standard Tone Rare Tone Noise Tone Tone Effects

Frontal

0–50 ms

Delta Band 107.0 ± 12.6 108.8 ± 12.4 92.2 ± 8.5& F(1.3,64.6)=7.5, P<0.005

Theta Band 213.4 ± 22.2** 223.3 ± 22.0 244.3 ± 28.3 F(1.3,64.5)=6.1, P<0.05

Alpha/Beta Band 1226.9 ± 78.0* 1371.4 ± 88.2 1555.3 ± 136.5 F(1.4,68.7)=6.0, P<0.01

50–350 ms

Delta Band 829.7 ± 104.5 829.5 ± 102.1 678.0 ± 70.2& F(1.3,62.7)=12.1, P<0.001

Theta Band 1598.0 ± 157.0 1662.3 ± 161.5 1686.4 ± 194.6 F(1.5,71.5)=1.5, NS

Alpha/Beta Band 3856.9 ± 226.9 4074.1 ± 248.3@ 4451.4 ± 293.5& F(1.5,74.9)=13.3, P<0.001

350–800 ms

Delta Band 1192.4 ± 159.8 1178.2 ± 151.3 963.0 ± 122.9& F(1.5,73.6)=23.4, P<0.001

Theta Band 2127.0 ± 202.5 2140.8 ± 209.8 1958.5 ± 241.3& F(1.5,75.5)=7.8, P<0.005

Alpha/Beta Band 4458.3 ± 275.9 4326.2 ± 276.8 3537.6 ± 235.8& F(1.5,75.1)=46.5, P<0.001

Parietal

0–50 ms

Delta Band 92.8 ± 5.9 94.8 ± 6.4 90.1 ± 6.2 F(1.5,74.2)=1.2, NS

Theta Band 283.5 ± 18.6 285.2 ± 19.6 274.2 ± 18.4 F(1.5,75.8)=0.7, NS

Alpha/Beta Band 1751.2 ± 122.5* 1898.8 ± 143.1 2032.8 ± 166.1 F(1.4,66.9)=5.2, P<0.05

50–350 ms

Delta Band 682.5 ± 43.6 685.8 ± 46.0 591.6 ± 39.6& F(1.6,76.2)=12.6, P<0.001

Theta Band 2210.5 ± 144.6 2160.1 ± 143.3 1859.5 ± 129.2& F(1.4,68.5)=20.1, P<0.001

Alpha/Beta Band 6743.1 ± 448.0 6743.5 ± 460.7 6804.2 ± 478.9 F(1.3,61.5)=0.1, NS

350–800 ms

Delta Band 984.8 ± 63.2 971.0 ± 67.4 729.4 ± 45.6& F(1.6,79.3)=37.1, P<0.001

Theta Band 3276.1 ± 221.6 3178.8 ± 207.9 2691.6 ± 200.2& F(1.6,80.2)=34.7, P<0.001

Alpha/Beta Band 8811.1 ± 623.1 8545.8 ± 657.8 5751.1 ± 450.8& F(1.3,65.6)=49.4, P<0.001

Values are mean ± SEM. Represent statistically significant difference,

*
standard vs. rare and noise tones;

**
standard vs. noise tones;

&
noise vs. standard and rare tones;

@
rare vs. standard tones; (post hoc pairwise comparisons, P < 0.05).
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