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Abstract

Perinatal choline supplementation has produced several benefits in rodent models, from improved 

learning and memory to protection from the behavioral effects of fetal alcohol exposure. We have 

shown that supplemented choline through gestation and lactation produces long-term 

improvement in deficient sensory inhibition in DBA/2 mice which models a similar deficit in 

schizophrenia patients. The present study extends that research by feeding normal or 

supplemented choline diets to DBA/2 mice carrying the null mutation for the α7 nicotinic receptor 

gene (Chrna7). DBA/2 mice heterozygotic for Chrna7 were bred together. Dams were placed on 

supplemented (5 gm/kg diet) or normal (1.1 gm/kg diet) choline at mating and remained on the 

specific diet until offspring weaning. Thereafter, offspring were fed standard rodent chow. Adult 

offspring were assessed for sensory inhibition. Brains were obtained to ascertain hippocampal α7 

nicotinic receptor levels. Choline-supplemented mice heterozygotic or null-mutant for Chrna7 

failed to show improvement in sensory inhibition. Only wildtype choline-supplemented mice 

showed improvement with the effect solely through a decrease in test amplitude. This supports the 

hypothesis that gestational-choline supplementation is acting through the α7 nicotinic receptor to 

improve sensory inhibition. Although there was a significant gene-dose-related change in 

hippocampal α7 receptor numbers, binding studies did not reveal any choline-dose-related change 

in binding in any hippocampal region, the interaction being driven by a significant genotype main 

effect (wildtype>heterozygote>null mutant). These data parallel a human study wherein the 

offspring of pregnant women receiving choline supplementation during gestation, showed better 

sensory inhibition than offspring of women on placebo.
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1. Introduction

DBA/2 mice have been used extensively as a model for the sensory inhibition deficits 

observed in schizophrenia patients (Dinklo et al 2011; Hashimoto et al 2005; Kohlhaas et al 

2011; Ng et al 2007; O’Neill et al 2003; Radek et al 2006; 2012; Simosky et al 2001; 2008; 

Singer et al 2009; Stevens et al 1996; 1997, 1998; 2010; Wildeboer and Stevens 2009). 

Deficient sensory inhibition is defined as the inability to inhibit the electrophysiological 

response to repeated auditory stimuli (Adler et al 1998). It is measured in a paired stimulus 

paradigm in which 2 identical sounds (clicks) are presented at short interval (0.5 sec) and the 

electrophysiological responses to both stimuli are compared (Adler et al 1998; Baker et al 

1990). This deficit has been related to poor attentional focusing and thus cognitive problems 

(Martin and Freedman 2007; Olincy and Freedman 2012), and to sensory flooding 

(Venables 1964; 1992) in schizophrenia patients. DBA/2 mice not only demonstrate the 

deficit in sensory inhibition, they show reduced numbers of hippocampal α7 nicotinic 

receptors (Stevens et al 1996), as is seen in schizophrenia patients (Freedman et al 1995); 

the reduction presumably related to mutations in the proximal promoter region for the α7 

nicotinic receptor gene in both humans (Leonard et al 2002) and DBA/2 mice (Stitzel et al 

1996). Stimulation of these receptors with nicotine or agonists selective for the α7 receptor 

subtype improves sensory inhibition in both humans (Adler et al 1993; Olincy et al 2006) 

and DBA/2 mice (Stevens and Wear 1997; Stevens et al 1998).

While nicotinic agonists (including those selective for the α7 nicotinic receptor) are being 

explored as potential therapeutics for schizophrenia (Zhang et al 2012; Waldo et al 2012; 

Smith et al 2006; 2009; Freedman et al 2008; Olincy et al 2006; Deutsch et al 2008; Harris 

et al 2004; Myers et al 2004), these would only treat symptoms, not the root cause of the 

reduced levels of hippocampal α7 nicotinic receptors. Since schizophrenia is now 

considered to have its origins, at least in part, during development (for reviews see Schlotz 

and Phillips 2009; Markham and Keonig 2011) an ameliorative approach during 

development could correct the deficit, permanently. Studies have shown that these receptors 

do not appear in the DBA/2 mouse hippocampus until developmental day E16 as compared 

to E13 in C3H mice (Adams 2003), a strain of mouse with normal sensory inhibition 

(Stevens et al 1996), while acetylcholine (as evidenced by the presence of choline 

acetyltransferase) appears E14 to E18 in mice (Abreu-Villaça et al 2011). Thus, choline, a 

selective agonist for the α7 nicotinic receptor (Albuquerque et al 1998; Alkondon et al 1999; 

Fayuk and Yakel 2004), may stimulate α7 nicotinic receptors during early development, 

prior to the availability of endogenous acetylcholine. In a previous study, we gestated 

DBA/2 mice on a diet containing supplemented choline (5 gm/kg diet). At weaning, the 

offspring were placed on a diet containing normal choline levels (1.1 gm/kg diet). At 

adulthood the offspring mice were assessed for sensory inhibition in a paradigm utilizing 

auditory evoked potential recording from the hippocampal CA3 region of anesthetized mice 
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(Stevens et al 1996; 1997; 1998; 2008). Offspring gestated on the supplemented choline diet 

showed normal sensory inhibition, while those gestated on a diet containing normal choline 

levels displayed deficient sensory inhibition. There was also a concurrent significant 

increase in hippocampal α7 nicotinic receptors in the mice gestated on supplemented 

choline (Stevens et al 2008). These data suggest that improvement in sensory inhibition in 

DBA/2 mice gestated on supplemented choline may be due to activation of α7 nicotinic 

receptors by the choline. In a recent pilot study, pregnant women were randomly assigned to 

a choline supplement or placebo from 17.2 to 52 weeks of pregnancy. The infants were 

assessed for sensory inhibition at gestational ages 33 and 89 days. Infants whose mothers 

received the choline supplementation had significantly better sensory inhibition at the first 

recording session than infants whose mothers were on placebo. By the second recording 

session, both groups showed normal sensory inhibition (Ross et al 2013), thus suggesting 

that sensory inhibition can also be improved in human offspring.

As noted, choline is a selective agonist for the α7 nicotinic receptor, but it is also an 

essential nutrient, membrane component, and methyl group donor (Blusztajn 1998; Zeisel 

2000, Ziesel and Blusztajn 1994) which is readily absorbed in the gut from dietary sources 

(Li and Vance. 2008; Zeisel 2000). Studies have shown that the requirements for choline are 

particularly high during fetal development, when new cell membranes are being rapidly 

produced (Zeisel 2013; Zeisel and Blusztajn 1994) and there is a growing sentiment that the 

current recommended choline intake during pregnancy should be increased (Yan et al 2012). 

With the multiple systems reliant on choline, the salutary effects of choline supplementation 

during gestation may or may not be attributable to its affinity for α7 nicotinic receptors. To 

assess this, we obtained DBA/2 mice heterozygote for the α7 nicotinic receptor gene null 

mutation (Chrna7) from the Institute for Behavioral Genetics (University of Colorado, 

Boulder, CO) and bred them on normal (1.1 g/kg) or supplemented (5 g/kg) diet (Dyets, 

Bethlehem, PA) and assessed sensory inhibition at adulthood for offspring of all 3 genotypes 

(−/−, −/+ and +/+) and both sexes. If the presence of Chrna7, producing functional α7 

nicotinic receptors is a requirement of gestational-choline-supplementation-related 

improvement in sensory inhibition, mice null-mutant for this receptor should not show 

improvement with gestational choline supplementation while wildtype should have 

improvement commensurate with that seen with parental DBA/2 mice gestated on 

supplemented choline. Since DBA/2 mice are reduced in hippocampal α7 nicotinic receptors 

initially (Stevens et al 1996), the heterozygotes, which should show an even greater 

reduction, may or may show improvement. To ascertain levels of hippocampal α7 receptors 

in the genetically altered mice, as well as determine any choline-related changes, we 

performed binding studies with 125I-α-bungarotoxin.

2. Results

2.1 Sensory inhibition

The offspring mice from matings of DBA/2 mice heterozygotic for Chrna7, gestated on 

normal (1.1 gm/kg) or supplemented (5 mg/kg) choline diet, were assessed for sensory 

inhibition parameters (conditioning amplitude, test amplitude, TC ratio). MANOVA for all 

parameters tested failed to show significant effects of sex [Conditioning amplitude 
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F(1,78)=6.544, p=0.063, Test amplitude F(1,78)=2.009, p=0.160; TC ratio F(1,78)=1.507, 

p=0.223] so data were collapsed across sex and reanalyzed. Assessment of conditioning 

amplitude failed to show significant main effects for diet or genotype, or for the interaction 

of diet with genotype (Diet: F(1,83)=0.002, P=0.961; Genotype: F(2,84)=0.889, p=0.411; 

Diet × Genotype: F(2,84)=0.360, p=0.699) (Figures 1, 2A). Assessment of test amplitude, 

likewise, failed to show significant main effects for diet or genotype (Diet: F(1,83)=1.337, 

p=0.251; Genotype: F(2,84)=1.299, p=0.278), however there was a significant interaction of 

diet and genotype (F(2,84)=4.257, p=0.017) (Figures 1, 2B). A posteriori analysis revealed 

that wildtype mice gestated on supplemented choline showed significantly lower test 

amplitudes than any other group with exception of the normal choline gestated heterozygote 

mice. Analysis for TC ratio showed no main effect for diet (F1,84)=1.538, p=0.218), but a 

significant main effect for genotype (F(2,84)=4.776, p=0.011) and a significant interaction 

between diet and genotype (F(2,84)=12.200, p<0.001) (Figures 1, 3).

2.2 α-Bungarotoxin binding

All three genotypes were assessed for α7 nicotinic receptor levels in the hippocampus. 

Analysis showed no significant binding for Chrna7 homozygous null mutant mice, thus, 

these mice were not included in the remaining analyses. ANOVAs for wildtype and 

heterozygote mice were performed for levels of I125 α-bungarotoxin in 3 primary regions of 

the hippocampus, dentate gyrus, CA1 and CA3. In all three regions, there were no 

significant effects of sex [Dentate gyrus F(1,3)=0.148, p=0.703; CA1 F(1,3)=0.767, 

p=0.386; CA3 F(1,3)=0.249, p=0.621] so for all analyses, the data were collapsed across 

sex. In the dentate gyrus, there was a main effect of genotype (F(1,43)=297.666, p<0.001) 

with wildtype having significantly greater levels of α7 nicotinic receptors than 

heterozygotes. There was no effect of diet (F(1,43)=6.754, p=0.059) but there was a 

significant interaction between genotype and diet (F(1,43)=8.800, p=0.005). Fisher’s LSD 

revealed that both wildtype normal and supplemented choline were significantly greater than 

heterozygote normal or supplemented choline (Figure 4). In a similar manner, CA1 showed 

a significant main effect of genotype (F(1,43)=256.241, p<0.001), with wildtype mice 

having greater levels of α7 nicotinic receptors than heterozygote mice, no effect of diet 

(F(1,43)=1.063, p=0.308) and a trend for an interaction of genotype and gestational diet 

(F(1,43)=4.003, p=0.051). Again, Fisher’s LSD showed both normal and choline 

supplementation in wildtype mice had greater α7 receptor levels than either heterozygote 

group (Figure 4). Finally, assessment of binding in the CA3 region of hippocampus 

produced a significant main effect of genotype (F(1,43)=379.049, p<0.001), no effect of diet 

(F1,43)=0.621, p=0.435 and a significant interaction of genotype and gestational diet 

(F)1,43)=4.326, p=0.044). As was seen in the other 2 hippocampal regions, wildtype mice, 

whether gestated on normal or supplemented choline levels, had greater levels of α7 

nicotinic receptors than either heterozygote group (Figure 4).

3. Discussion

Elevated levels of dietary choline during gestation and lactation, produced long-term (into 

adulthood) improvement in sensory inhibition in DBA/2 mice wildtype for the Chrna7, 

while having no effect on heterozygote or null mutant mice, nor were there differences 
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related to the sex of the mouse. While sex trended towards significance for test amplitude, 

previous studies of DBA/2 mice have not shown sex differences (Stevens et al 2008). The 

improvement in sensory inhibition was solely due to a significant reduction in test amplitude 

in the supplemented wildtype mice as compared to the wildtype gestated on normal choline 

levels. These data are in concert with the findings of a similar study using DBA/2 mice 

(Stevens et al 2008) in which parental DBA/2 mice gestated on supplemented choline levels 

had significantly improved sensory inhibition, through a reduction in test amplitude, than 

offspring gestated on normal choline levels. The improvement in TC ratio, solely through a 

reduction in the test amplitude, implicates selective stimulation of α7 nicotinic receptors 

(Stevens and Wear 1997; Stevens et al 1998) as does the lack of effect of choline 

supplementation on homozygous mice lacking Chrna7. The failure of gestational choline 

supplementation to improve sensory inhibition in the heterozygote mice may be related to 

the significant reduction in α7 receptors when only a single copy of the gene is present (66–

77% depending upon region and level of gestational choline). Parental DBA/2 mice have a 

deficit in sensory inhibition with only a 30% reduction in hippocampal α7 nicotinic receptor 

numbers (Stevens et al 1996). The significant reduction below this level with heterozygotes 

may have been just too great a deficit to overcome. While no significant increases in α7 

receptor levels were observed with gestational choline supplementation in the present study, 

a small but significant increase was observed in the study using DBA/2 parental mice to 

which the improvement in sensory inhibition was attributed (Stevens et al 2008). The lack of 

increase in α7 levels in the present study would explain the lack of improvement in sensory 

inhibition in the heterozygote mice.

As noted, gestational choline supplementation failed in the present study to increase 

hippocampal α7 nicotinic receptor numbers in either the wildtype or heterozygote mice, 

over levels seen in the normal choline groups. This is contrary to the earlier study with 

parental DBA/2 on supplemented choline. It is possible that this is due to the fact that the 

wildtype mice in the present study are not genetically identical to the parental mice. The 

DBA/2 mice carrying the α7 nicotinic null mutation were bred from the original null mutant 

strain which was generated in the customary fashion by inserting a modified 129Svev cell 

into a C57Bl/6 mouse blastomere. Thus, there are potentially “passenger genes” originating 

from both the 129Svev and C57Bl/6 mouse now present in the DBA/2 α7 null mutation 

strain. These “passenger genes” may have altered the capacity of the DBA/2 α7 gene to 

increase protein levels in the adult supplemented offspring. The data are also contrary to the 

effects of chronic nicotine administration in which upregulation of all subtypes of nicotinic 

receptors have been observed (for review see Gentry and Lukas, 2002). Nicotine has been 

shown to induce a long-term, stable desensitization state in α7 nicotinic receptors (Papke et 

al 2009) where as choline induces rapid desensitization of α7 nicotinic receptors, but the 

activatable state is relatively quickly restablished (Papke et al 1996). Thus, the long-term 

stable desensitization induced by nicotine may cause cells to produce additional receptors to 

compensate for the lack of available receptors for activation, whereas choline-induced 

desensitization, being of shorter duration, does not.

The improvement in sensory inhibition in wildtype mice with choline supplementation is 

also on concert with a human study in which pregnant women, with normal pregnancies, 
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were administered either 900 mg of choline daily (as phosphotidylcholine) or placebo from 

~17.2 weeks of pregnancy, through delivery. Oral choline, whether delivered in the diet or 

as a supplement, is readily absorbed from the gut (Li and Vance 2008; Zeisel 2000) Choline-

supplemented infants continued choline supplementation (100 mg phosphotidylcholine) 

through 52 weeks post the mother’s last menstrual period (infant age approximately 3 

months). Sensory inhibition was tested in both groups of infants at 3 months age. A greater 

percentage of infants receiving choline supplementation had TC ratios in the normal range 

than infants whose mother’s were on placebo (76% versus 43%) (Ross et al 2013). Further, 

the study indicated that choline supplementation was safe and tolerable (Ross et al 2013).

While choline is a direct agonist of α7 nicotinic receptors (Albuquerque et al 1998; 

Alkondon et al 1999; Fayuk and Yakel 2004), it is also a methyl group donor (Zeisel 2013), 

a critical component of cell membranes (as phosphotidylcholine) (Hollenbeck 2012; Zeisel 

2006) and forms part of the neurotransmitter acetylcholine (Cohen and Wurtman 1976). The 

inability of gestationally supplemented choline to improve sensory inhibition in the 

homozygous Chrna7 null mutant mice, while being successful in the wildtype mice, 

strongly suggests an α7 nicotinic receptor mechanism. However, additional mechanism(s) 

related to choline’s other biological roles, working in tandem with α7 receptor stimulation, 

cannot be ruled out. For example, choline levels have been shown to alter gene expression, 

primarily through DNA methylation, both developmentally (for review see Blusztajn and 

Mellot 2012; Derbyshire, 2007; Zeisel 2001; 2012) and in mature brain (for review see 

Anderson et al 2012; Blusztajn and Mellot 2012). Altered expression in genes other than the 

Chrna7 could alter the function of α7 nicotinic receptors. Further research is needed to 

clarify this issue.

Perinatal choline supplementation has been shown to have numerous beneficial effects in 

rodent studies. These include improved learning and memory (Meck et al 1988; Tees 1999 

a;b), even into old age; (Meck and Williams 2003; Glenn et al 2008); protection from the 

detrimental effects of prenatal alcohol exposure (Thomas et al 2004; Monk et al 2012); 

improvement in behavioral deficits associated with a model of Rett’s syndrome (Nag and 

Berger-Sweeney 2007); improved cognitive function in a model of Down’s syndrome 

(Moon et al 2010); and antidepressant-like effects in adult female rats (Glenn et al 2012) as 

well as improving both cognitive deficits and sensory inhibition in mouse models of 

schizophrenia (Corriveau and Glenn 2012; Stevens et al 2008, respectively). The present 

study extends these studies by linking improvement in sensory inhibition to stimulation of 

α7 nicotinic receptors.

In conclusion, gestational choline supplementation in DBA/2 mice carrying the Chrna7 null 

mutation produced improved sensory inhibition in the wildtype mice only, without 

increasing hippocampal α7 receptor levels in either the wildtype or heterozygote mice. 

These data point to a pivotal role for α7 nicotinic receptors in the deficit amelioration and 

corroborate a similar studies with DBA/2 parental mice and women with normal 

pregnancies. In both cases, gestational choline supplementation improved sensory inhibition 

in supplemented offspring (Stevens et al 2008; Ross et al 2013, respectively).
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4. Experimental Procedures

4.1 Animals

Initial DBA/2 mice carrying the null mutation for the α7 nicotinic receptor gene (Chrna7) 

were obtained from the Institute for Behavioral Genetics breeding colony at the University 

of Colorado, Boulder. These mice were derived by mating α7 mixed background (129 × 

C57Bl/6) mice with DBA/2 mice (both sexes were used). The resultant progeny were +/+ 

and +/− at the α7 locus. The heterozygote mice were back-crossed with DBA/2 mice. The 

α7 heterozygote offspring were used to generate the next generation. This process of back-

crossing with DBA/2 parental mice was continued for 10 generations. DBA/2 α7 

heterozygote mice were transferred to the animal colony at the Veterans Affairs Medical 

Center where they were bred on normal (1.1 gm/kg) or supplemented (5 gm/kg) choline diet 

(Dyets, Bethlehem, PA). They were housed in standard shoe box caging with water 

continuously available; lights cycled at 12 hours (lights on at 6 AM). Dams were placed on 

the respective diet at the time the sires were placed in the cage and remained on the diet 

through parturition and weaning of the offspring. At weaning, tail snips were obtained for 

genotyping at the α7 nicotinic gene locus (Transnetyx, Cordova, TN), and offspring were 

separated by litter/sex, and placed on standard rodent chow (Teklad, Harlan, Indianapolis, 

ID) until testing. The paradigm resulted initially in 12 groups of offspring mice, 2 sexes 

(male, female), 3 genotypes [wildtype, null mutant, heterozygote], 2 diet groups (normal 

choline, supplemented choline). Ultimately, the sexes were combined to yield only 6 groups, 

3 genotypes and 2 diet groups. Final group sizes were as follows: Wildtype normal choline

—11; Heterozygotes normal choline—16; Null mutant normal choline—10; Wildtype 

supplemented choline—15; Heterozygotes supplemented choline—18; Null mutant 

supplemented choline—20. These mice were taken from a total of 25 litters with a 

maximum of 4 mice taken from a single litter, but representing all 3 genotypes.

4.2 Sensory inhibition testing

Offspring mice (22–30 gm, ages ~9–14 weeks for males and 11–16 weeks for females) from 

all genotypes, both sexes and both diet groups were anesthetized with chloral hydrate (400 

mg/kg, ip) and pyrazole (400 mg/kg, ip) to retard the metabolism of the chloral hydrate. The 

mouse was placed into the Cunningham mouse adaptor (Braintree Scientific, Braintree, MA) 

for a stereotaxic instrument and maintained at 37° C with a heating pad. The scalp was 

incised and retracted. A burr hole was opened over the dorsal hippocampus [1.8 mm 

posterior to bregma, 2.7 mm lateral to midline (Paxinos and Franklin 2004)] for the 

recording electrode and a second hole opened over the contralteral cortex rostral to bregma 

for the reference electrode. A Teflon-coated, stainless steel wire recording electrode (127 

µM diameter) was lowered to the pyramidal cell layer of hippocampal area CA3 (−1.5–1.8 

mm below dura). Final recording position was determined by the presence of complex 

spiking patterns typical of pyramidal cells (Miller and Freedman 1995). An identical 

electrode was placed on the anterior cortex to act as reference. Miniature earphones attached 

to hollow ear bars, placed at the externalization of the aural canal, delivered the computer-

generated auditory stimuli. EEG responses to paired click stimuli (3000 Hz, 10 ms, 70 dB 

SPL, presented 0.5 sec apart, with 9 sec between pairs) were amplified 1000 times with 

bandpass filtering at 1–500 Hz and led to a computer for storage and analysis. Data were 
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collected and analyzed using SciWorks (DataWave, Loveland CO) acquisition and analysis 

program. The responses to 16 pairs of stimuli were collected and averaged at 5-minute 

intervals. The maximum negativity between 20 and 60 msec after the stimulus (N40) was 

selected and measured relative to the preceding positivity (P20). This composite component 

has been shown to be less variable than either component (P20 or N40) alone (Hashimoto et 

al 2005). Three parameters were measured per record: conditioning amplitude—the 

magnitude of the response to the first stimulus, test amplitude—the magnitude of the 

response to the second stimulus, and TC ratio—the ratio of the test amplitude/conditioning 

amplitude, which is a measure of the level of inhibition (Stevens et al 1996). A TC ratio of 

0.5 or less is evidence of normal sensory inhibition (Freedman et al 1983). 10 records were 

taken per mouse. The three most similar records in terms of latency and amplitude 

magnitude, were averaged to obtain characteristic parameters for each mouse.

4.3 Autoradiography

Mice were decapitated while deeply anesthetized, the brain dissected out, frozen on dry ice 

snow and stored at −70° C until sectioned. Sequential cryostat sections (12 µM) through the 

dorsal hippocampus were cut, thaw-mounted onto gelatin-coated slides and stored at −70° C 

before binding with I125 α-bungarotoxin. The sections, subdivided into total- and non-

specific binding groups, were incubated in a solution containing 20 mM Tris-HCl, 120 mM 

NaCl and 2 mg/ml bovine serum albumin (TBS/BSA, pH 7.4) for 30 min at room 

temperature. Non-specific binding was determined by adding 50 nM α-bungarotoxin 

(αBTX) Tocris, Minneapolis, MN) to the TBS/BSA buffer. The two sets of tissue were 

incubated in TBS/BSA buffer containing I125 αBTX (5 nM, specific activity 2000 Ci/

mmol; Perkin Elmer, Waltham, MA) at 37° C for 3 hr. After incubation with the labeled 

ligand, the tissue was rinsed in TBA/BSA buffer for 5 min, in TBS without BSA for 15 min 

and in PBS for 5 min, all at 37° C. Subsequently, the slides were dipped briefly in distilled 

water, dried quickly under a stream of cool air and exposed to Super Resolution Phosphor 

Storage Screens (Perkin-Elmer Life Sciences, Boston, MA). A set of I125 tissue paste 

standards was included on each screen for calibration. Following a two-week exposure each 

screen was scanned using a Cyclone Phosphoimager (Perkin-Elmer Life Sciences). Signal 

intensity was measured with the OptiQuant imaging software (Perkin-Elmer) and was a 

linear function of I125 content of the standards (r>0.99). Signal intensity (fMol ligand 

bound/mg wet tissue weight) was calculated using the I125 standard curve for each screen 

and the known specific activity of I125-α-bungarotoxin.

4.4 Statistics

Sensory inhibition data were analyzed by a 4 factor repeated measures MANOVA, with 

genotype and sex as fixed factors, diet as the between subject variable, and recording time as 

the repeated measure. Fisher’s LSD a posteriori analyses were performed where 

appropriate. Binding data were analyzed by mixed model 3 factor ANOVA with genotype 

and sex as fixed factors and diet as the between subject variable, again with Fisher’s LSD a 

posteriori analyses performed where appropriate.
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Highlights

Perinatal choline supplementation improves sensory inhibition in DBA/2 Chrna7 +/+ 

mice

Choline supplementation does not improve sensory inhibition in Chrna7 +/− or −/− mice

Choline supplementation does not alter hippocampal α7 nicotinic receptor levels

Chrna7 +/− mice have fewer hippocampal α7 nicotinic receptors than +/+ mice, and −/− 

have none
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Figure 1. 
Representative wave forms for DBA/2 α7 nicotinic receptor null mutation mice, gestated on 

a normal choline diet (1.1 g/kg diet) or supplemented choline diet (5 g/kg diet). Only the 

wildtype mice gestated on the supplemented choline diet showed normalized sensor 

inhibition, which was produced through a reduction in the amplitude of the test response. 

The large black line is an audio stimulus artifact, tick marks denote the wave of interest, 

calibration 20 µV, 40 msec.

Stevens et al. Page 13

Brain Res. Author manuscript; available in PMC 2015 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Averaged (A) conditioning and (B) test amplitudes for DBA/2 α7 nicotinic receptor null 

mutants gestated on normal (1.1 g/kg) or supplemented (5 g/kg) diet. Data are averaged over 

12 records taken at 5 minute intervals. Conditioning amplitude did not vary significantly 

across the 3 genotypes or for the level of gestational choline. However, there were 

significant differences dependent upon genotype and gestational choline level for the test 

amplitude. Wildtype mice gestated on supplemented choline showed significantly lower test 

amplitudes as compared to all other groups except normal choline heterozygote mice. Data 
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are mean ± SEM; group n’s—Wildype normal choline – 11; Heterozygote normal choline – 

16; Null mutant normal choline – 10; Wildtype supplemented choline – 15; Heterozygote 

supplemented choline – 18; Null mutant supplemented choline – 20.
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Figure 3. 
Averaged TC ratio for DBA/2 α7 nicotinic receptor null mutants gestated on normal (1.1 

g/kg) or supplemented (5 g/kg) diet. Data are averaged over 12 records taken at 5 minute 

intervals. Wildtype mice gestated on supplemented choline showed lower TC ratios than all 

other groups. Data are mean ± SEM; group n’s—Wildype normal choline – 11; 

Heterozygote normal choline – 16; Null mutant normal choline – 10; Wildtype 

supplemented choline – 15; Heterozygote supplemented choline – 18; Null mutant 

supplemented choline – 20.
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Figure 4. 
α7 nicotinic receptor levels in 3 regions of hippocampus, as reflected by I125-α-

bungarotoxin binding, for DBA/2 wildtype and α7 nicotinic receptor heterozygote mice, 

gestated on normal (1.1 mg/kg) and supplemented (5 mg/kg) choline diet. In all cases, there 

was no significant effect of sex, so the data are collapsed across sex. In all regions, 

regardless of choline level in the dam’s diet, wildtype mice had greater levels of α7 nicotinic 
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receptors. Across choline levels, within a genotype, there were no significant differences in 

binding levels. Data are mean ± SEM, n=12 per group. **p<0.001, Fisher’s LSD.
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