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6  

The non-classical traits: heritability, QTL mapping 
and correlation with GeneNetwork phenotypes 

 
6.1 Introduction 
 
In Chapters 2-5, we presented the four papers that resulted from the work 
performed for this thesis. In Chapter 6, we will show unpublished results that 
contributed to the conclusion of this thesis. They concern the non-classical traits; 
the DFA exponent, the oscillation burst lifetime, the four Langevin parameters and 
four cross-frequency phase-locking parameters that were described in the general 
introduction (Chapter 1). In particular, we present for these traits the estimated 
heritability, the QTL mapping, and their correlation with gene-expression and with 
GeneNetwork phenotypes. We also report the genetic correlations between all 
sixteen (ten non-classical, six classical) hippocampal activity traits. Finally, the 
correlations between the sixteen traits and the traits from the GeneNetwork 
database are presented. Since the context, the data and the methods that are used in 
this chapter are the same as in Chapter 5, we will only report the results of the 
above mentioned analysis. These results will be discussed in the general discussion 
(Chapter 7). 
 
6.2 Heritability estimates 
 
For the BXD experiments described in Chapter 5, we computed the DFA exponent, 
the oscillation burst lifetime, the four Langevin parameters, the phase lags between 
hippocampal subregions and the cross-frequency PLF and phase lag. For these ten 
traits we estimated the mean and its standard error (SEM) per BXD strain, 
performed ANOVA to test for differences between BXD strains, and computed 
heritability scores (Fig. 6.1, 6.2). The p-values from the ANOVA were all smaller 
than 0.002, and the heritability ranged from 3 to 22%. Only the traits that 
correlated strongly with the classical traits, and therefore may express the same 
effect, had heritability scores higher than 8%.  
 
6.3 QTL mapping 
 
For the same ten non-classical traits we performed QTL mapping resulting in a 
LRS scores for each genomic marker, as described in the Materials and Methods of 
Chapter 5. The LRS scores are depicted in Figures 6.3 and 6.4. None of the LRS 
scores reached significance, but there were several LRS peaks that crossed the so-
called "suggestive significance" threshold. Following the paradigm of Chapter 5, 
we selected all the genes in the suggestive QTLs, and computed genetic 
correlations between the expression of these genes in the hippocampus and the 
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traits that gave rise to the QTLs. None of these correlations were significant, so no 
candidate genes were identified.  
 
6.4 Genetic correlations within the complete set of hippocampal traits 
 
In order to estimate the extent to which traits are influenced by the same genes, we 
computed the genetic correlations between each pair of all sixteen hippocampal 
activity traits (Tabel 6.1). In Figure 6.5 these correlations were used as distance 
measures between the traits in a cluster analysis (see Materials and Methods, 
Chapter 5). Peak amplitude, amplitude 1–45 Hz (CCH), correlation (CCH), cross-
frequency PLF and oscillation burst lifetime cluster together. Oscillation burst 
lifetime has been reported to be independent of amplitude. We observed a low 
phenotypic correlation (data not shown) between these traits too, but a high genetic 
correlation (r = 0.79). Amplitude 1–45 Hz (ACSF), correlation (ACSF), and the 
second Langevin parameter were also strongly and positively correlated. The 
second Langevin parameter is the noise intensity, a measure for the excitation in 
the network, and it is measured during the ACSF condition. Therefore, the 
correlation was to be expected. Peak frequency has, surprisingly, almost the same 
correlation with amplitude 1–45 Hz (r = 0.62) as with peak amplitude (r = 0.6). 
The other traits show relatively low correlations. 
 
6.5 Correlation with GeneNetwork phenotypes 
 
Genetic correlations between all sixteen traits and the phenotypes of the two 
subsets “hippocampus physiology” and “behavior” from the GeneNetwork 
phenotype database were computed (see Chapter 5). The correction for multiple 
testing for the significance of the correlations was determined with permutation 
tests (see Materials and Methods, Chapter 5). In Chapter 5 we used a permutation 
paradigm to determine false discovery rates. Since here we are merely interested in 
ranking, we used the same permutation tests to obtain corrected p-values. For each 
of the sixteen hippocampal activity traits, we computed for both phenotype subsets 
the top-ten of correlations, ranked by p-values. 
 The first phenotype subset consists of 35 physiological traits of the 
hippocampus. As mentioned in Chapter 5, amplitude 1–45 Hz (CCH) was most 
strongly (negatively) correlated with four measures of the volume of the 
hippocampus. Other phenotypes in the top-ten of amplitude 1–45 Hz (CCH) were 
four measures of hippocampal mossy fiber pathway volume (most significant: ID 
12589, r = -0.5, p = 0.04/0.5 (uncorrected/corrected)). Peak amplitude was 
correlated with amplitude 1–45 Hz (CCH), and therefore the volume traits 
(hippocampus and mossy fiber) also showed up in the top-ten of peak amplitude. 
Another phenotype correlated with peak amplitude was choline uptake (ID 10607, 
r = 0.50, p = 0.07/0.77). The top-ten of the traits correlations (CCH), peak 
frequency, correlations (ACSF) and amplitude 1–45 Hz (ACSF) did not contain 
interesting phenotypes other than the volume traits, but with lower p-values. For 
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the non-classical traits, the only correlation that was (almost) significant (p < 0.05) 
was between the phase lag between CA3SR and CA3SO and choline uptake (ID 
10607, r = -0.74, p = 0.002/0.07).  
 The second subset of phenotypes consists of a selection of behavioral traits 
(see Materials and Methods, Chapter 5). In Chapter 5 we reported that four 
locomotion phenotypes were strongly negatively correlated with peak amplitude. 
Other phenotypes in this top-ten are two measures of anxiety: a fear conditioning 
response activity during third tone-shock pairing (ID 11399, r = -0.62, p = 
0.0004/0.07), and the percentage of entries into closed arms of a plus maze (ID 
11456, r = 0.55, p = 0.003/0.3), which suggests that strains with high peak 
amplitude may suffer from anxiety (Carobrez & Bertoglio, 2005). For amplitude 1–
45 Hz (CCH), the locomotion traits that showed correlation with peak amplitude 
were not present in the top-ten, but there was a negative correlation with 
’locomotion in dark compartment of a light-dark box’ (ID 11898, r = -0.56, p = 
0.002/0.25). The fear conditioning response and activity in closed arms/quadrants, 
also found for peak amplitude, were present in this top-ten too, but with lower p-
values. The top-ten of correlations (CCH) and peak frequency did not contain 
interesting phenotypes other than the ones already mentioned, and with smaller p-
values. The top-ten of correlations (ACSF) contained a phenotype from the Morris 
water maze that measures spatial memory performance (ID 10345, r = -0.98, p = 
0.0004/0.08). Two other BXD studies have measured spatial memory performance: 
for both of them correlations (ACSF) was negatively correlated with performance 
in a memory task (ID 10619, r = -0.94, p = 0.02, ID 10413, r = 0.44, p = 0.1). 
Amplitude 1–45 Hz (CCH) showed the same negative correlations, but with larger 
p-values. 

For the non-classical traits, only the cross-frequency phase-locking factor 
showed interesting results. This trait is highly correlated with peak amplitude, and 
thus it is not surprising that the top-ten of these traits are highly similar. However, 
the p-values of the correlations were much higher for the cross-frequency phase-
locking factor (locomotion, ID 11506, r = -0.68, p = 0.00007/0.007; percentage of 
entries into closed arms ID 11456, r = 0.68, p = 0.00007/0.007; locomotion, ID 
11510, r = -0.67, p = 0.0001/0.01; fear conditioning response, activity during third 
tone-shock pairing ID 11399, r = -0.67, p = 0.0001/0.01).  
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Figure 6.1. Variation among BXD strains in five non-classical traits. 
Means and SEM of the 29 BXD strains and 2 parental strains, and heritability scores and p-values 
from ANOVAs for (A) the DFA exponent, (B) the Langevin parameter 1 (C) the Langevin parameter 
2 (D) the Langevin parameter 3 (E) the Langevin parameter 4.  
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Figure 6.2. Variation among BXD strains in five non-classical traits. 
Means and SEM of the 29 BXD strains and 2 parental strains, and heritability scores and p-values 
from ANOVAs for (A) oscillation burst lifetime; (B) the cross-frequency phase difference; (C) the 
cross-frequency phase-locking factor; (D) the phase difference between CA3A and CA1A; (E) the 
phase difference between CA3A and CA3B. 
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Figure 6.3. QTL mapping of five non-classical traits. 
(A-E) The LRS scores (y-axis) quantify the relation between genomic markers (x-axis) and the five 
traits (A) the DFA exponent; (B) the Langevin parameter 1 (damping); (C) the Langevin parameter 2 
(noise intensity); (D) the Langevin parameter 3 (asymmetry); (E) the Langevin parameter 4 
(parabolicity). The red horizontal lines indicate the threshold for significance (p = 0.05), whereas the 
grey lines indicate suggestive significance (p = 0.63). The genomic regions that reached suggestive 
significance were used for further analysis.  
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Figure 6.4. QTL mapping of five non-classical traits. 
(A-E) The LRS scores (y-axis) quantify the relation between genomic markers (x-axis) and the five 
traits (A) oscillation burst lifetime; (B) the cross-frequency phase difference; (C) the cross-frequency 
phase-locking factor; (D) the phase difference between CA3A and CA1A; (E) the phase difference 
between CA3A and CA3B. The red horizontal lines indicate the threshold for significance (p = 0.05), 
whereas the grey lines indicate suggestive significance (p = 0.63). The genomic regions that reached 
suggestive significance were used for further analysis. 
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Figure 6.5. Cluster analysis of complete set of sixteen classical and non-classical traits. 
Visualizations of cluster analysis, in which each trait was characterized by its within strain mean 
values, and traits were clustered according to their genetic correlation (i.e., the correlation between 
the stain means). Every row in the color plot corresponds to the normalized (i.e., mean equals zero 
and variance equals one) strain means of a trait. The dendrograms at the left visualizes the cluster 
analysis. 

 
 

 
 
Table 6.1. Genetic correlations between complete set of classical and non-classical traits. 
 
 
 

 
 
 
 
 

 
 


