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ABSTRACT

The selection for large and small relative brain
weight (RBW) in mice, started in 1999, resulted in
stable significant differences in the trait (16%). The
selection was discontinued at F22, and both lines
(Large Brain, LB and Small brain, SB) were main-
tained by random mating. In F25-F28 the significant
differences in RBW were still present in spite of the
lack of selection. In F28 ethanol injections (2.4 mg/kg,
12% ethanol, i.p.) were performed to animals of both
lines. The ethanol effects were more intense in SB,
than in LB line. Mice were tested in elevated and
closed plus-mazes and in slip-funnel tests. Control LB
mice explored new environment more actively and
were less affected by stressful environment than SBs.
SB ethanol mice were less anxious in elevated plus
maze, initiated closed maze exploration earlier,
moved more vividly and demonstrated lower anxiety
level in elevated plus maze than saline injected mice,
while changes in these behaviors after ethanol were
not so clear in LB mice, although their locomotion
level increased.
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1. INTRODUCTION

Relative brain weight (the brain/body weight ratio,
RBW), used in comparative neurology for revealing pos-
sible interspecies differences, is at the same time the in-
dicator of species evolutionary level [1-3]. Genetic and
environmental factors and their interactions influence
this parameter demonstrating the complex nature of this
trait [4,5]. Brain weight changes as the result of envi-
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ronmental enrichment were also reported. The significant
decrease in brain weight in laboratory rodents was found
as the result of prenatal exposure of animals to different
physical and chemical agents [6,7]. Experimental data
indicate, that the RBW (and the number of brain cellular
elements) is the factor that influences animal behavioral
performance in laboratory tests. The genetic variability
of RBW was proved to exist, and it was possible to select
mouse lines diverging by this trait [5,9-11]. Differences
in the RBW between the selected mouse lines and corre-
lation of this trait with different behavioral traits could be
used as the putative model for relationships of morpho-
logical and physiological traits [9,10,12,13].

The RBW variability was studied mainly in laboratory
mice [5,14,15] and more rarely in rats [16]. Selection for
large and small RBW resulted in the inter strain differ-
ences after few generations [7,9,18,19]. Large and Small
Brain mice lines (LB and SB, respectively) were bred in
our laboratory in three successive selection experiments
(SE), the last one starting in 1999 [17-20]. In the first and
second SEs the selection started using the genetically
heterogeneous population of F4 cross of 6 inbred strains
(C57/BL6/J, C57BR/J, CBA/Lac-Sto, DBA/2J, BALB/c
and A/He from Stolbovaya Center), while the third SE
was performed on the basis of F2 hybrid population de-
rived from LB and SB crosses of the 2d SE. In the 1st SE
the differences in the size of cortical structures and in
number of neocortical cellular elements were found [21].
The scores for total cortical area were larger in LB (by
18%), with differences documented for neo- cortex
(22%) and archicortex (17%), but not for paleo- cortex.
The differences in the spatial distribution of cor- tical
cells in LB and SB brains were demonstrated as well. In
LB’s cortical structures the areas with compactly packed
cells alternated with patches of less densely packed cel-
lular elements, while in SB cortical fields the cell pack-
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ing was homogenous [21].

Learning capacity differences in mice selected for
large and small RBW (in independent selection experi-
ments from different laboratories) were demonstrated. In
all cases mice, selected for LB, learned more efficiently
than SB’s [10,20,22-25]. In LB and SB mice from our
selection experiments differences in learning were shown
for both—food reinforced [18] and passive avoidance
paradigms [25]. Fuller BWS lines differed also in ag-
gression [7]. The LB-SB differences were noted for ex-
ploration, stress reactivity and anxiety tests in LB and SB
mice [17].

This paper presents data on the conservation of rela-
tive brain weight differences between two lines selected
for this trait after the selection stopped and animals were
bred at random inside each of the line during 6 genera-
tions.

In previous study (data not presented) [26] mice from
LB and SB lines demonstrated differences in the behav-
ioral effects of ethanol. These differences, verified using
data for F2 LB-SB hybrids, were shown to be at least
partly genotype dependent. This paper presents data on
ethanol tolerance in mice of LB and SM lines after the
discontinuation of selection for morphological trait.

2. METHODS AND MATERIAL

The procedure of initial RBW selection was the fol-

ing. The parents for the next generation (1 male and 3 - 4
females) were mated, being placed in the plastic cages
(32.5 x 21.5 x 10 cm). There were usually 10 - 15 fami-
lies in each line in each generation. The pregnant females
were isolated from males and the number of pups in the
litter was culled to 7. If litter size was less than 4 the
whole litter was discarded. Male and female mice were
separated at the age of 25 - 30 days and kept in cages by
5 - 8 per cage. At the age of 60 - 70 days one half of mice
from the given litter were sacrificed (lethal ether anes-
thesia) and the RBW determined. The regres- sion line
between body and brain weights was plotted for each
generation for individual scores. The regression line of
body-brain weight served to determine whether this litter
will be used for further selection or it should be dis-
carded [19]. In parental groups the inbreeding was
avoided.

Discontinuation of selection. Starting from F22 the
plausible parents for the next generation (4 males and 6
females) were chosen by chance and placed in larger
cages (34 x 29 x 17 cm), litters sizes were left “non-
culled”. In F23-25 generations the RWBs of LB and SB
mice were not determined. In F25-28 the brain weight
was measured (see Table 1), although the choice of
breeding pairs for the next generation was determined at
random.

Experimental animals. F28 male mice were used for
behavior investigation. The effects of ethanol and saline

Table 1. Mean brain and body weighs in Large brain and Small brain mice (LB and SB) during the selection and after its discon-

tinuation.
Generation Line N Body weight, g p< Brain weight, mg p<
LB 54 22.06 +0.26 438 + 3.66
F5 0.99 0.042
SB 30 22.03+0.34 426.43 +4.75
LB 48 19.78 £ 0.36 436.6 + 4.06
F6 SB 47 20.33 +0.48 0.33 428.12 +3.38 0.11
SB 27 23.48 +0.73 406.51 +3.93
LB 47 29.2 +0.59 511.2+4.1
F18 0.00003 1077
SB 45 25.7+0.57r 4192+43
LB 44 263+0.5 504.1 +5.3
F19 0.0003 1077
SB 36 232+0.6 409.3 + 3.6
LB 23 21.1+0.5 481.9+5.8
F22 0.00002 10°¢
SB 22 173+0.4 400.5+3.5
. LB 28 284+ 1.1 490.2 +5.9
F25 0.2 1077
SB 34 283+0.8 402.1+3.9
. LB 12 30.0+0.7 4652+ 6.4
F26-27 0.09 107
SB 16 28.5+0.5 4144+45
. LB 11 297+1.2 4858+ 11.6
F28 0.6 10°°
SB 17 29.9+0.7 391.7+32

"brain and body weights after the discontinuation of selection for this morphological trait.

Copyright © 2013 SciRes.
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injections on several behavioral indices were determined.
In LB group there were 9 mice for experimental group
and 8 for controls. In SB there were 12 and 9 mice re-
spectively.

Ethanol injections. 2.4 mg/kg of 12% ethanol (ap-
proximately 0.3 ml) was injected i.p. 20 min before the
behavioral tests. The control animals were injected with
the respective saline volume.

Behavior. 2 types of cross-maze tests as well as “slip
funnel” test were performed. Animals were tested during
the same time of the day—11:00 a.m.-15:00 p.m.

All experiments were performed in accordance with
the bioethical rules of EC 2010 Declaration. The proto-
cols were approved by Moscow State University Ethical
Committee.

Behavioral tests. The elevated plus-maze device
(EPM) (arm width—>5 cm, arm length—25) was elevated
for 40 cm above the floor surface. The test lasted for 3
min. The numbers of open arms entries, passages be-
tween closed arms, hangings from open arm, rearings,
defecations and peeping out of the closed arms were
scored manually.

The closed plus-maze test. The cross-maze apparatus
was made of Plexiglas and consisted of four closed
empty arms (numbered 1, 2, 3, 4 with sizes 15 x 15 x 15
cm) connected to a similar central compartment via 7 x 7
cm doorways. The animal was placed into the central
compartment and allowed to explore the maze. The se-
quence and timing of arm visits were recorded directly
into a PC until 13 visits had been made (“visit” was the
entry with all four paws). Subsequent computer analysis
was made to reveal several independent behavioral
measures [27]. Those important for the present investiga-
tion are listed below: 1) time in arms; 2) the arm visited
first (serves as locomotion and exploration measure, this
variable was shown to correlate highly and negatively
with open field locomotion [28]); 3) latency to start ex-
ploration, i.e., the time spent in the center before the first
arm entry, which correlated negatively with the total time
in the open arms in the elevated plus-maze test [27]; 4)
the duration of the first episode of maze patrolling, i.e.,
the number of entries performed by an animal until all
four arms have been visited (for instance, if the arm-
entering sequence for the 13 entries was 1,241,413
344,321, then the length of first patrolling is seven, be-
cause initial total maze exploration was completed with
entry into arm 3 on visit 7. The more visits for patrolling
episode takes, the less efficient the exploration is consid-
ered to be with optimal patrolling requiring only 4 vis-
its); 5) the total number of patrolling episodes made by
an animal during the test, as the measure of exploration
(the variables 3 and 4 highly correlate with open-field
exploratory activity [28]); 5) when animal visited two
arms in an alternating manner it was scores as stereo-
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typed visits, in the example above only four stereotyped
visits were performed.

Inescapable Slip Funnel apparatus used for this test
consisted of an upper cylindrical portion with vertical
walls (8 cm high, 27.5 cm in diameter), a center funnel
section (9.5 cm high) with walls sloping inward (at angle
of 40°), and a lower vertical cylindrical portion (4 cm
high, 4.5 cm in diameter). Water (22°C) filled the bottom
cylinder to the level that hind legs of a “standing” mouse
were in the water. The animal was placed into the water
and observed for 3 min. Using a PC program, the time of
the following behaviors was recorded: 1) immobility in
the water at the bottom, correlated positively with im-
mobility scores in the forced swim test [27]; 2) climbing
out of the water and sitting in a sprawling posture on
sloping wall outside the water surface—a measure of
water avoidance; 3) attempts of climbing and jumping to
get out of the funnel—a measure of active escape at-
tempts, negatively correlated with immobility in the
forced swim test [27].

Statistical Analysis. The data obtained were proc-
essed by the use of STATISTICA 6 program. The statis-
tical test employed was the 2-factor ANOVA with Fisher
LSD post hoc.

3. RESULTS

Selection data for generations presented in the Table 1
show significant (p < 0.042) LB-SB differences starting
from F5. Differences became larger as the selection pro-
ceeded and in F22 they were highly significant (16% of
the mean brain weight in total).

Brain weight in the randombred generations of LB
and SB lines. In F25-28 the brain weights differences
were found to be also highly significant (for absolute
values see Table 1). There was the slight decrease in the
brain weights (but not in body weights) scores in LB line
in comparison to previous selection generations. This
trend could be the result of larger sizes of litters in LB
(data not presented)—as litter sizes were not culled in
these generations. It could be that the nurture level in the
pre-weaning period in these mice could be lower because
of this, and affected brain size.

Ethanol injection effects. The EPM performance (Ta-
ble 2). The LB control mice demonstrated the signifi-
cantly larger number of peepings out of the closed arms
than SB, and higher number of rearings in the closed
arms. The most other indices of behavior in EPM in con-
trol animals indicated the higher anxiety level in SB mice.
although differences being non-significant (due to small
group sizes). SB ethanol injected mice spent significantly
more time in open arms, than SB controls, while in LBs
the similar difference was not significant.

The same differences were found for open arm entries
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Table 2. Behavior of F28 LB and SB mice in the EPM after ethanol or saline injections.

Behavioral indices LB ethanol LB saline SB ethanol SB control
Open arms time. Sec 25.6+7.7 10.0+6.5 235+5.17 23+0.9
Open arms entries 2.6+0.7 1.1£0.7 23+05" 02+0.1
Alternating (closed arms) 1.6+0.6 0.6+0.3 1.0£0.3" 0
Peepings from closed arm 58+0.8 4.4+0.9" 6.1+0.5™ 1.4+ 04
Hangings from open arms 3.8+ 1.2% 0.9+0.5 23+0.7" 0
Grooming episodes 3.0+0.9 54+1.1 1.6+04™ 4.8+0.7
Rearings in closed arms 48+0.8 6.1 +1.3% 2.1+0.8 1.5+0.8

#,##,

LB groups—p < 0.01.

and alternating visits of closed arms (which indicate the
general activity level). Thus the degree of ethanol effects
was much more conspicuous in SB mice. Ethanol injec-
tions changed significantly the scores for 6 out of 7 EPM
behavioral indices in SB, while in LB the number of
“hangings” over the border of the open arms was af-
fected only. Thus ethanol decreased anxiety (open arms
time and entries increased) and increased exploration
(hangings). Numbers of grooming episodes and peepings
from closed arms (could be regarded as indices of “con-
flict” behavior) significantly decreased and increased
respectively in SB. but not in LB. Thus ethanol injections
induced more distinct effect on anxiety behavior and
exploration in SB than in LB mice which coincides with
data from previous selection experiment [26].

Closed plus-maze test. Two factors (line and treat-
ment) ANOVA revealed the significant influence of one
or both of these factors. Table 3 presents data with post
hoc Fisher LSD scores. The mean number of patrolling
cycles was not high in all groups tested and actually no
mice demonstrated 3 patrol cycles (maximal possible).
Thus ethanol induced no drastic changes in exploration
behavior. The mean number of patrol cycles decreased
(not significantly) in both ethanol groups. Both factors
(line and treatment) influenced the latency of the first
arm entry (line—F;3; = 16.71368, p = 0.000251, treat-
ment—F; 37 = 12.89007, p = 0.001029), their interaction
being also significant (Fi3; = 9.12097. p = 0.00477).
This time index was much shorter in LB, and signifi-
cantly shorter in SB ethanol (in comparison to saline
groups). The shorter latency to start investigation of new
environment indicates low anxiety level (which promotes
more quick start of maze exploration). This coincides
with EPM data—the decrease in anxiety in SB ethanol
mice. Both factors influenced the time spent in the first
arm (line Fi3; = 30.99556, p = 0.000003, treatment—
Fi37 = 6.97277, p = 0.012409, and interaction—F,3; =
7.52515, p = 0.009639). The time spent in the arm en-
tered first did not differ between LB groups, and was

Copyright © 2013 SciRes.

significant difference (p < 0.05, p < 0.01) between LB and SB controls; """

""between two SB groups—p < 0.05, p < 0.01 and p < 0.001; ““between two

significantly higher in both SB groups. It was shorter in
ethanol SBs (compared to saline group). The reduction of
this time interval could be explained by the increased
tendency to explore the environment and/or the increased
locomotion. The similar pattern of differences had been
in the indices of the 2nd patrolling cycle (data not pre-
sented). The strategies of maze exploration were more
diverse in LB (line—F,3; = 6.24353, p = 0.017460) with
non-significant differences between two groups. SB
spent significantly more time performing stereotypical
arm visits which is revealed by the influence of line fac-
tor (Fi3; = 5.2817, p = 0.027828) and they were higher
in SB (Table 3). The tendency for stereotypy was lower
in SB ethanol group than in saline, but the difference
(although non-significant) was reverse in LB. The ten-
dency to perform stereotypic arm visits (and the stay in
maze arms for longer time) is opposite to the tendency
for maze exploration (see Methods). Thus it is possible to
conclude, that LB saline mice were less disposed to
stereotypy, than SB, which confirms our previous data.
Data from our previous SE demonstrated the SB mice to
be more prone to stereotypical arm entries [26]. Two
pairs of LB and SB groups of mice in the present study
differed in this trait scores in the opposite way. The in-
crease of stereotypy in LB ethanol-treated mice is also in
accordance with suggestion that their exploration behav-
ior decreased after ethanol. The level of defecation
(anxiety index)—was significantly lower in ethanol LBs.

The effects of ethanol injections were not similar in
LB and SB lines. At least several of such differences in
reactions to ethanol could be ascribed to initial interline
differences. The time which animal spent in the center
(latency) before first entry in the maze arm was shorter
in both groups of LBs than in SBs, which means they
differed in exploration tendency and/or in anxiety level.
The LB ethanol injected mice spent less time in arms
probably due to elevated locomotion and/or reduced ex-
ploration. Ethanol treated LBs also made more stereo-
typed visits (probably due to elevated locomotion), while
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Table 3. Mean behavior scores for F28 LB and SB mice in the closed plus maze after ethanol injection.

Behavioral indices LB ethanol LB saline SB ethanol SB saline
Latency of first arm choice 1.3+05 26+09 3.8+09 19.6 £ 2.9##x&&&
Time in the first arm visited 9.7+6.3 9.05+6.7 27.3 +5.5%& 60.8 + 6.3
Latency of arm choice (2nd patrolling cycle) 325+1.6 7.0+1.7 05+1.3 5.1+ 1.6%
Time in the arms (2nd second patrol cycle) 8.7+3.6 18.1+3.8 28+3.1% 9.5+3.6%
The duration of stereotype arm visits 16.9+3.4 10.9+3.6 19.6+2.9 23.5+3.4"
The number of arm visit strategies 23+£0.6 3.0+£0.6 1.3+0.5% 1.1 +0.6"
Number of defecation boli 0.55+0.3° 1.5£0.3 1.1£0.3 09+0.3

" **signiﬁcant differences between two SB groups, p < 0.05, p <0.01 respectively; @two LB groups, p < 0.05; ***LB and SB, p < 0.05, p < 0.001; and ***4LB

and SB groups, p < 0.05, p <0.001.

in SB line the difference was opposite by sign. The la-
tencies of entering arms during 2nd patrolling cycle in
both ethanol groups were much shorter than in saline
mice, and this confirms the suggestion that in both lines
ethanol injection made mice less hesitating before enter-
ing maze arms. In spite of small differences between
saline and ethanol groups in LB all the differences pat-
tern agrees with suggestion that in LB ethanol group the
general locomotion level was higher than in controls.

The slip funnel test. The scores of mice performance
are in the Table 4. The saline LB mice used the active
strategies (escape and avoidance) for longer periods than
mice of SB saline group. Time and the number of avoid-
ance episodes (animal sitting above the water) were sig-
nificantly higher in LB saline mice in comparison to SB.
Saline LB mice demonstrated higher number and longer
time of immobility episodes than SBs. This index is usu-
ally the indicator of depressive tendencies in behavior (as
in Porsolt test). The longer immobility time could be the
result of fatigue as these animals stayed in the stretched
posture for longer period than SB mice. Ethanol injec-
tions resulted in shorter time of avoidance and escape
and in longer time of immobility, especially in SB etha-
nol group (Table 4).

4. DISCUSSION

Data presented showed that differences in brain weight,
attained as the result of selection, were preserved and
were still statistically significant during seven genera-
tions after the selection was discontinued.

In behavioral tests used the ethanol effects were more
intense in SB mouse line. In sum SB ethanol mice initi-
ated closed maze exploration earlier, moved more vividly
(than saline mice) and demonstrated lower anxiety level
in EPM as well. At the same time the respective changes
were not so clear in LB mice (while scores for saline
animals were higher in LB).

Different brain weights of selected RBW lines were
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reported to affect learning [10,11,13,20,23,29] and some
other behaviors, namely anxiety and stress reactivity
indices [13,17]. The LB-SB differences were found in
the ethanol injection effects in our previous SE [26]. The
mean time values in ethanol SB mice were longer than in
saline injected mice and approximately reverse in LB
animals. Although SB ethanol mice hesitated more than
saline injected animals before the start of close maze
exploration, and no differences were found in LB groups.

Brain weight value is the standard characteristic which
is conserved in different inbred strains across laborato-
ries [15]. The identification of genes, which have the
impact on brain size, implies QTL data on cell numbers
in different brain structures (i.e. [30]). Independent loci
were identified for size variation in brain areas with dif-
ferent degrees of correlations between them. This made
authors to assume the mosaic pattern of brain develop-
ment in contrast to previously postulated existence of
developmental constrains [12,31]. The existence of cer-
tain alleles, involved in population differences in brain
weight, is confirmed by present data which show con-
servative LB-SB differences under random-breeding
reproduction (without supporting selection). Brain size as
the genetic trait responds to artificial selection during
domestication process, with domesticated forms showing
smaller brains [1,2,32]. These changes concern farm
mammals, bred for high fertility and physical parameters
(and for low level of fear induced aggression). At the
same time the breeding for navigation capacity, as in
homing pigeons, did not induce such changes [33], and
the brain weight don’t increase as the result of domestic
forms feralization as well [34]. Brain weight-behavior
correlations could not be uniform across species—main
behavioral differences between wild and domesticated
vertebrate forms are numerous, and the decreased anxi-
ety being among them [35, 36]. The LB-SB mouse lines
of our selection differed significantly in anxiety level, the
SB mice being more fearful and stress-reactive. At the
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Table 4. Scores (m £ SEM) for different behavior strategies in slip funnel test in LB and SB ethanol and saline treated animals.

Behavioral indices LB ethanol LB saline SB ethanol SB saline
Time of avoidance 382+7.3 48.8+10.8 6.9 +3.1% 10.5 + 6.2
Time of escape 0 54+38 3.05+3.05 23.4+10.5"
Time of immobility 124.6+7.4 112.4£11.9 151.0 + 7.8% 95.7+18.8"
Avoidance episodes. number 1.6+02 2.0+0.4 0.5+ 0.2% 0.4 + 0.6
Escape episodes. number 0 0.4+02¢ 0.08 £0.08 0.9+0.3"
Immobility episodes. number 25+03 30+£04 23+0.3 2.0+0.2%

" significant difference between saline and ethanol SB mice, p < 0.05, p < 0.01; ®between two LB groups, p < 0.05; * **between two saline groups, p < 0.05,

p <0.001; “ ““*petween two ethanol groups, p < 0.05. p < 0.001.

same time there are not many literature sources in which
cognitive abilities across two forms of one species (dif-
fering in brain weight) were compared. Those papers in
which such parallels were analyzed concerned mainly
rodent species [37-39], and it is obvious that numerous
factors, other than brain weight exist, which influence
behavior traits under comparison. At the same time the
reasoning ability values in wild red foxes versus domes-
ticated silver foxes and in wild brown rats versus domes-
ticated laboratory rats were significantly higher [11].
Wild animals (although raised in the laboratory) were
shown to be superior to their respective domesticated
forms on extrapolation task performance, especially in
their scores for the first task presentations (when no pre-
vious similar experience existed) [11].

5. SUMMARY

Investigating differences in brain weight in mice of dif-
ferent strains reveals the influence of such factors as sex,
body weight, age, as well as methodological details of
brain tissue histological processing (see R.W. Williams,
[29]). It is also clear that genetic polymorphisms for
brain weight differences in population are due not to rare
mutations but to different frequencies of the respective
alleles. Although, it is commonly accepted that the in-
crease of brain size is the progressive evolutionary trend
[2] and some proofs of this exist on the species level [11,
24]. In QTL study of brain weight suggestive QTLs for
this trait were located on Chrs 15, 16 and 19, but only
little overlap with the hippocampal volume QTL’s was
demonstrated [40]. This could signify the complexity of
brain weight genetic determination.

Vulnerability to alcoholism is influenced by environ-
mental and genetic factors which are studied extensively
by using rodent models. Several QTLs and candidate
genes that control ethanol responses were identified (e.g.,
[41).

The differences in behavioral indices of anxiety and
exploration were found in male LB and SB mice when

Copyright © 2013 SciRes.

both lines were randomly bred for seven generations.
This means that differences in presumably adaptive
morphological trait—brain mass—could be maintained
in these two separate populations. Behavioral responses
to ethanol injections were more pronounced in SB, coin-
ciding with the data from previous selection experiment.
It is possible to suggest that the genetically determined
deviation of brain weight scores in the direction of lower
values is maladaptive.
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