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Abstract.

Rationale. Schizophrenia patients consistently show deficits in sensory-evoked broadband
gamma oscillations and click-evoked entrainment at 40 Hz, called the 40 Hz auditory steady-
state response (ASSR). Since such evoked oscillations depend on cortical N-methyl D-aspartic
acid (NMDA)-mediated network activity, they can serve as pharmacodynamic biomarkers in the
preclinical development of drug candidates engaging these circuits. However, there is little test-
retest reliability data in preclinical species, a prerequisite for within-subject testing paradigms.
Objectives. We investigated the long-term stability of these measures in a rodent model.
Methods. Female rats with chronic epidural implants were used to record tone- and 40 Hz click-
evoked responses at multiple time points and across six sessions, spread over 3 weeks. We
assessed reliability using intraclass correlation coefficients (ICC). Separately, we used mixed-
effects ANOVA to examine time and session effects. Individual subject variability was
determined using the coefficient of variation (CV). Lastly, to illustrate the importance of long-
term measure stability for within-subject testing design, we used low to moderate doses of an
NMDA antagonist MK801 (0.025-0.15 mg/kg) to disrupt the evoked responses. Results. We
found that 40 Hz ASSR showed good reliability (ICC=0.60-0.75) while the reliability of tone-
evoked gamma ranged from fair to good (0.33-0.67). We noted time but no session effects.
Subjects showed a lower variance for ASSR over tone-evoked gamma. Both measures were
dose-dependently attenuated by NMDA antagonism. Conclusion. Overall, while both measures
use NMDA transmission, 40 Hz ASSR showed superior psychometric properties of higher ICC
and lower CV, relative to tone-evoked gamma.

Keywords: Auditory steady-state response, EEG, NMDA, Test-retest reliability, gamma
oscillations, pharmacodynamic biomarker

Abbreviations: ASSR, auditory steady state response; CV, coefficient of variation; EEG,
electroencephalography; ICC, intraclass correlation coefficient; NMDA, N-methyl D-aspartic
acid; RMS, root mean square;
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Introduction

Schizophrenia is a disorder in which information processing is abnormal at multiple levels, from
distorted transmission to impaired perception (Javitt, 2009a, 2009b; Krishnan et al., 2011,
Silverstein and Keane, 2011). Sensory-evoked neural responses in patients tend to be smaller
and less synchronized across many paradigms (Javitt, 2009a; Luck et al., 2011; Rissling and
Light, 2010), suggesting an abnormal registration and/or processing. Specifically, discrete
auditory stimulus-evoked oscillations in the gamma frequency range (30-100 Hz) are
consistently abnormal in schizophrenia as well as in other neuropsychiatric conditions like
autism and bipolar disorder. The local interactions between parvalbumin-positive GABAergic
basket cells and pyramidal cells are important for the generation of gamma oscillations
(Gonzalez-Burgos and Lewis, 2008; Tiesinga and Sejnowski, 2009). Specifically, pyramidal
neuron feed-forward activation of the N-methyl D-aspartic acid (NMDA) receptors on the basket
cells and their feedback inhibition of the pyramidal cells is critical for the emergence of these
oscillations (Buzséki and Wang, 2012; Cardin et al., 2009; Gonzalez-Burgos & Lewis, 2012).

Principally, two types of gamma oscillations are evoked by auditory stimuli like tones and clicks.
A transient burst of broad-band gamma oscillatory activity (~ 30 Hz to 100 Hz) that is coincident
with the auditory evoked P1-N1-P2 potential (Javitt and Sweet, 2015; Ross et al., 2010) is
observed in response to a discrete tone or a click stimulus. A second type of response, called the
auditory steady-state response (ASSR), is an electroencephalographic (EEG) entrainment
reflecting the driving frequency of a periodic auditory stimuli such as clicks or amplitude-
modulated tones, lasting as long as the train stimulus, and typically elicited at 40 Hz (Brenner et
al., 2009). Both these responses are deficient in not only schizophrenia patients but also
individuals that are at high risk for the disease (Leicht et al., 2011, 2016; Oribe et al., 2019;
Perez et al., 2013), making them state and trait markers. Moreover, such sensory gamma deficits
correlate with symptoms as well as in some studies, long-term functional outcomes for the
patients. Thus, gamma oscillatory measures may reflect abnormalities in key cortical circuits
involved in symptoms and impacting clinical outcomes. There is now a growing interest in using
evoked gamma oscillations as a functional biomarker for neuropsychiatric drug development
(Kozono et al., 2019; Light et al., 2020; Luck et al., 2011; Sivarao, 2015; Sivarao et al., 2016).

In psychopharmacological drug development, there is now a greater appreciation for patient
heterogeneity and its contribution to high odds ratios seen with many clinically efficacious drugs
(Stroup et al., 2007). Clinical trials that use “within-subject” designs tend to better control such
heterogeneity over “between-subject” designs (SAGE Encyclopedia). More recently, within-
subject designs involving the so-called N=1 trials are emerging as a more sensitive means for
identifying the most effective treatment for an individual patient, taking into account his or her
unique genetic and epigenetic backgrounds (Lauschke et al., 2019). However, stable, objective
circuit-level biomarkers can de-risk or accelerate such efforts, by enabling proper dose selection
and demonstrating neurophysiological engagement.

In preclinical discovery, biomarkers are critical to demonstrate dose-dependent circuit
engagement and enable prioritization of molecular leads for further development. Here too,
within-subject crossover designs are more sensitive to pharmacological treatment, yielding
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typically better effect sizes over between-subject designs, and requiring smaller group sizes to
demonstrate treatment effect (Cleophas and De Vogel, 1998; Guo et al., 2013).

However, for clinical and preclinical studies that use a within-subject design, temporal stability
of the biomarker is critical in order to support multiple levels of drug treatment, that may last for
weeks, if not months. Several recent studies have reported the stability of 40 Hz ASSR
measures in healthy human subjects (McFadden et al., 2014) as well as in schizophrenia patients
(Cervenka et al., 2013; Ip et al., 2018; Legget et al., 2017; McFadden et al., 2014; Roach et al.,
2019; Roach et al., 2019). However, to the best of our knowledge, similar studies in preclinical
species are not available.

In the current report, we tested the stability of tone-evoked broad-band gamma (30-100 Hz) and
40 Hz click train-evoked narrow-band gamma (35-45 Hz) activity in a group of female rats, in
six sessions, spread over a 3-weeks period. We investigated the test-retest reliability using the
intra-class correlation coefficients (ICC) at discrete time points across sessions. To rule out
carryover effects of repeated testing, we used mixed-effects ANOVA, using test sessions and
time of testing as fixed effects and subjects as a random effect. To estimate the variance at the
level of individual subjects, we calculated coefficients of variation (CV). Lastly, to illustrate the
importance of stability to pharmacological testing, we used a repeated measures design to test
low to moderate doses of the high affinity, open NMDA channel blocker MK-801 to disrupt
evoked responses and report effect sizes.
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Methods.

General. The Institutional Animal Care and use Committee of the East Tennessee State
University approved all experimental procedures involving animal subjects. Female Sprague
Dawley rats (6-8-week-old; 200-250 g) were obtained from Envigo (Indianapolis, IN) and group
housed until surgery, with free access to food and water.

Surgical. Surgeries were performed under isoflurane anesthesia (5% induction; ~ 2%
maintenance, in oxygen; 1 liter/min). The head was secured in a stereotaxic frame and core
temperature was maintained at 36+1° C. Head surface was shaved and disinfected. Bupivacaine
(0.25 %, sc) was used for a local nerve block and ketoprofen (5mg/kg, sc) was used for
perioperative analgesia. Atropine sulfate (0.05 mg/kg, sc) was given to check respiratory
secretions. The skull was exposed through a midline incision, followed by blunt dissection. A
solution of 3% hydrogen peroxide solution was used to disinfect and dry the skull. An aseptic
drill bit was used to drill four holes into the skull and epidural electrodes with attached wires
were screwed in, avoiding damage to dura. Electrode coordinates were as follows: frontal, 1 mm
anterior to bregma and 1 mm lateral to midline; vertex, 4.5 mm caudal to bregma and 1 mm
lateral to midline; reference, 2 mm caudal to lambda and 2 mm lateral (left side); ground, 2 mm
caudal to lambda and 2 mm lateral (right side). Dental cement slurry was poured over the
electrodes and allowed to set. Electrode wires were soldered to the recording head mount
(Pinnacle Technology, Lawrence, KS). For EMG, two wires from the head mount were sutured
to the nuchal muscle. The area was covered with a second layer of dental cement and after
curing, was closed using silk sutures. Rats were allowed to recover from surgery for at least 10
days and were handled and acclimated to the recording set up before they were used for any
experimentation.

EEG recording. Rats were placed in Plexiglas cylinders (Pinnacle Technology, Lawrence, KS)
equipped with a video camera and a house speaker (DROK, BOOLSEVAS8I). Rats were tethered
to the recording setup through a shielded preamplifier cable and a commutator for continuous
EEG recording, while permitting free access to explore within the chamber. The acquisition
system (CED Power 1401; Cambridge Electronics Design (CED), Cambridge, UK) was used to
produce auditory stimuli, as well as to acquire the EEG (Signal v7). Data were acquired as 5 s
sample sweeps (1 KHz). A tone stimulus was presented at 1 s after a sweep initiation (1 KHz,
2mV sinusoidal wave, 50 ms duration, 65 dB). A click train (5 mV monophasic 1 ms long
square waves, 20/0.5 s, 65 dB) was presented 2 seconds after the tone stimulus. Interval between
the end of the click train and the beginning of the next tone was 2.5 s. For the ICC study, data
were acquired at 0, 30, 60, 90- and 120-minutes. The 0 min time point was omitted in the
pharmacology study. Six sessions, each separated by at least 3 days, was used for the reliability
study, whereas pharmacology study was carried out in four sessions.

EEG data analysis. While EEG data were evaluated for movement artifacts, generally, there
were very few frames (<3%) that needed exclusion. Thus, artifact free frames were averaged for
each subject. Averaged EEG was filtered (30-100 Hz for tone and 35-45 Hz for 40 Hz click-train
using a second order Hanning infinite impulse response (1IR) filter; Signal v7). Root mean
square (RMS) amplitudes were computed for tone-evoked (0-150 ms from tone onset) and 40 Hz
ASSR (0-500 ms, from train onset) responses, for each subject, at each time point. These were
further averaged to summarize group response in the form of a grand average (N=11-12).
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Pharmacology. MK801 maleate (MW 337.4 g/mol) was obtained from Sigma-Aldrich. Free
base mass was used to make 0.15 mg/kg stock solution and this was diluted to make 0.025 and
0.05 mg/kg. These doses were chosen to capture a wide range of NMDA channel occupancy
(Fernandes et al., 2015). Rats were given intraperitoneal (IP) injection of either vehicle or MK-
80 at the start of experiment and were then placed in the recording chamber. There was at least a
3-day washout period between treatments. Animals were carefully monitored for any carryover
effects and weight fluctuations.

Statistics. Since a key goal of this work was to evaluate the suitability of tone- and 40 Hz train-
evoked gamma oscillations as biomarkers for studies using repeated measures, we wanted to
know if there were any systemic effects of repeated testing. For this, we used a mixed effects
ANOVA (restricted maximum likelihood estimation as implemented in Graphpad Prism v8.4.3
software). Time of testing within a session was designated as a row factor, while multiple
sessions were designated as a column factor. Data normality were assessed using quantile-
quantile (g-q) plots. Sphericity was not assumed and Greenehouse-Geisser correction was used.
Where appropriate, Dunnett’s tests were used to evaluate within session significance, using time
Zero response as a comparator.

Reliability was measured by calculating intraclass correlation coefficients (ICC). There are
many types of ICC reported in the literature. We implemented the two-way mixed effects,
absolute agreement, single measurement formula as discussed by Koo and Li (2016). ICC
estimates along with their 95% confidence intervals were calculated using SPSS statistical
package (SPSS v26, Chicago, IL). We used a qualitative interpretation of the ICC values as
reported recently by Ip et al., (2018). Thus, an ICC less than 0.39 was considered to be an
indicator of poor test-retest reliability, while ICC ranges between 0.40-0.59, 0.60-0.75 and 0.76
and above, were considered respectively to be fair, good or excellent (Ip et al., 2018).
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Results
Auditory stimuli of tone and click train, evoked broadband gamma and steady-state entrainment

responses respectively, in all subjects. An overlay in Figure 1 shows the grand averaged RMS
amplitude data from six sessions, corresponding to discrete time points (0 to 120 min). Panel A
shows tone-evoked gamma band activity and panel B shows the ASSR response.

For tone-evoked v, a linear Q-Q plot confirmed a normal distribution (data not shown). Mixed
effects ANOVA showed a highly significant effect of time on group means (p<0.0001; F (2.580,
28.38) = 13.91; epsilon = 0.6449). However, no significant session effect (p=0.2195; F (2.458,
27.04) = 1.590; epsilon = 0.4917) or interaction of time x session (p=0.1896; F (5.319, 55.85) =
1.538; epsilon = 0.2659) were noted. Examining the mean response across time indicated a
pattern of smaller average responses at time zero relative to all other times points (Figure 1,
panel A). Confirming this, post hoc analysis showed that the time zero response was smaller
than several other time points within each session (p<0.05; Dunnett’s tests). Such differences
were noted within session 1 (p<0.05; 0 min vs. 30, 60 and 90 min), session 2 (0 min vs. 30, 60,
90 and 120 min), session 3 (0 min vs. 30, 60 and 120 min) and session 5 (0 min vs. 120 min).

The 40 Hz ASSR data too were normally distributed, based on a linear Q-Q plot (not shown). As
with the tone-evoked gamma, mixed-effects analysis of 40 Hz ASSR showed a highly significant
effect of time (p=0.0001; F(3.1, 34.10) = 8.956; epsilon = 0.7751) but no session effect
(p=0.3021; F (2.5, 27.5) = 1.268; epsilon = 0.5) or interaction of time x session (p=0.6067; F
(3.916, 41.12) = 0.6802; epsilon = 0.1958). As with transient gamma, mean ASSR at time zero
tended to be smaller than responses at other time points (Figure 1, panel B). Within session
Dunnett’s tests revealed following contrasts to be significant (p<0.05): session 2 (0 min vs. 120
min), session 3 (0 min vs 60 min), session 4 (0 min vs. 60 min and 120 min), session 5 (0 min vs.
60 and 120 min) and session 6 (0 min vs. 60 and 120 min).

We next calculated the ICCs for each time point across sessions using a two-way mixed effects
model using single measurement, absolute agreement criteria as discussed elsewhere (Koo and
Li, 2016). The ICCs along with their 95% Cls, at designated time points and across 6 sessions,
are shown in table 1. Tone-evoked gamma, with exception of one time, showed an ICC that had
a fair measure of reliability (0.33-0.67) (Ip et al 2018). On the other hand, ICC for 40 Hz ASSR
showed a good (0.60-0.75) measure of reliability. Although we did not do a pair-wise statistical
comparison between the two, it is apparent from the data summarized in Table 1 that, for the
same group of subjects, 40 Hz ASSR had higher ICCs compared to tone-evoked gamma, in each
instance.

Since the same group of 12 rats were repeatedly tested ~ 30 times, spread over 3 weeks, we had
an opportunity to calculate % coefficient of variation (CV) as a measure of individual subject’s
response precision. Mean CV for tone evoked gamma was 31.6%. In contrast, the mean CV for
40 Hz ASSR was markedly lower at 20.9. Figure 2 summarizes these data as a violin plot,
highlighting the marked difference between the two measures (p=0.0001; paired t-test).

In the second part of the study, we illustrated the utility of temporal stability of tone-evoked and
train-evoked gamma oscillations, by carrying out a dose-response study using the NMDA
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channel blocker MK801, in the context of a repeated measures design. We chose to omit testing
at time zero, but tested at other time points (30 min -120 min) post-dose. The dose of 0.15
mg/kg dose of MK-801 induced hyperactivity, circumambulation along with stereotypic head
movements, that persisted for 3-4 hours post-injection. However, no behavioral changes were
noted at 0.025 or 0.05 mg/kg doses.

MKS801 disrupted tone-evoked gamma in a highly dose-dependent and time dependent manner.
Figure 3 summarizes the grand averaged evoked responses for all treatments, across all subjects,
60 min post-treatment. Figure 4 (top panel) summarizes tone-evoked gamma after vehicle or
MKS801 treatments. Normal distribution of the data was first ascertained through a Q-Q plot (not
shown). Mixed-effects ANOVA showed a robust treatment effect (p<0.0001; F (1.574, 14.16) =
25.98; epsilon = 0.5246) but no time effect (p= 0.4709; F (2.280, 20.25) = 0.8149; epsilon =
0.7600) or time x treatment interaction (p=0.2007; F (2.245, 20.21) = 1.728; epsilon = 0.2495).
Post-hoc comparisons using Dunnett’s test showed that 0.05 and 0.15 mg/kg doses of MK801
significantly (p<0.05) attenuated tone-evoked gamma at multiple time-points, relative to vehicle
treatment.

ASSR data too were normally distributed, based on a Q-Q plot (not shown). The 40 Hz ASSR
responses are summarized in Figure 4, bottom panel. MK801 dose- and time-dependently
disrupted 40 Hz train-evoked gamma. Robust treatment effect was noted (p<0.0001; F (1.884,
16.95) = 31.39; epsilon = 0.6279). However, neither time (p=0.4365; F (2.679, 24.11) = 0.9208;
epsilon = 0.8930) nor time x treatment (p=0.5328; F (3.800, 34.20) = 0.7922; epsilon = 0.4222)
were significant. Post-hoc testing showed that all three doses were effective (p<0.05) at one or
more time points, in reducing 40 Hz ASSR response, compared to vehicle treatment.
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Discussion

Circuit-based functional biomarkers are critical for early phase drug development; for identifying
lead candidates in preclinical species and in the clinic for dose selection, proof of concept, and
patient stratification (Light et al., 2020; Spellman and Gordon, 2015). While there are several
recent clinical reports that show test-retest reliability for tone- and train-evoked gamma
oscillations (Cervenka et al., 2013; Legget et al., 2017; McFadden et al., 2014; Tan et al., 2015),
such findings only infrequently extend beyond a couple of test sessions (Ip et al., 2018; Roach et
al., 2019). To date, complementary reliability studies that examine the psychometric properties
of evoked gamma in preclinical species are unavailable. Thus, our current report addresses an
important translational knowledge gap by establishing test-retest reliability of tone- and 40 Hz-
train-evoked gamma across multiple sessions, spread over a three-week period.

Since our interest is in using these EEG measures for pharmacological testing using repeated
measures design, we evaluated time and session effects (fixed variables) with subjects modeled
as a random effect, using a mixed effects analysis. We found a robust time effect with time zero
responses tending to be smaller in comparison to all other time points. Although rats were
extensively acclimated, transfer from home cage to the recording chamber triggered an arousal
response that may have interfered with the initial response (Griskova et al., 2011; Griskova et al.,
2007). Indeed, relative to subsequent time points, this period is typically coincident with
increased exploration of the recording chamber that dwindles over the following 20-30 min
period (Drake et al., 1991).

We used female rats but did not monitor the estrous cycle during the study. While there was
some session-to-session variability, it was not significant at the group level. It is however not
possible to conclude that estrous cycling did not affect the measures in question. This is
something that needs studying in future along with determining psychometric reliability in
males.

There was no effect of session or session x time on the EEG measures. Since exploratory
analysis suggested that response at time zero drove the time effect, we decided to omit sampling
at time zero in the pharmacological study, to simplify data interpretation. This appeared to have
removed time as a significant factor.

Our results indicate that while tone-evoked gamma as well as 40 Hz train-evoked gamma
responses show acceptable test-retest reliability, 40 Hz ASSR is superior. Thus, at the group
level, 40 Hz ASSR had a lower re-test related variance, compared to tone-evoked gamma. Since
the same group of rats were repeatedly tested, we had an opportunity to evaluate if for a given
subject, one measure evoked a more consistent response. We found that across ~ 30 tests
conducted with the same 12 subjects, ASSR showed a consistently smaller CV than tone-evoked
gamma, suggesting that, the ASSR measure is less variable and more precise than tone-evoked
gamma. This is consistent with the general observation that narrow band steady state responses
have better signal-noise ratios than transient, broadband oscillations (McFadden et al., 2014).

For testing the effect of the open channel blocker MK801 on gamma oscillations, we chose to
include a range of doses that were reported to span an estimated occupancy of ~ 20% to 70% of
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the available NMDA receptor pool (Fernandes et al., 2015). MK801 showed robust suppression
of both the evoked measures at 0.05 mg/kg and 0.15 mg/kg doses. However, 0.025 mg/kg of
MK801 was effective only against 40 Hz ASSR. The lower variance in the ASSR measure may
have helped reveal this low dose effect.

In summary, we report the test-retest reliability of two frequently used, automatic response
markers of sensory cortical circuit function that lend themselves for use as pharmacodynamic
biomarkers. They both display acceptable psychometric properties for use in preclinical drug
discovery, particularly in the context of repeated measures, within subject experimental designs.
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RMS amplitude (uV)

Table 1. Intra-class correlation coefficients (ICC) across time points from six sessions were
calculated using a two-way mixed effects model, single measurement and absolute agreement
criteria (Koo and Li, 2016).

Tone-evoked y 40 Hz ASSR
Time ICC 95% ClI ICC 95% CI
0 min 0.50 0.22-0.83 | 0.75 0.51-0.93
30min [0.33 0.09-0.72 | 0.66 0.39-0.90
60 min  |0.63 0.37-0.86 | 0.70 0.47-0.89
90 min  |0.50 0.27-0.77 | 0.60 0.37-0.83
120 min |0.67 0.45-87 0.74 0.54-0.90
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Figure 1. Overlay of the RMS amplitude measure of 1 KHz tone-evoked broad-band gamma (top
panel) and 40 Hz click-evoked narrow-band steady-state response (bottom panel) at 0 min -120
min, from 6 discrete sessions, spread over a 3-week period. Data were from a group of 12 rats.
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Figure 2.Summary of coefficient of variation (CV) of tone-evoked and 40 Hz click train-evoked
responses from a group of 12 rats. Individual subject CVs are indicated within the violin plots.
Significant difference between the two groups is indicated by asterisks (P = 0.0001; paired t-
test).
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Figure 3. A compilation of grand average of narrow band gamma (35-45 Hz) activity in response
to auditory tone (1 KHz) and 40 Hz click stimuli, 120 min after vehicle or MK801 (0.025, 0.05
Or 0.15 mg/kg, ip) treatment. Data represent a grand average from N=10 subjects.
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Figure 4. Compilation of RMS data of tone-evoked gamma activity (top panel) or 40 Hz ASSR
(bottom panel) in a group of rats treated with vehicle or MK801 (0.025, 0.05 or 0.15 mg/Kkg sc),
at discrete time points (30, 60, 90 and 120 min). Significant differences between vehicle
treatment and MK80L1 treatment are indicated by asterisks (*/**/*** indicates
p<0.05/0.01/0.001; Dunnett’s posthoc tests). Data are from a group N=10 rats.
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