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One function of the hippocampus is to ascertain the novelty 
of incoming sensations and encode significant new 
information into memory. The regulation of response to 
repeated stimuli may prevent overloading of this Junction 
by redundant sensory input. Recent pharmacological 
studies implicate the role of cx-bungarotoxin-sensitive 
nicotinic cholinergic receptors in the inhibition of 
hippocampal response to repeated auditory stimuli. The 
number of hippocampal cx-bungarotoxin-sensitive receptors 
has a major genetic determinant, as demonstrated by a 
significant variance between different inbred mouse strains. 
The purpose of the present study was to determine whether 
there was a related genetic correlation for the gating of 
auditory response. Nine inbred mouse strains, representing 
a continuum of hippocampal cx-bungarotoxin binding, were 
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tested for the electrophysiological response to repeated 
auditory stimulation, followed by whole hippocampus 
membrane cx-bungarotoxin binding studies. Several 
parameters of the auditory evoked response showed 
significant genetic variance over the nine strains, and a 
significant correlation was found between hippocampal 
cx-bungarotoxin binding and both the amplitude of the 
initial evoked response and its inhibition to repeated 
auditory stimuli. There was no correlation of the auditory 
evoked response with high-affinity nicotine binding. These 
data further support the hypothesis that cx-bungarotoxin
sensitive nicotinic receptors are involved in the regulation 
of hippocampal response to repeated auditory stimuli and 
suggest that this Junction is genetically controlled. 
[Neuropsychopharmacology 15:152-162, 1996] 

One of the functions of the hippocampus is to compare 
incoming information from the surrounding environ
ment with existing memories and to encode significant 
new information into new memories (Swanson 1983). 
Relative to the amount of sensory information in the en
vironment, however, the capacity of the brain to process 
incoming information appears limited (Broadbent 
1958). Thus, the hippocampus has mechanisms that reg
ulate its response to sensory stimuli in order to process 
only novel or critical information. This function has 
been termed "inhibitory gating" because inhibitory 
neurotransmitter mechanisms are used to gate or con-
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trol the effect of sensory input on neuronal activity 
(Freedman et al. 1994). For example, hippocampal CA3 
neurons rapidly habituate their response to repeated 
auditory stimuli (Vinogradova 1975). This habituation 
may be one mechanism to prevent redundant sensory 
information from utilizing the limited neuronal re
sources available for memory encoding. The entorhinal 
cortex, one of the principal relay centers for sensory in
formation into the hippocampus, does not show such 
habituation of response (Stafekhina and Vinogradova 
1975), which suggests that the dentate gyms and CA3 
pyramidal neurons may be critical for the regulation of 
hippocampal information flow. Lesions of the fimbria
fornix, which carries cholinergic afferents to the hippo
campus from the medial septal nucleus (Amaral and 
Kurz 1985), block the habituation of hippocampal re
sponse (Foster et al. 1988; Senba and Iwahara 1974; Vi
nogradova 1975). Unlike entorhinal cortex neurons, 
cholinergic medial septal neurons exhibit a diminished 
response to repeated auditory stimuli (Miller and Freed
man 1993). Thus, a cholinergic mechanism may be in
volved in the regulation of hippocampal response to au
ditory stimulation. 

Pharmacological studies of the effects of various cho
linergic antagonists on the hippocampal evoked re
sponse to repeated sensory stimulation provide further 
evidence for this hypothesis. The P20-N40 auditory 
evoked potential, recorded from the rat CA3 region, 
shows diminished response to the second of two audi
tory stimuli presented 0.5 sec apart (Bickford-Wimer et 
al. 1990). lntraventricular administration of scopola
mine, a muscarinic antagonist, had no effect on this ha
bituation of response to repeated stimuli. Mecamyl
amine and K-bungarotoxin, which block high-affinity 
nicotine receptors by various mechanisms, were also 
without effect. However, a-bungarotoxin and d-tubo
curarine both significantly decreased the inhibition of 
response to the second of the stimuli (Luntz-Leybman 
et al. 1992). Similar antagonism was demonstrated with 
methyllycaconitine, an antagonist that competes with 
a-bungarotoxin at neuronal nicotinic receptors (Rollins 
et al. 1994). These pharmacological studies thus suggest 
that a nicotinic receptor sensitive to a-bungarotoxin and 
related antagonists is involved in this inhibition of re
sponse to repeated stimuli. a-Bungarotoxin binds to 
postsynaptic sites on pyramidal cells in the hippocam
pus (Hunt and Schmidt 1978), but the binding is partic
ularly concentrated over a subset of hippocampus inter
neurons (Freedman et al. 1993). Recently, the a-7 
nicotinic receptor unit, which forms a receptor complex 
that binds a-bungarotoxin, has been cloned (Schoepfer 
et al. 1990). Its distribution in the rat central nervous 
system includes expression in the hippocampus 
(Johnson et al. 1991). Rapid desensitization of its re
sponse to both nicotine and acetylcholine, apparent in 
its initial characterization in frog oocytes (Couturier et 
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al. 1990), may explain why many previous electrophysi
ological studies have failed to demonstrate a functional 
role for a-bungarotoxin-sensitive receptors (Clarke 1992). 

As with many neurotransmitter receptors, the ex
pression of a-bungarotoxin-sensitive receptors is regu
lated genetically. Different inbred mouse strains vary 
significantly in the level of a-bungarotoxin binding in 
the hippocampus (Miner et al. 1986; Marks et al. 1989; 
Miner and Collins 1989). The amount of binding in 
these strains is correlated with sensitivity to nicotine
induced seizures, but not to other nicotine-induced be
havioral changes such as rearing or hypothermia. These 
other behaviors correlate with high-affinity nicotine 
binding, which is not correlated with a-bungarotoxin 
binding. 

This genetic variance in a-bungarotoxin-sensitive 
nicotinic receptors makes possible investigation of sev
eral issues about the gating of auditory evoked re
sponse in the hippocampus. First, significant variance 
in parameters of the auditory evoked response across 
inbred mouse strains would suggest that these parame
ters are also under genetic control. Second, a correlation 
analysis between the auditory evoked response and 
cx-bungarotoxin binding could then be used to estimate 
the extent to which the two traits had common genetic 
influences. Such genetic correlational analyses have 
been used in other contexts to relate genetically deter
mined differences in behavior to genetically determined 
differences in a particular neuronal mechanism (Weh
ner et al. 1990). 

MATERIALS AND METHODS 

Electrophysiology 

Male mice (25-32 g) of the ST /b, C3H, C57 /Bl, BALB, 
BUB/lbg, and DBA/2lbg strains were obtained from 
the Institute for Behavioral Genetics (Boulder, CO). 
Mice of the BUB/J, AKR, and DBA/lJ strain were pur
chased from Jackson Laboratories (Bar Harbor, ME). 
Prior to acute recording sessions, mice were housed 
four per cage and permitted free access to food (Purina 
Rodent Chow) and water. Lighting was cycled every 12 
hours (lights on at 6:00 A.M.). 

The mice were anesthetized with chloral hydrate 
(400 mg/kg, Ip) with pyrazole supplementation (400 
mg/kg, Ip) to retard metabolism of the anesthetic. Ad
ditional doses of chloral hydrate and pyrazole were 
administered every 30 to 60 minutes as needed to main
tain a surgical plane of anesthesia as assessed by toe
pinch and blink response. The mouse was placed in a 
Neuroprobe mouse adaptor (Neuroprobe, Cabin John, 
MD) for the Kopf stereotaxic instrument (David Kopf 
Instruments, Tajunga, CA), and the skin over the skull 
was incised and retracted. A small burr hole was 
opened in the skull over the dorsal hippocampus [1.8 
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mm posterior to bregma, 2.7 mm lateral to midline 
(Slotnick and Leonard 1975)]. A tungsten microelec
trode (average impedance 0.3-0.8 MO) was lowered to 
the CA3 pyramidal cell layer of the hippocampus (ap
proximately 1.8 mm below brain surface) to record au
ditory evoked potentials. Neuronal activity was moni
tored continuously during lowering of the electrode 
into the hippocampus. The presence of multiple-unit 
discharges, often containing complex spikes, indicated 
placement of the recording electrode in the CA3 pyra
midal cell layer. 

The auditory stimulus was a 10-msec epoch of a 
3-kHz sine wave, 75-dB sound pressure level, which 
was delivered binaurally through hollow stereotaxic ear 
bars placed at the externalization of the aural canals. 
Identical stimuli were delivered in pairs, 0.5 sec apart, 
at 10-sec intervals in a conditioning-test paradigm. In 
this paradigm, inhibitory mechanisms are assessed by 
comparison of the amplitude of the two evoked re
sponses. The diminished amplitude of the second re
sponse, as compared to the first, "tests" the strength of 
the inhibitory mechanisms activated, or "conditioned," 
during the first response. The ratio of the amplitude of 
the test response to the conditioning response ampli
tude indicates the amount of inhibition, with lower ratios 
indicative of stronger inhibition (Andersen et al. 1964). 

Auditory evoked activity was recorded in the hip
pocampus via a high-input impedance amplifier, with 
bandpass filtering of 1 to 500 Hz (A-M Systems, New
ark, NJ), which amplified the signal 1,000 times. The 
signal was then digitized at 1,000 Hz. A computer auto
matically recorded and averaged the potentials elicited 
by 16 paired auditory stimuli. The amplitude of the 
most negative-going wave recorded in response to the 
first (conditioning) stimulus within a window 20 to 45 
msec after stimulus onset (N40) was measured from the 
peak of the preceding positivity, which occurred 10 to 
20 msec after the stimulus onset (P20). The amplitude of 
the P20-N40 response to the second (test) stimulus was 
measured in the same manner. For this auditory evoked 
response, such peak-to-peak measurements have been 
shown to be more reliable than measurement of either 
component alone (Cook et al. 1968). The ratio of the test 
amplitude to conditioning amplitude was determined 
for each averaged evoked potential. The mean of values 
from three averaged evoked potentials was determined 
for each mouse for subsequent statistical analysis. 

a-Bungarotoxin Binding 

At the end of the recording session, the mice were given 
an overdose of anesthetic and then decapitated. The 
brain was then quickly removed, frozen in isopentane 
on dry ice, and subsequently stored at -70°C until sec
tioned. Regional dissections were made of brains of 
three mice from each strain. Membrane binding studies 
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were performed on the hippocampus to assess levels of 
a-bungarotoxin binding. In addition, tissue from four 
selected strains (ST /b, C3H, C57 /Bl, and DBA/2lbg) of 
mice (n = 4 per strain) were sectioned on a cryostat for 
autoradiographic assessment of relative levels of hip
pocampal a-bungarotoxin binding and in situ hybrid
ization for the mRNA for the a-7 subunit of the nico
tinic receptor. The tissue was cut into 12-µm sections 
and thaw-mounted onto poly-I-lysine-coated slides. A 
section from each strain was included on each slide. 

The methods for tissue preparation and binding pa
rameters for determination of membrane binding levels 
of a-bungarotoxin have been published elsewhere 
(Marks et al. 1989). Briefly, the tissue was homogenized 
in 10 volumes of ice-cold Krebs-Ringer's HEPES buffer 
(Boehringer-Mannheim, Indianapolis, IN) using a Teflon 
pestle. Following several washes and centrifugations at 
18,000 X g for 20 minutes, the pellet was resuspended in 
10 volumes of Krebs-Ringer's HEPES buffer, and diiso
propylflurophosphate (DFP, Sigma Chemical Co., St. 
Louis, MO) was added to a final concentration of 100 
µM. Following a 10-minute incubation at 37°C, the ho
mogenate was centrifuged at 18,000 X g for 20 minutes, 
and the pellet was resuspended in Krebs-Ringer's 
HEPES plus 100 µM DFP. 

Binding of [125l]a-bungarotoxin (2 nM, 244 Ci/ 
mMole, Amersham Corp., Arlington Heights, IL) took 
place in Krebs-Ringer's HEPES buffer containing 0.01% 
bovine serum albumin (BSA, Sigma Chemical Co., St. 
Louis, MO) using polypropylene test tubes and an incu
bation volume of 500 µI. The samples contained 50 to 
250 µg protein. Incubations were conducted for 4 hours 
at 37°C and terminated by dilution of the sample with 
ice-cold buffer and filtration on to Boehringer-Mann
heim glass-fiber filters (Indianapolis, IN) that had been 
soaked in buffer containing 0.5% polyethylenimine 
(Sigma Chemical Co., St. Louis, MO). The filters were 
washed five times with 3-ml aliquots of buffer contain
ing 0.5% polyethylenimine. Nonspecific binding was 
defined by addition of 1 mM } -nicotine (Sigma Chemi
cal Co., St. Louis, MO) to half the samples. 

After filtration, the washed filters were placed in 
7-ml scintillation vials containing 2.5 ml of Safety Solve 
scintillation fluid (Research Products International, Mt. 
Prospect, IL). The samples were capped, mechanically 
shaken, and counted on a Beckman 1800 Liquid Scintil
lation Spectrometer. Protein was assayed by the method 
of Lowry et al. (1951) using BSA as the standard. Spe
cific a-bungarotoxin binding was calculated as fmol/ 
mg protein. 

Autoradiography 

For autoradiographic visualization of hippocampal 
o:-bungarotoxin binding, slides with tissue sections were 
preincubated in 50 mM Tris-HCI buffer, pH 7.4, contain-
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ing 120 mM NaCl and 2 mg/ml BSA for 0.5 hour at 
room temperature. Half the slides were then incubated 
in buffer containing 2 nM[125I]-cx-bungarotoxin (2000Ci/ 
nmole); the other half were incubated in buffer contain
ing the labeled cx-bungarotoxin plus 1 mM unlabeled 
I-nicotine to define nonspecific binding. Following in
cubation for 3 hours at 37°C, the slides were washed 
three times for 10 minutes each in room-temperature 
phosphate-buffered saline (PBS) (pH 7.4). The first two 
washes contained BSA; the third did not. After drying, 
the slides were dipped in Kodak NTB2 photographic 
emulsion. After 7 days, the emulsion was developed us
ing Dektol (1:1) and the tissue was subsequently coun
terstained with cresyl violet. 

The slides were analyzed on a Joyce-Loebl Magiscan 
MD2 computer-based imaging system. Silver grain den
sities were measured in hippocampal areas CAl, CA3, 
and the dentate granule cell layer. Values obtained from 
slides incubated with I-nicotine, representing nonspe
cific binding, were subtracted from the values obtained 
with labeled cx-bungarotoxin alone, representing total 
binding, to give a value for specific binding. Binding 
densities were expressed as a fraction of the value ob
tained on the same slide from the strain with highest 
binding, the ST /b strain. 

In Situ Hybridization 

Assessment of levels of mRNA for the cx-7 subunit of 
the nicotinic receptor was performed using a cRNA 
probe prepared from cDNA for the rat cx-7 subunit (ob
tained from Dr. James Boulter, The Salk Institute, San 
Diego, CA). A restriction fragment of 500 basepairs, 
coding for the amino terminus of the mature peptide, 
was subcloned into a BlueScript vector (Stratagene, La 
Jolla, CA) containing T7 and T3 polymerase promoter 
sequence. The plasmid was linearized with Sacl or 
EcoRl restriction enzymes (Boehringer Mannheim, In
dianapolis, IN) that cut to the 5' and 3' end of the cDNA 
insert, respectively. The cDNA was then transcribed in 
vitro using a kit from Ambion (Austin, TX). Transcrip
tion took place with T7 or T3 polymerases in the pres
ence of [35S]-uridine-triphosphate (Amersham, Arling
ton Heights, IL) and unlabeled adenosine triphosphate, 
cytosine triphosphate, and guanosine triphosphate 
(Ambion, Austin, TX) to generate sense and antisense 
cRNA probes, respectively (Logel et al. 1992). Unincor
porated nucleotides were removed by passage through 
a G50 Spin Column (Boehringer Mannheim, Indianapo
lis, IN). An aliquot of each probe was counted on a 
Beckman LS7800 scintillation counter; the specific activ
ity of the probes was determined to be 7.1 x 105 cpm/ 
ml for the antisense probe and 3.9 X 106 cpm/ml for the 
sense probe. Probes were stored overnight at - 20°C 
and used the next day. 
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In situ hybridization was performed according to 
previously published methods (Marks et al. 1992; Sim
mons et al. 1989). Slides containing the tissue sections 
were incubated at room temperature in PBS, pH 7.4, 
containing 4% paraformaldehyde for 15 minutes, after 
which they were washed three times for 5 minutes each 
in PBS alone and then air-dried. The slides were then in
cubated in 0.1 M triethanolamine buffer (TEA, Sigma 
Chemical Co., St. Louis, MO), pH 8.0, for 3 minutes and 
then in TEA containing 15 mM acetic anhydride for 10 
minutes. They were then rinsed twice in 2 X SSC (1 X 

SSC = 150 mM NaCl plus 15 mM trisodium citrate, pH 
7.4). The tissue was dehydrated by passing the slides 
through successive 3-minute ethanol baths (50%, 70%, 
95%, and 100%), after which the slides were air-dried. 
Hybridization took place in buffer containing 50% for
mamide, 10% dextran sulfate, 300 mM NaCl, 10 mM 
Tris-HCl, (pH 8.0), 1 mM EDTA (pH 8.0), Denhardts 
(0.02% each BSA, Ficoll and polyvinylpyrrolidone, Sigma 
Chemical Co., St. Louis, MO), 500 µg/ml yeast extract 
tRNA, 10 mM dithiothreitol (DTT, Sigma Chemical Co., 
St. Louis, MO) and 5 x 106 cpm/ml of the sense or anti
sense probe. After hybridization at 58°C for 18 hours, 
the incubation buffer was cooled to room temperature 
and the slides washed for 15 minutes in 4 X SSC with 
agitation. The slides were subsequently transferred to 
ribonuclease-containing buffer (20 µg/ml RNAse A, 
500 mM NaCl, 10 mM Tris-HCl, pH 8.0, and 1 mM 
EDTA) for 30 minutes at 37°C. The tissue was then 
washed and desalted in 5-minute baths of decreasing 
concentrations of SSC containing 1 mM DTT to prevent 
oxidation of the [35S]-containing probes. A final 30-
minute high-stringency wash containing 0.1 X SSC and 
1 mM DTT at 60°C was followed by a 10-minute cooling 
period in 0.1 X SSC plus 1 mM OTT at room tempera
ture. The tissue was then dehydrated by successive 
3-minute washes in increasing concentrations of etha
nol. The slides were air-dried and apposed to Hyper
film-3H (Amersham, Arlington Heights, TX) for 10 
days. Following development of the film, the images 
were analyzed on the Joyce-Loeb! Magiscan MD2 com
puter-based imaging system, as was described for the 
autoradiographic cx-bungarotoxin binding studies. Grain 
densities obtained for the sense probe images were sub
tracted from the antisense images to define selective hy
bridization for each of the hippocampal areas. Levels of 
cx-7 subunit mRNA were expressed relative to the ST /b 
strain. 

Data Analysis 

lnterstrain differences in a single variable were assessed 
by analysis of variance (ANOVA). Pearson's correlation 
was used to express the relationship between variables 
across strains. 
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Figure 1. Auditory evoked potentials from a C3H and a 
DBA/2Ibg mouse. The stimuli are indicated by arrows. The 
N40, indicated by the tic below each trace, was measured rel
ative to the preceding P20 positivity, indicated by the tic 
above each trace. 

RESULTS 

Auditory Evoked Responses 

Auditory evoked responses were recorded from the 
hippocampus in all nine mouse strains. Latencies of the 
potentials did not differ significantly across the strains 
and were within the range for N40 latency (38-42 msec) 
found in previous studies in anesthetized rats (Bick
ford-Wimer et al. 1990). However, the amplitude of re
sponses to both conditioning and test stimuli varied 
significantly across the strains. The sample recording 
from a C3H mouse shows a lower response to the test 
stimulus than to the conditioning stimulus, which is 
also similar to that previously reported in rats, whereas 
the sample recording from the DBA/2Ibg mouse shows 
a smaller response to the conditioning stimulus and no 
decrement in the test response (Figure 1). The DBA/lJ 
strain, which has been genetically separate since 1930 
from all DBA/2 strains, including DBA/2Ibg, had a 
similar evoked response, despite other behavioral dif
ferences (Yanovsky et al. 1995). Evoked response pa
rameters of the other strains varied continuously across 
a range of values (Table 1). Across the nine strains, there 
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were significant differences in the amplitude of the con
ditioning response [F(S,51) = 4.78, p < .0005] in the am
plitude of the test response [F(8,51) = 2.15, p < .05] and 
in the ratio of the test response to the conditioning re
sponse [F(8,51) = 12.57, p < .0001]. There were no sig
nificant correlations between conditioning amplitude 
and either test amplitude or the ratio of test to condi
tioning amplitude. 

[1251]-a-Bungarotoxin Binding 

The binding of [1251]-a-bungarotoxin in the hippocam
pus also showed significant differences across the nine 
strains. A previous study using Scatchard analysis 
showed no difference in Ko values between the strains 
and determined that 2 nM, the concentration used in 
the present study, would saturate the binding site 
(Marks et al. 1989). At saturating concentration, the pre
vious study also reported significant differences in 
binding in the hippocampus and other brain regions. 
Three mice in each strain were selected from those used 
for electrophysiological recording to repeat the analysis. 
Analysis of variance of the present data showed results 
consistent with those previously obtained [F(8,18) = 
3.29, p < .05; Table 2]. The correlation between the val
ues observed in the two studies was significant (r 
0.88, p < .005). 

Comparison between Auditory Evoked 
Response and Binding of [1251]-a-Bungarotoxin 
and [3H]-Nicotine 

Across the nine strains, there was a significant correla
tion between [1251]-a-bungarotoxin binding and both 
the conditioning amplitude (r = 0.75, p < .01) and the 
ratio of the test amplitude to the conditioning amplitude 
(r = -0.72, p < .05; Figure 2). There was no significant 
correlation between test amplitude and [1251]-a-bunga
rotoxin binding. None of the evoked potential parame
ters correlated with [3H]-nicotine binding levels that 

Table 1. Amplitudes and TC Ratios for Auditory Evoked Potentials Recorded in Nine Strains of Inbred Mice 

Condition Amplitude Test Amplitude Ratio of Test 
Strain (µ Volts) (µ Volts) to Condition Amplitude 

AKR (n = 6) 35.6 :±:: 7.3 14.2 ± 3.2 0.45 :t 0.09 
BALB (n = 5) 93.1 ± 21.8 81.7 ± 21.3 0.90 :t 0.07 
BUB/Ibg (n = 6) 175.3 ± 50.8 76.1 ± 35.0 0.36 :t 0.11 
BUB/J (n = 5) 137.6 :':: 64.5 66.0 :':: 30.2 0.48 :±:: 0.05 
C3H (n = 6) 116.2 :':: 14.0 8.0 ± 3.6 0.08 :±:: 0.Q3 
C57 /Bl (n = 8) 114.7 :±:: 15.4 27.0 ± 5.4 0.27 ± 0.05 
DBA/lJ (n = 5) 42.9 ::+:: 13.3 42.2 ::+:: 15.9 0.96 ::+:: 0.12 
DBA/2Ibg (n = 8) 52.4 ::+:: 14.5 39.9 ::+:: 8.4 0.91 :':: 0.15 
ST/b (n = 11) 285.5 ::+:: 57.5 96.9 ::+:: 23.4 0.31 :':: 0.04 

Data are expressed as mean ::+:: standard error. 
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Table 2. [1 251]-a-Bungarotoxin Binding in Inbred Mouse 
Strains 

Strain fmol/mg Protein 

AKR 35.9 ::+: 5.3 
BALB 29.3 ::+: 4.5 
BUB/Ibg 40.1 ::+: 4.1 
BUB/J 46.1 ::+: 7.7 
C3H 39.5 ::+: 2.9 
C57 /Bl 32.0 ::+: 4.7 
DBA/lJ 24.5 ::+: 1.6 
DBA/2Ibg 27.5 ::+: 1.7 
ST/b 45.9 ::+: 2.1 

Each value is the mean ::+: standard error from three animals. 

had been previously determined in these strains (Marks 
et al. 1989). 

Comparison between Auditory Evoked 
Response and [1251]-a-Bungarotoxin Binding 
and Hybridization of a-7 mRNA in Situ 

[125I]-a-bungarotoxin labeling was examined histologi
cally, together with in situ hybridization of mRNA for 
the a-7 nicotinic receptor subunit, in sections of the hip
pocampus from the ST /b, C3H, C57 /Bl, and DBA/2Ibg 
strains. The most intense a-bungarotoxin labeling was 
in the dentate hilus and in stratum lacunosum molecu
lare, with moderately heavy labeling in the stratum 
oriens of CA3. In CAl, there was some labeling in the 
stratum oriens, extending to the alveus. The dentate 
granule cell layer and the pyramidal cell layers were 
mostly unlabeled. A similar pattern has been observed 
in the rat (Freedman et al. 1993). Across the four strains, 
the labeling was most intense in ST /b, intermediate in 
C3H and C57 /Bl, and least intense in DBA/2Ibg (Fig
ure 3). Computerized measurement of labeled areas, 
comparing C3H, C57 /Bl, and DBA/2Ibg sections to an 
ST /b section on the same slide, was used to quantify la
beling in CAI, CA3, and the dentate hilus (Table 3). The 
binding of a-bungarotoxin in the membrane binding as
say correlated most closely with labeling in the CA3 re
gion (r = 0.97, p < .01). Labeling in the CA3 region was 
also correlated with the conditioning amplitude (r = 
0.96, p < .01). 

In situ hybridization for the a-7 nicotinic receptor 
subunit mRNA showed hybridization in the dentate 
gyrus granule cell layer and the pyramidal cell layer in 
all hippocampal subregions. This pattern was consis
tent with the labeling observed for a-bungarotoxin. 
There was also hybridization in scattered cells through
out the hippocampus, including the dentate hilus, stra
tum lacunosum moleculare, and stratum oriens. As 
with a-bungarotoxin labeling, there was a difference 
across the four strains. Particularly in the pyramidal re
gions, the ST /b showed the most intense hybridization, 
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A. Conditioning response amplitude versus 
hippocampal alpha-bungarotoxin binding 

300 
eST/b 

2 
0 
> e 
() .E 200 

BUB/lbg 
(l) • -0 

c.. C57/81 
e BUBIJ 

E • e C3H 
<l: 100 BALB 

0 • 
'SI" z 

DBAl1J 6 D8A/21bg 
(\J • e AKR a.. r=0.75 

0 
20 30 40 50 

(l) 
-0 

.fl 

B. Ratio of test to conditioning response versus 
hippocampal alpha-bungarotoxin binding 

c.. 1.0 
E 
C\J 

0 
0.8 

6 
(\J 
a.. 
Cl 0.6 
C 
·c 
g 
°g 0.4 
0 
(.) 

_g 
t; 0.2 
2 
0 

DBAl1J 
e DBAl21bg 

e e SALB 

r=-0.72 

AKR e 

BUB/lbg e 
C571B1 

• 
C3H 

• 

BUB/J 

• 
ST lb 

• 

.Q o.o+--------------~ 
ro 20 30 40 50 
er: Alpha-bungarotoxin binding (fmol/mg protein) 

Figure 2. Relation between a-bungarotoxin binding and 
the amplitude of the conditioning response (A) and the ratio 
of the test to the conditioning amplitude (B). 

with the least hybridization in the DBA/2Ibg. Hybrid
ization in the CA3 region was correlated with the ratio 
of the test amplitude to the conditioning amplitude (r = 
-0.93, p < .05). 

DISCUSSION 

The purpose of this study was to assess the hippocam
pal response to paired auditory stimuli across strains of 
inbred mice that are known to differ in levels of hippo
campal a-bungarotoxin binding. Nine strains of mice 
that represented a continuum of hippocampal a-bunga
rotoxin binding, as determined from published homo
genate binding studies (Miner et al. 1986; Marks et al. 
1989; Miner and Collins 1989) were assessed in an audi
tory conditioning/test paradigm. In all strains tested, a 
similar negative-going wave with a latency of approxi
mately 40 msec was elicited in the CA3 region of the 
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ALPHA-7 ALPHA-BTX 

Figure 3. a-Bungarotoxin binding (right) and in situ hybridization of mRNA for the a7 nicotinic receptor subunit (left) for 
four strains of mice. Hippocampal regions CAI, CA3, and the dentate granule cell layer (dg) are indicated. Calibration bar is 
1mm. 
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Table 3. [1 251]-a-Bungarotoxin Binding and a.7 mRNA in 
Situ Hybridization in Various Regions of the Hippocampus 
of Four Strains of Mice 

Region C3H C57/BI DBA/2Ibg ST/b 

a-Bungarotoxin 
CA1 0.45 ::':: 0.08 1.04 :+: 0.23 0.81 :+: 0.39 1.0011 

CA3 0.72 ::':: 0.07 0.69 = 0.16 0.43 :+: 0.04 1.00" 
Hilus 0.66 :+: 0.06 1.02 :+: 0.05 0.86 :+: 0.11 1.00'1 

a7mRNA 
CAl 0.93 :+: 0.05 0.64 :+: 0.01 0.57 :+: 0.05 1.0011 

CA3 1.07 ::':: LUO 0.90 = O.Q9 0.76 ::':: 0.18 1.0011 

Hilus 0.77 ::':: 0.07 0.97 :+: 0.14 0.88 :+: 0.04 1.0011 

Data are expressed as mean ± SE\1. 
''Levels of u-bungarotoxin binding and mRNA for the C3H, C57 /Bl, 

and DBA/2lbg strains are expressed relati\·e to the level in the ST /b 
strain v,;hich was SPt at 1. 

hippocampus in response to the stimuli. In outbred 
Sprague-Dawley rats, the 95'½, confidence limit for the 
ratio of test to conditioning amplitude was 0.4 or less 
(Miller et al. 1992). In three of the inbred strains, the ra
tios were all below 0.4, similar to those of the outbred 
rats. ln three strains, ratios as high as 0.6 were observed. 
The final three strains always produced responses to 
the test stimulus that were approximately the same am
plitude as the conditioning stimulus (i.e., ratios of about 
1). Hence, the nine strains of mice tested also represent 
a continuum with regard to their capacity to inhibit the 
hippocampal response in a repeated stimulus para
digm. This is the first study to identify strains of ani
mals that reliably fail to inhibit the response to repeated 
auditory stimuli without pharmacological intervention. 
These animals thus represent a new potential model for 
assessing the neuropharmacology and neuroanatomical 
locus of sensory filtering. 

A significant correlation was demonstrated between 
a-bungarotoxin binding and both the amplitude of the 
conditioning response and the ratio of the test and con
ditioning amplitudes. These correlations do not prove 
that a-bungarotoxin-sensitive nicotinic receptors are 
part of the mechanism of the regulation of sensory re
sponse. However, the results are consistent with previ
ous pharmacological studies in rats, in which a-bunga
rotoxin treatment decreased both the amplitude of the 
conditioning response and the suppression of the test 
response (Luntz-Leybman et al. 1992). In DBA/2Ibg 
mice treated with nicotine and related nicotinic ago
nists, both parameters are increased (Stevens et al. 
1995a, 1995b ). A mechanism for the effects of altered ex
pression of a-bungarotoxin-sensitive cholinergic recep
tors on inhibitory gating of auditory responses is sug
gested by previous neurobiological studies with this 
paradigm. Auditory stimuli reach the hippocampus via 
a glutaminergic pathway from the entorhinal cortex 
and a cholincrgic pathway from the medial septa] nu
cleus. The entorhinal cortex does not habituate its re-
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sponse to repeated auditory stimuli (Stafekhina and Vi
nogradova 1975), whereas the medial septal nucleus 
does (Miller and Freedman 1993). During the condition
ing response, the cholinergic neurons excite hippocam
pal pyramidal cells and interneurons, both of which 
have a-bungarotoxin-sensitive receptors and express 
a-7 mRNA (Hunt and Schmidt 1978; Freedman et al. 
1993; Barrantes et al. 1995). The excitation causes pro
longed interneuron activity (Miller and Freedman 
1995), which releases sufficient GABA to activate inhibi
tory GABAs receptors on presynaptic terminals near 
pyramidal cell apical dendrites (Isaacson et al. 1993). 
Then, although the entorhinal cortical neurons dis
charge in response to the test stimulus, their release of 
glutamate in the hippocampus is diminished. Evidence 
for this mechanism includes the finding that antago
nism of GABAs receptors or of a-7 receptors are both 
sufficient to block the inhibition of the test stimulus 
(Luntz-Leybman et al. 1992; Hershman et al. 1995). a-7 
Receptors are rapidly and completely desensitized after 
agonist activation (Couturier et al. 1990), so that an ade
quate supply of receptors is needed to ensure that some 
of the population is available for activation as the pairs 
of stimuli are repeated. Some mouse strains may have 
failure of cholinergic activation of interneurons because 
a diminished number of receptors means that their en
tire population can become desensitized. One cause of 
diminished expression of a-7 receptors is a variant in 
a-7 mRNA splicing, observed in bovine adrenal chroma
ffin cells, that results in the assembly of an abnormal re
ceptor (Garcia-Guzman et al. 1995). However, the ge
netic mechanisms responsible for variation in expression 
among the strains in this study are unknown. 

An alternative explanation is that the diminished 
suppression of the test response is a result of a dimin
ished conditioning response. For example, there could 
be a floor effect with small responses, so that the ratio 
would be high (i.e., close to unity) because both condi
tioning and test responses were approaching a similar 
minimum value as the conditioning amplitude de
creased. However, the C3H mice have larger condition
ing waves that the DBA/2Ibg mice, but the DBA/2Ibg 
mice have larger test waves. Thus, the change in the ra
tio of the test to conditioning amplitude reflects changes 
in the test response as well as changes in the condition
ing response. Another alternative explanation is that 
there is failure of activation of inhibitory mechanisms if 
the conditioning response is weak. If that hypothesis 
were true, then there would be a stronger correlation 
between the conditioning amplitude and the ratio of the 
test to the conditioning responses. Instead, the correla
tion between the two electrophysiological parameters is 
not significant. However, both parameters have signifi
cant correlation to a-bungarotoxin binding, suggesting 
that the two electrophysiological parameters have an 
independent relationship to the nicotinic receptor. 
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Although the inbred strains were chosen for study 
because of their differences in hippocampal a-bungaro
toxin binding, there are many other differences between 
the strains. In particular, OBA mice, the most deviant 
strain on both the sensory gating measures and a-bun
garotoxin binding, exhibit decreased catecholamine 
turnover (Kempf et al. 1974), increased numbers of fore
brain cholinergic neurons (Albanese et al. 1985), in
creased acetylcholinesterase activity (Mandel et al. 
1974), increased response to opiates (Frischknecht et al. 
1988), and decreased protein kinase activity (Wehner et 
al. 1990). Given the current understanding of the neuro
biology of the hippocampus, none of these differences 
are likely to account for the differences in auditory re
sponse observed in this study. Furthermore, as was 
found for high-affinity nicotine binding, none of these 
other measures are correlated across the different 
strains with parameters of auditory response. However, 
the correlation between gating of auditory response and 
a-bungarotoxin binding has substantial variance, some 
of which might be caused by other neurotransmitter 
mechanisms known to affect inhibitory gating, such as 
norepinephrine (Adler et al. 1988; Bickford-Wimer et al. 
1990). a-Bungarotoxin-sensitive receptors are found in 
other brain areas in addition to the hippocampus. Val
ues for other brain areas found in previous studies 
showed weaker correlations with auditory response 
than the hippocampal levels (Miner et al. 1986; Marks et 
al. 1989; Miner and Collins 1989). Indeed, the strongest 
correlations observed were for a-bungarotoxin binding 
within the CA3 region itself, the source of the N40 
wave. Nonetheless, the hypothesis that the critical nico
tinic receptor is in the CA3 region requires further ex
perimental verification. 

One other hippocampal parameter may be closely re
lated to auditory response. Several authors have re
ported diminished infrapyramidal mossy fiber innerva
tion in the CA3 region in OBA mice, compared to C3H 
and C57 /Bl strains (Barber et al. 1974; Fredens 1981; 
Schwegler and Lipp 1983; Lipp et al. 1989; Roullet and 
Lassalle 1992). ST /6Fi, a strain closely related to ST /b, 
has a larger innervation than the other three strains 
(Fredens 1981). There is a significant correlation (r = 
-0.96, p < .01) between the ratio of the amplitude of the 
test and conditioning responses and the area of the 
mossy fiber innervation as measured on Timm's stained 
sections for these four strains (Roullet and Lassalle 
1992). The alteration in hippocampal physiology could 
also reflect an alteration in mossy fiber innervation, 
rather than only an alteration in a-bungarotoxin-sensi
tive receptors. However, a-bungarotoxin-sensitive re
ceptors have been purported to play a role in the early 
development of synaptic innervation in other brain ar
eas (Fuchs 1989). Thus, it is possible that decreased nico
tinic receptors result in both altered physiology and al
tered synaptic development. 
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The significance of a-bungarotoxin-sensitive recep
tors for the neuropsychopharmacology of human dis
ease remains uncertain. Heavy smoking, which could 
administer enough nicotine to activate this low-affinity 
receptor, is common in schizophrenics (de Leon et al. 
1995). Diminished a-bungarotoxin-binding has been 
found in portmortem examination of human hippocam
pus from schizophrenics, compared to a control group 
(Freedman et al. 1995). Schizophrenics have diminished 
suppression of the test response in an evoked potential 
paradigm similar to the one used in the present study, 
and this suppression is transiently normalized by ciga
rette smoking (Adler et al. 1993). Heritability of the di
minished suppression in families with schizophrenic 
probands has been observed, with moderate evidence 
for linkage to the chromosomal site of the a-7 receptor 
subunit (Coon et al. 1993; Freedman et al. 1994). Inbred 
mice with genetically determined deficiencies in a-bun
garotoxin-sensitive receptors and auditory sensory gat
ing may thus model an important aspect of the patho
physiology of schizophrenia. 
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