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Abstract

Previous data have shown differences among inbred mouse strains in sensory gating of auditory evoked potentials, prepulse inhibition

(PPI) of startle, and startle amplitude. These measures of sensory and sensorimotor gating have both been proposed as models for genetic

determinants of sensory processing abnormalities in patients with schizophrenia and their first-degree relatives. Data from our laboratory

suggest that auditory evoked potentials of DBA/2J mice differ from those previously described for DBA/2Hsd. Therefore, we compared

evoked potentials and PPI in these two closely related substrains based on the hypothesis that any observed endophenotypic differences are

more likely to distinguish relevant from incidental genetic heterogeneity than similar approaches using inbred strains that vary across the

entire genome. We found that DBA/2Hsd substrain exhibited reduced inhibition of evoked potentials and reduced startle relative to the DBA/

2J substrain without alterations in auditory sensitivity, amplitude of evoked potentials or PPI of startle. These results suggest that gating of

auditory evoked potentials and PPI of startle measure different aspects of neuronal function. The differences between the substrains might

reflect genetic drift. Alternatively, differences could arise from different rearing environments or other non-genetic factors. Future studies will

attempt to determine the cause of these differences in sensory and sensorimotor processing between these two closely related inbred mouse

strains.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction first-degree relatives of patients with schizophrenia has been
Many patients with schizophrenia and approximately half

of their family members demonstrate decreased ability to

inhibit either startle or auditory evoked potentials following

repeated stimuli [3,6,24,67,78]. These deficits have been

interpreted as evidence for neuronal abnormalities in the

circuits involved in auditory stimulus processing and/or

motor responses. The observation that deficits in the inhi-

bition of evoked potentials and startle are present in half of
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seen as evidence for genetic transmission of this phenotype

[9,43,67]. Therefore, a great deal of effort has been invested

in creating animal models that recreate the genetic and

neuronal factors underlying gating abnormalities

[4,8,10,17,22,24,28,29,31,37,39,40,45,47 – 49,54,55,

59,73,74,79,96]. DBA/2 inbred mice have been proposed

as one such model that mimics several endophenotypes of

schizophrenia, including prepulse inhibition (PPI) of star-

tle, inhibition of auditory evoked potentials, and more

recently novelty detection using auditory evoked potentials

[14,16,43,54,55,68,70–73,76].

Both sensory and sensorimotor gating deficits have been

studied in animals by measuring the reduction in startle

reflexes or the inhibition of auditory evoked potentials

following repeated stimuli. Previous studies have shown

differences among inbred mouse strains in sensory gating of
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auditory evoked potentials and prepulse inhibition of startle

[7,14,55,74]. These measures of sensory and sensorimotor

gating have been proposed as models of genetic determi-

nants of sensory processing abnormalities in patients with

schizophrenia and their first-degree relatives [8,67,78].

Although the inhibition of evoked potentials and PPI of

startle measure different aspects of sensory processing,

DBA/2 mice have been identified as one strain that exhibit

impairments in both tasks, suggesting that it shares some

relevant neurobiology with abnormal neuronal function in

schizophrenia [15,17,55,73]. Preliminary data in our labo-

ratory suggest that DBA/2J mice do not exhibit deficits in

gating of evoked potentials to the degree described in

previous studies of other DBA/2 substrains [68,73]. There-

fore, we compared DBA/2J (Jackson Lab, Bar Harbor ME)

and DBA/2Hsd (Harlan Sprague Dawley, Indianapolis, IN)

substrains for both auditory evoked potentials and PPI of

startle.

The neural processing of auditory information has been

studied with evoked potentials in cats [13,58,63,64], mice

[16,32,53,69,70,72,84,87,89], rats [15,17,72,74,75],

monkeys [35,36] and humans [1,2,5,20,21,27,30,56,

57,60,61,85]. In this task, an auditory stimulus induces a

progression of neural activity through successive structures

in the auditory pathway such that early components (I to VI)

are generated between the cochlea and medial geniculate

nucleus and later components (N0, Na, Nb, N1, N2, P0, Pa,

Pb, P1, P2) are generated in thalamic nuclei other than

MGN, auditory cortex and association cortices [57]. The P1

and N1 components are also called the P50 and N100 in

humans, reflecting their latencies at 50 and 100 ms.

Corresponding P1 and N1 components in mice occur at

20 and 40 ms and are called the P20 and N40 [69,73].

Stimulus characteristics, such as interstimulus interval,

can be manipulated to examine response properties in brain

structures and cellular interactions that contribute to audi-

tory processing [2,6,11,21,23,34,38,44,46,50,56,57,61,62].

These response characteristics include the amplitude and

habituation of specific components and are affected by

genetic, environmental and pharmacological factors. Thus,

auditory evoked potentials are an ideal method to examine

the interaction of genetic and pharmacological manipula-

tions on selective aspects of neural function [2,31,67,69–

73,80].

Sensory gating of evoked potentials refers to inhibition

of specific components following repeated auditory stimuli,

and has been particularly useful in dissecting genetic and

pharmacological factors as an animal model for impaired

brain function [3,15,17,31,37,72–75]. Previous studies in

mice have examined two regions of the auditory ERP

termed the P20 and N40 and have suggested that P20/N40

gating varies among inbred mouse strains. These studies

have identified candidate genes and cellular mediators for

this phenotype [43,72].

DBA/2J and DBA/2Hsd substrains diverged in 1938

when Mider sent a colony of DBA/2 mice to Sloan-
Kettering. Those mice then went to Heston at NCI, and

finally to Jackson Labs in 1948 at generation 26 to

become the DBA/2J strain. Another DBA/2 colony was

sent from Mider to the NIH in 1951, then to The

Frederick Cancer Center in 1981 at generation 135.

Finally, in 1984, these mice were sent to Harlan Labs.

In 1986, the DBA/2Hsd substrain was re-derived at Harlan

Labs. The DBA/2J substrain was also re-derived at Jack-

son labs in 2002 (History kindly provided by Jackson

Laboratories and Harlan Sprague Dawley). Thus, DBA/2J

and DBA/2Hsd substrains have been in different rearing

environments and genetically separated for 64 years. This,

coupled with the recent re-derivation of both substrains,

increases the likelihood that mutations now differentiate

these substrains and might contribute to any observed

phenotypic differences. Although previous studies have

demonstrated variance among inbred strains for these

two endophenotypes of schizophrenia, such studies have

compared strains with variance across the entire genome

for countless alleles. The current study examine two

markers for impaired neuronal function, prepulse inhibi-

tion of startle and inhibition of auditory evoked potentials,

in these two closely related substrains of DBA/2 inbred

mice. We propose that any differences found among such

closely related substrains may facilitate subsequent genetic

analyses due to the greatly reduced variance across the

genome, and therefore an increased likelihood that any

genetic heterogeneity will be relevant to the phenotypes of

interest.
2. Materials and methods

2.1. Animals

DBA/2J (n = 17), and DBA/2Hsd (n = 18) mice were

obtained at 7–8 weeks of age. All testing was conducted

between 8 and 10 weeks of age. Electrophysiological

studies utilized 9 DBA/2J and 10 DBA/2Hsd mice for

inhibition of evoked potentials (n = 19). Although a com-

prehensive review of auditory threshold in 80 inbred strains

indicated that DBA/2 mice from Jackson labs hear stimuli

from 56 dB, four mice from each substrain were used to

demonstrate presence of acoustic brainstem responses be-

tween 58 and 80 dB at age of testing [97]. Studies of startle

and prepulse inhibition used an additional 8 mice from each

substrain (n = 16). All protocols were conducted in accor-

dance with University Laboratory Animal Resources

(ULAR) guidelines and were approved by the Institutional

Animal Care and Use Committee (IACUC). Mice were

housed 4–5/cage in a light- and temperature-controlled

AALAC-accredited animal facility. Water and standard

rodent chow were available ad lib. Experiments were con-

ducted in The Stanley Center for Experimental Therapeutics

in Psychiatry and the Center for Neurobiology and Behavior

at University of Pennsylvania. All testing for evoked poten-
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tials and startle/PPI was performed during the light phase

between the hours of 0900 and 1300. Mice were acclimated

to the housing facility for 1–2 weeks prior to behavioral

testing.
Fig. 1. (A) Representation of tripolar electrode pedestal with recording

(posterior, 3 mm length), reference (anterior, 1.0 mm length) and ground

(middle, 1.0 mm length) electrodes in a common base. Electrodes are

separated by 1-mm intervals. The pedestal has three holes at the top to

receive tripolar cable for connection to amplifier. (B) Tripolar electrode in

mouse skull. Recording electrode is anterior to reference, with ground

between. (C) Video micrograph of electrode placement. Lesion marks the

tip of the recording electrode adjacent to the CA3 region of hippocampus.

Arrows mark electrode track and lesion site. Abbreviations CA1—CA1

region of hippocampus, CA3—CA3 region of hippocampus, DG—Dentate

Gyrus.
3. Auditory evoked potentials

3.1. Surgery

Animals underwent stereotaxic implantation of tripolar

electrode assemblies (PlasticsOne, Roanoke, VA) for non-

anesthetized recording of hippocampal auditory evoked

potentials. Animals were anesthetized with ketamine hydro-

chloride/xylazine (100/10 mg/kg) prior to surgery. Surgical

coordinates were measured relative to bregma in the x, y and

z dimensions. Three stainless steel electrodes, mounted in a

single pedestal, were aligned along the sagittal axis of the

skull at 1 mm intervals with precut lengths of 3.0 mm

(positive) and 1.0 mm (ground and negative) (Fig. 1A).

Positive electrodes were placed in the CA3 hippocampal

region 1.4 mm posterior, 2.75 mm lateral and 2.75 mm deep

relative to bregma. Negative electrodes were placed adjacent

to ipsilateral cortex at 0.6 mm anterior, 2.75 mm lateral and

0.75 mm deep relative to bregma. Ground electrodes were

located between recording and reference at 0.4 mm poste-

rior, 2.75 mm lateral and 0.75 mm deep to Bregma (Fig.

1B). The electrode pedestal was secured to skull with

cyanoacrylic gel (PlasticsOne). Following surgery, animals

were individually housed. To assess electrode placement

following recording of evoked potentials, electrode tips

were marked for histological evaluation with the Pearls iron

reaction (Fig. 1C) [42].

3.2. Recording

Recording of brain activity for gating of evoked poten-

tials was performed 7 days after implantation. Each animal

was placed in a sound attenuated recording chamber (back-

ground white noise 70 dB) inside a Faraday electrical

isolation cage. Electrode pedestals were connected to a

30-cm tripolar electrode cable that exited the chamber to

connect to a high impedance differential AC amplifier (A-M

systems, Carlsborg, WA) set to 1000� amplification, 1 Hz/

500 Hz band pass filter. EEG activity was recorded using

ERPSYSTEM (Neurobehavioral Laboratory Software,

1991) on a 486-microprocessor computer. Each animal

was allowed to explore the chamber for 15 min prior to

recording to habituate to the setting. Stimuli were generated

by ERPSYSTEM software and were delivered through a

speaker attached to the testing chamber ceiling. Speakers

were connected to a model SA-155 audio amplifier (Radio-

shack, Fort Worth, TX), which was interfaced with the

computer.

A series of 80 paired stimuli (1500 Hz, 10 ms duration)

were presented 500 ms apart, with a 9-s inter-pair interval. A
block of 80 stimulus pairs was presented at 80 dB, com-

pared to background of 70 dB white noise. A 500 ms pre-

stimulus baseline and 500 ms post stimulus were recorded
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for each stimulus (sample rate 1000 Hz). Average waves

were created for the response to the first and second

stimulus for each mouse separately (Fig. 2A–D).

Recording for acoustic brainstem responses was per-

formed using Spike2 software on a Pentium III microcom-

puter connected to a power micro 1401 II interface module

(CED, Cambridge, UK) and high impedance differential AC

amplifier (A-M systems) set to 1000� amplification, 1/500

Hz band pass filter. EEG activity was sampled at 6250 Hz

from 2 ms prior to 10 ms after each stimulus. Stimuli

consisted of a series of 1000 white noise clicks of 3 ms

duration, 125 ms ISI at each intensity. The clicks were

generated from 300 pips with a 10-As duration. Stimuli were

presented through speakers on the chamber ceiling (model

19-318A, 700–10,000 Hz frequency response, Radioshack)

connected to a digital audio amplifier (RCA Model

STAV3870 Radioshack) in 2 dB intervals from 58 dB

(lowest achievable with audio amplifier on at minimum

setting) to 80 dB. Additionally, ABRs were recorded with

the audio amplifier turned off to create the no stimulus

condition. Sound pressure level was determined using a

digital sound meter placed inside each cage (set to measure

the maximum sound pressure every 200 ms for frequencies

between 32 and 10,000 Hz with sensitivity range between

50 and 126 dB, Radioshack). Additionally, apparatus for

recording of evoked potentials and startle chambers for

testing of PPI were calibrated to ensure that sound pressure

levels were consistent between tasks. Electroencephalo-

graphic signal was digitally filtered between 100 and 450

Hz prior to creation of average waves. An average wave was

then created for each mouse at each intensity. Fig. 3

demonstrates the grand average (A) and individual (B)

ABR for each substrain (n = 4) in 4 dB increments from

60 to 80 dB as well as a no stimulus recording for
Fig. 2. Grand average of evoked potentials of both DBA/2Hsd (A, B) and DBA/2J
comparison. Fig. 3C (Harlan) and E (Jackson) display the

mean amplitude for the difference waveform with a positive

deflection at 3 ms and a negative deflection at 5 ms. The

amplitude for this component of the ABR increases with

intensity between 60 and 80 dB (F(9,63) = 2.47, p = 0.02).

Fig. 3D (Harlan) and F (Jackson) show decreasing latency

of the positive deflection at 8 ms with increasing intensity

between 60 and 80 dB (F(9,63 = 3.17, p < 0.01).

3.3. Data analysis

The amplitude of response to the P20/N40 waveform was

calculated for each mouse on post-operative day 7. The P20

was measured by picking the maximum positive deflection

between 10 and 30 ms. The N40 was determined by picking

the most negative deflection between 25 and 60 ms. The

amplitude from the peak of the P20 to the trough of the N40

was then calculated, as it is reported to be a more stable

measure than either component alone and to facilitate

comparison with previous literature [73]. The amplitude of

response to the first and second stimuli were named A1 and

A2, respectively. Additionally, the ratio of response follow-

ing the second tone to the first (A2/A1) was calculated as

this has been used as a measure of sensory gating in

multiple previous studies [15,73–75] Repeated measures

analysis of variance (ANOVA) was then used to examine

the effects of strain (DBA/2J vs. DBA/2Hsd) and stimulus

condition (first vs. second) on the amplitude of response for

the P20/N40. Strain was designated the independent vari-

able, with stimulus condition as a repeated measure within

each mouse. Significant multivariate or interaction effects

were followed by planned comparisons using Statistica 5.5

(Statsoft, Tulsa, OK) on a Pentium III personal computer.

Additionally, the amplitude of response to the first stimulus
(C, D) mice, following the first (A, C) and second (B, D) stimulus at 80 dB.



Table 1

Substrain A1 in AV A2 in AV Ratio in %

DBA/2Hsd 157F 66 95F 58 61F 26

DBA/2J 168F 59 58F 30 33F 10

p value 0.70 0.19 < 0.01

Fig. 3. Grand average (A) and individual (B) ABR for each DBA/2 substrain (n= 4) in 4 decibel increments from 60 to 80 dB as well as a no stimulus recording

for comparison. (C) (Harlan) and (E) (Jackson) display the mean amplitude for the difference waveform with a positive deflection at 3 ms and a negative

deflection at 5 ms. The amplitude for this component of the ABR increases with intensity between 60 and 80 dB ( F(9,63) = 2.47, p= 0.02). (D) (Harlan) and (F)

(Jackson) show decreasing latency of the positive deflection at 8 ms with increasing intensity between 60 and 80 dB ( F(9,63 = 3.17, p< 0.01). Note scale bar

for time in ms on the abscissa and amplitude in microvolts on the ordinate.
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(A1), the amplitude of response to the second stimulus (A2)

and ratio (A2/A1) were compared between strains using

two-tail t-tests to assess the effects of strain on each

response individually as well as to compare our results with

methods used in previous studies [15,73–75].

3.4. Prepulse inhibition and startle

In the week following delivery, mice were handled and

weighed daily. On test days, animals were transported to the

laboratory and allowed to accommodate for at least 1 h prior

to being placed in the startle apparatus (SR-Lab, San Diego

Instruments, San Diego, CA). The apparatus consists of a

5.1-cm diameter Plexiglas cylinder mounted on a Plexiglas

platform in a well-ventilated sound attenuated chamber.

Startle stimuli are delivered by a high frequency speaker

mounted 28 cm above the platform. Background noise the

chamber was set at 65 dB, and response detected by a

piezoelectric accelerometer mounted beneath the platform.

Data were collected on a Dell 386 PC computer and

subsequently processed for analysis. Startle and PPI were

both collected within the same test session. Each trial started

with 5 min of 70 dB background noise followed by both

startle and PPI trials. Startle trials consisted of a 40 ms

square-wave noise pulse at 90, 95, 100, 105, 110, 115 and

120 dB. Each stimulus was presented five times in a

randomized order with an average inter-trial interval (ITI)

of 15 s (range 10–20). Startle trials were followed by

prepulse inhibition (PPI) trials. For these, a 40 ms prepulse

was presented 80 ms prior to a 40 ms 120 dB startle

stimulus. Prior studies in our laboratory indicate that these
parameters optimize PPI in DBA/2 J mice [S. Kanes,

unpublished data]. PPI was recorded for prepulses of 75,

80, and 85 dB. All prepulse trials were presented five times

in a randomized order with an average ITI of 15 s (range

10–20). Data were recorded as 100 1-ms voltage readings,

which were averaged over the collection interval to give an

average startle measure for each trial.

3.5. Data analysis

Mean values for startle and PPI {no prepulse� prepulse/

no prepulse)� 100} were subjected to one-way analysis of

variance (ANOVA), with Tukey post-hoc comparison’s

performed where appropriate. All data was analyzed using

STATA7 (Stata College Station, TX) on a Macintosh G4

personal computer.
4. Results

4.1. Auditory evoked potentials

Repeated measures ANOVA of the P20/N40 response

indicates that there is no overall difference in amplitude of



Fig. 5. (A) Acoustic Startle in DBA/2Hsd mice and DBA/2J. Startle scores

(meanF S.E.M.) are produced by a 40-ms startle stimulus alone in DBA/

2Hsd (black) and DBA/2J (gray) mice. Asterisk indicates significant

differences between the substrains. (B) Prepulse inhibition of startle in

DBA/2Hsd and DBA/2J mice. DBA/2Hsd (black) and DBA/2J (gray). In

contrast to acoustic startle, there are no differences in PPI between the two

substrains of mice.
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response between substrains at 80 dB (F(1,17) = 0.33,

p = 0.57). DBA/2Hsd mice had amplitudes of 126F 68

AV (meanF S.D.) and to DBA/2J had amplitudes of

122F 73 AV across both stimulus conditions. There was a

main effect of stimulus condition with reduced amplitude

following the second stimulus (77F 50 AV) relative to the

first (162F 61 AV) across both substrains (F(1) = 63.85,

p < 0.01). There was also an interaction of substrain and

stimulus condition, indicating that the response following

the first and second stimuli differed between substrains

(F(1,17) = 5.15, p = 0.04). Planned comparison of the am-

plitude of response following the first stimulus indicated no

difference between substrains on A1 (t(17) = 0.39, p = 0.70).

Similarly, comparison of the amplitude of response follow-

ing the second stimulus indicated no difference between

substrains on A2 (t(17) = 1.3, p = 0.19). However, analysis

for the ratio of response indicated that there is a significant

difference between substrains for A2/A1 (t(17) = 2.88,

p = 0.01) (Fig. 4 and Table 1). Thus, DBA/2Hsd display

decreased inhibition of evoked potentials relative to DBA/2J

mice without a significant difference in amplitude of re-

sponse to the first stimulus.

4.2. Acoustic startle

There was an overall effect of substrain on acoustic

startle response and significant strain by stimulus intensity

interaction (Fig. 5A). DBA/2Hsd mice displayed increased

startle 51.4F 15.3 (meanF S.D.) relative to DBA/2J mice

20.3F 4.4. Substrains differed at 105 dB (F(1,13) = 10.48,

p < 0.01), 110 dB (F(1,13) = 20.51, p < 0.01), 115 dB

(F(1,13) = 24.15, p < 0.01), and 120 dB (F(1,13) = 7.71,

p < 0.02). In contrast to startle amplitude, there was no

overall effect of substrain on percent PPI (Fig. 5B).

In summary, DBA/2Hsd mice display decreased inhibi-

tion of auditory evoked potentials despite a lack of differ-

ence in the overall amplitude of auditory evoked response or
Fig. 4. Mean amplitude (F S.E.M.) of response to the first stimulus (A1),

second stimulus (A2) and ratio of A2/A1 for DBA/2J (gray) and DBA/2Hsd

(black) mice. Note that there is no statistical difference between substrains

on the amplitude of A1 or A2. However, DBA/2Hsd mice display an

increased ratio of response (A2/A1), indicating less gating of the second

response. MeansF S.D. for A1, A2 and the ratio of A2/A1 are displayed for

DBA/2Hsd and DBA/2J mice.
amplitude of response to the initial stimulus, suggesting a

specific deficit in sensory inhibitory mechanisms rather than

auditory sensitivity or neuronal excitability. Alternatively,

DBA/2Hsd mice exhibited decreased startle relative to

DBA/2J mice without a difference in prepulse inhibition

of this motor response, suggesting that the motor gating

effects of a weak prepulse do not differ between the

substrains.
5. Discussion

Multiple studies have proposed that DBA/2 mice are an

appropriate model for the neurobiological abnormalities in

schizophrenia [14,43,54,55,69,70,71,72,73,76] These stud-

ies have relied upon the observation that DBA/2 mice share

several endophenotypes that are seen in people with schizo-

phrenia, including reduced PPI, reduced gating of the P20/

N40 evoked potential and decreased P3a following a deviant

tone. These animal models of schizophrenia have been

interpreted to indicate that DBA/2 mice may possess some

relevant genetic characteristics that are informative about a
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potential genetic predisposition for schizophrenia in people.

An example of this approach has equated low expression of

the a-7 NAChR subunit in DBA/2 mice with similar

reduced expression in schizophrenia. Data in the current

study suggest that findings in DBA/2Hsd mice do not

extend to the DBA/2J substrain. As such, any relevant

genetic or neurobiological determinants of schizophrenia-

like patterns of behavior in DBA/2Hsd mice may also differ

in DBA/2J mice. Therefore, the subtle differences among

these two closely related substrains are important in that

they are more likely to distinguish relevant from incidental

correlations between neurobiological and genetic factors

and endophenotypes that are seen in schizophrenia.

5.1. Interpretation of evoked potentials

Not all studies using DBA/2 mice have found deficits in

auditory processing. For example, Ehlers and colleagues

recently showed that DBA/2 mice have enhanced P3a

relative to C57BL/6 mice in response to a deviant tone,

while we found DBA/2J mice to have decreased P3 activity

as compared to C3H/HeJ mice without a significant differ-

ence from C57BL/6J [16,69]. One key difference between

these studies arose from the definition of latency for the

mouse P3, highlighting the importance of clarifying the

temporal relationship between analogous components of the

mouse and human evoked potentials.

The human P50 is a positive deflection occurring at

approximately 50 ms after an auditory stimulus and has

been defined as the first component that displays decreased

amplitude following repetitive stimuli [26]. A similar com-

ponent is seen in mice at 20 ms after the stimulus and is

termed the P20. Following the P50, there is a negative

deflection at approximately 100 ms, termed the N100 in

humans [52]. An analogous component is seen in mice,

occurring at approximately 40 ms, and is therefore termed
Fig. 6. Example of human and mouse auditory evoked potentials from a paired

characteristics of the mouse AEP matches well with that of the human for both the

the P20, followed by a trough at 40 ms, termed the N40. These evoked response

mouse response being approximately 40% of their human counterpart. EEG data

responses is smaller in human reflecting the use of scalp EEG rather than depth
the N40. The P2 in humans occurs at approximately 200 ms

and is an obligatory component of the human auditory

evoked potential [52]. Recent data from our group using a

principal component analysis indicate that there is a mouse

analogue of this human component that occurs at approxi-

mately 80 ms, and we have thus called the P80 [69].

Following the P2, there is a novelty-responsive peak at

approximately 300 ms in humans termed the P3 [52,81–83].

While we believe that a similar component is present at

approximately 120 ms, others have proposed that the mouse

P3a occurs at approximately 250 ms [16,69]. The earlier

component was identified by our group using C57BL/6,

C3H and DBA/2 mice and was responsive to change in

stimulus tone, while the later component identified by

Ehlers and colleagues in DBA/2 and C57BL6 responded

to changes in stimulus probability but tone or amplitude.

Interestingly, DBA/2 mice had decreased amplitude of the

novelty related P120 relative to C3H/HeJ, suggesting that

they display several electrophysiological phenotypes of

schizophrenia [69].

The evoked potential response to auditory stimuli has

been extensively studied in humans with abnormalities

being found among schizophrenia patients in several com-

ponents, including P50, N100, P2, and novelty related P3

described above [6,23,52,65,67,81–83]. The current study

examines the P20/N40 between two substrains of DBA/2

mice, which have been proposed a model for gating

abnormalities in humans [73]. Previous studies have re-

ferred to the mouse P20/N40 as a complex that is gated in a

fashion similar to the human P50 [73]. However, we

believe that these components are analogues to the P50

and N100, respectively. Fig. 6 demonstrates these similar-

ities in the human and mouse auditory evoked potentials,

with the latencies of each mouse component being approx-

imately 40% of their human counterpart. Additionally, a

recent study in our laboratory indicates that the mouse N40
stimulus gating paradigm. As is evident, the morphology and response

first and second stimulus. The mouse AEP consist of a peak at 20 ms termed

s in mice correspond to the human P50 and N100 with the latencies of the

was filtered with a 1,500 Hz band pass filter. Note that the amplitude of

electrodes in mice.
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displays a response relationship between amplitude and

interstimulus interval between 0.25 and 8 s similar to the

human N100. This analysis also indicates that the mouse

P20 and P80 do not display significant changes in ampli-

tude over this range of interstimulus intervals in accordance

with the human P50 and P200, respectively [51]. Whether

the mouse P20/N40 is similar to the human P50 as

previously posited, or the P50 and N100 as we believe, it

serves as a model for inhibitory processes in the auditory

pathway. This process is impaired in people with schizo-

phrenia for both the P50 and N100 components. Further

study to map the cerebral generators of these individual

components would elucidate the specific relationship be-

tween auditory evoked components in mice and humans

and improve the ability to link the biology and genetic

determinants of this phenotype.

As evident in Fig. 2, the amplitudes of both the P20 and

N40 are reduced, or gated, in response to the second

stimulus in the paired stimulus paradigm. This characteristic

response to repeated, equivalent stimuli is thought to invoke

local circuit inhibition in the hippocampus that reduces the

response to the second stimulus [25,31]. This local circuit

inhibition is thought to be elicited by septal input to

hippocampal pyramidal cells and GABAergic interneurons

that contain a7-Nicotinic Acetylcholine receptors. The ex-

pression of these receptors has been shown to vary between

people with schizophrenia and non-affected individuals as

well as between inbred strains of mice [26,73]. Thus, while

both of these substrains are classified as DBA/2 by micro-

satellite DNA markers, it is possible that they differ for the

expression or localization of hippocampal a7-Nicotinic

receptors. Future studies will attempt to isolate the mecha-

nisms responsible for differences in sensory processing

demonstrated in the current study.

Sensory gating of auditory evoked potentials and pre-

pulse inhibition of startle have both been used to study

specific deficits in processing and modulation of sensory

stimuli. Although both models are used as measures of

gating of a response following an auditory stimulus, it is

important to note that they do not assess equivalent circuits

and neuronal processes. As the current data indicate, two

substrains of DBA/2 mice differ in the gating of evoked

potentials, with the DBA/2J substrain demonstrating en-

hanced gating relative to DBA/2Hsd mice. However, no

differences were found on the sensorimotor gating task of

PPI of startle. This is consistent with several studies in

humans and rats that have also reported that these tasks are

not equivalent [15,17,66]. As such, it is possible that PPI is

related to gating of motor responses while inhibition of

evoked potentials is related to inhibitory processes purely

within sensory systems.

Although these results suggest that there may be genetic

differences in DBA/2J and DBA/2Hsd inbred mouse sub-

strains, one limitation to our design results from different

rearing environments at Jackson and Harlan Laboratories.

To explore this possibility, we plan to breed DBA/2J and
DBA/2Hsd substrains at the University of Pennsylvania to

investigate whether or not the observed phenotypic differ-

ences are persevered under identical rearing location. Inhi-

bition of evoked potentials and PPI of startle will then be

examined in offspring from both strains raised in identical

environments to further characterize proposed genetic dif-

ferences. An additional consideration is that epigenetic

factors such as maternal rearing style have been shown to

influence behaviors and physiology in adult offspring [86].

Therefore, subsequent experiments could employ cross-

fostering strategies to investigate the role of maternal rearing

on later expression of sensory and sensorimotor behaviors.

It is also possible that differences between the substrains for

inhibition of evoked potentials result from differential

sensitivity to toxic effects of ketamine. However, all testing

of evoked potentials was done 7 days after a single exposure

to ketamine and previous reports indicate that ketamine does

not alter gating of evoked potentials [15]. Conversely, that

same study concluded that acute administration of ketamine

altered PPI of startle, again highlighting the differences

between these two measures. Of note, animals used for

startle and PPI in the current study were not exposed to

ketamine at any time. Additionally, studies in humans

suggest that the amplitude of auditory evoked potential

and PPI of startle are correlated when examined within

the same individuals [66]. Our results demonstrating no

difference between substrains for either the amplitude of

evoked potentials or PPI of startle are consistent with this

observation and support the idea that gating of evoked

potentials and gating of motor responses are distinct neuro-

nal processes.

Because a number of previous studies describe high-

frequency (f 12,000–20,000 Hz) hearing loss in many

inbred mouse strains including DBA/2, we have in-

corporated this concern in our experimental design

[12,18,19,41,84,88–90,92–94]. Specifically, the current

study utilized a 1500 Hz stimulus rather than the high

frequency stimuli that are maximally affected in the type

of hearing loss that occurs in mice. While mice do not

demonstrate maximal sensitivity to such low frequency

tones, the 1500 Hz stimuli used are not experienced sub-

jectively as pure tones due to the 10 ms duration. A previous

study successfully recorded ERPs in DBA/2 and C57BL/6

mice over a range of frequencies from 1 to 15 kHz at

intensities lower than those used in this study [16]. Earlier

studies by our group to examine novel pitch detection

utilized stimuli of 50 ms duration specifically to allow for

the detection of tonal differences [69]. Additionally, the

presence of an N1 evoked potential signifies that the

stimulus has reached auditory cortex [33]. Although the

presence of such evoked potentials demonstrate, by defini-

tion, that both substrains can hear the ERP stimuli, we

cannot rule out that one substrain may be able to hear

stimuli below the 58 dB we were able to measure. However,

given the lack of difference in amplitude of evoked poten-

tials to the first stimulus, it is unlikely that differences in
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sensitivity below 58 dB account for the difference in gating

of the ERP at 80 dB. Additionally, the lack of a difference in

PPI also suggests that the effect of non-startling prepulses

did not differ between substrains, whereas a difference in

auditory threshold would be most apparent at the lowest

intensities. The age of testing was also chosen to avoid the

effects of age-related hearing loss. A comprehensive review

of strains at Jackson labs determined that DBA/2J mice have

an ABR threshold of 55 dB at 8 weeks of age, which is

consistent with several other studies in DBA/2 mice

[88,91,95,97]. Similarly, ABR measurements in DBA/2J

and DBA/2Hsd in the current study indicate that both sub-

strains are able to hear stimuli at 58 dB, which is more than

20 dB below the intensity used in ERP testing. These data

indicate that the difference in gating of evoked potentials

observed between these sub-strains stem from alterations in

the processing of the auditory stimuli that are likely relevant

to gating deficits found in schizophrenia, rather than to any

differences in auditory sensitivity.

In summary, the current study demonstrates that DBA/2J

and DBA/2Hsd mice differ on two key phenotypes that have

been used as animal models for schizophrenia. These data

suggest that differences between these strains may allow for

a more selective dissection of the genetic, neurobiological

and perhaps environmental factors that contribute to the

expression and transmission of schizophrenia. As such,

future studies comparing these closely related substrains

are indicated.
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