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 i  g  h  l  i g  h  t  s

The  ventral  hippocampus  possesses  a left–right  functional  asymmetry  in  rats.
The  contribution  of  each  hemisphere  depends  on the  level  of aversiveness.
Both  the  left  and  right  VH  are  activated  during  weaker  anxiety.
Only  the  right  VH is activated  during  stronger  anxiety.

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 15 November 2016
eceived in revised form 15 February 2017
ccepted 18 February 2017
vailable online 22 February 2017

a  b  s  t  r  a  c  t

Many  studies  suggest  that  animals  exhibit  lateralized  behaviors  during  aversive situations,  and  almost  all
animals exhibit  right  hemisphere-dominant  behaviors  associated  with  fear  or  anxiety.  However,  which
brain structure  in  each  hemisphere  underlies  such  lateralized  function  is  unclear.  In this  study,  we  focused
on  the  hippocampus  and  investigated  the effects  of  bilateral  and  unilateral  lesions  of  the  ventral  hip-
pocampus  (VH)  on  anxiety-like  behavior  using  the  successive  alleys  test.  We  also  examined  the  expression
eywords:
entral hippocampus
aterality
nxiety
uccessive alleys test
esion

of  c-fos  in  the  VH,  which  was  induced  by an  aversive  situation.
Results  revealed  that  consistent  right  VH  dominance  trended  with  the  anxiety  level.  Weaker  anxiety

induced  both  right  and  left  VH  functions,  whereas  stronger  anxiety  induced  right VH  function.  From  these
results,  we  conclude  that  animals  are  able  to  adaptively  regulate  their  behaviors  to avoid  aversive  stimuli
by  changing  the  functional  dominance  of their  left  and  right  VH.

©  2017  Elsevier  B.V.  All  rights  reserved.

-fos

. Introduction

Functional asymmetry between left and right brain hemisphere
s well-known. For example, the language area is left-sided in the
uman brain. However, brain asymmetry is not human-specific. It
as been revealed that there are many species that perform some
ctions asymmetrically, and one of the most well-studied phe-
omenon is lateralized behaviors during aversive situations. For
xample, toads can direct their tongues to strike at conspecifics
ore quickly in the left hemifield than in the right one [1]. In addi-

ion, toads exhibit faster avoidance responses at the presentation

f a snake model in the left visual field than in the right one [2].
ecause information from the left hemifield is sent to the right
rain hemisphere through the optic chiasm, these results suggest

∗ Corresponding author at: Graduate School of Brain Science, Doshisha University
-3 Tatara Miyakodani, Kyotanabe-shi, Kyoto 610-0394, Japan.

E-mail address: kdq1005@mail4.doshisha.ac.jp (Y. Sakaguchi).

ttp://dx.doi.org/10.1016/j.bbr.2017.02.028
166-4328/© 2017 Elsevier B.V. All rights reserved.
dominance of the right hemisphere in controlling the fight-or-flight
responses. This left eye/right hemisphere preference during aver-
sive situations has been reported in many animals, such as lizards
[3], chicks [4], teleost fishes [5],dunnarts [6], dogs [7], cattle [8],
horses [9], and baboons [10]. Such evidence in many animal stud-
ies indicates the possibility that the existence of right hemispheric
dominance in emotional responses is common to almost all animals
that have brain hemispheres. However, which brain structure in
each hemisphere underlies functional asymmetry remains unclear.

Several studies have reported that some brain structures related
to fear/anxiety and stress responses possess functional lateraliza-
tion. By injecting ibotanic acid solution, Sullivan and Gratton [11]
showed that lesions of the right, but not the left, medial pre-
frontal cortex (mPFC) lead to lower plasma corticosterone levels
and smaller ulcers after chronic restraint stress in rats. Coleman-
Mesches and Mcgaugh [12] reported that the inactivation of the

right amygdala (AMG) with muscimol decreases inhibitory avoid-
ance memory. Guangche and Volker [13] revealed that the right
AMG  (CeLC) is more preferentially involved in the process of the

dx.doi.org/10.1016/j.bbr.2017.02.028
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2017.02.028&domain=pdf
mailto:kdq1005@mail4.doshisha.ac.jp
dx.doi.org/10.1016/j.bbr.2017.02.028


2 ural B

p
l
l
s
f
t
t
f
h
a
m
a
[
t
[
D
t
f
o
t
s
w
D
n
f
u
g
i
V
a
a
d
i
s
i

2

2

L
t
f
p
1
w
s
D

2

w
p
D
b
T
l
D
−
c
r
t
u

6 Y. Sakaguchi, Y. Sakurai / Behavio

ain sensation. These findings strongly indicate the existence of
eft–right functional asymmetry in some brain structures, which
ead to lateralized behaviors and stress responses during aversive
timuli. AMG  and mPFC are well-known structures associated with
ear/anxiety and stress responses. Many studies have identified
hat the ventral hippocampus (VH) is involved in the same func-
ions as AMG and mPFC, particularly anxiety-like behavior [14,15],
ear conditioning [16,17], and autonomic responses [18]. The dorsal
ippocampus (DH) is involved in learning and memory [e.g.,19,20]
nd has been shown to have left–right hemisphere differences in
emory processing [21,22] and spatial learning [23,24]. The right

nd left DH have different numbers of cells [25], types of genes
23,26] and proteins [27], and types and densities of synaptic recep-
ors [28,29], and they also generate different gamma  oscillations
30,31]. These findings clearly imply the functional asymmetry in
H. However, to date, there has been no study regarding the func-

ional asymmetry in VH. Thus, we investigated whether VH exhibits
unctional asymmetry during aversive situations. In several previ-
us studies, the elevated plus maze (EPM) [14], successive alleys
est (SAT) [32], and light–dark box test [16] were used to mea-
ure anxiety-like behaviors of VH-injured animals. In this study,
e used SAT, a modified version of EPM, that was developed by
eacon [33]. In this test, the width of successive alleys is gradually
arrowed and the anxiety levels of the animal gradually change

rom the first wide alley to the last narrow one. Furthermore, we
sed structural lesion and c-fos immunohistochemistry to investi-
ate the functional asymmetry of VH during different anxiety levels
n rats. Risk assessment behavior has been related to anxiety and
H function in laboratory animals, and the detailed neural mech-
nisms of VH for such behavior remain to be revealed. Functional
symmetry of the VH may  be a part of the neural mechanisms and
iscussing the potential advantages VH functional asymmetry has,

n any, will be necessary. The present study could be one of the first
teps to substantiate the occurrence of VH functional asymmetry
n risk assessment behaviors in animals.

. Materials and methods

.1. Animals

Experimental subjects were male Wistar albino rats (Shimizu
aboratory Supplies, Kyoto, Japan) that weighed 210–250 g at the
ime of the surgery. The rats were individually housed in cages with
ree access to food and water under a light–dark cycle, with the light
eriod between 08:00 and 21:00 h. Behaviors were tested between
0:00 and 12:00 h. All experiments were performedin accordance
ith the Guidelines for Animal Experiments at Doshisha Univer-

ity and with the approval of the Animal Research Committee of
oshishaUniversity.

.2. Surgery

One week before the experiment, the rats were anesthetized
ith sodium pentobarbital (40 mg/kg, i.p.). Lesions were made by
assing anodal direct current (2 mA,  30s) using the Lesion Making
evice (53500, UGO BASILE SRL, Gemonio, VA, Italy) and a stainless
ipolar electrode (150 �m,  UB-9007, UNIQUE MEDICAL Co., LTD.,
okyo, Japan). The electrode was inserted into bilateral, right, or
eft VH ((1) AP, −4.5 mm from bregma; ML,  ±5.0 mm  from bregma;
V, −6.0 mm from dura; (2) AP, −5.5 mm;  ML,  ±5.2 mm;  and DV,
6.5 mm).  For sham lesions, the electrode was lowered to the same
oordinates, but no current was passed. All groups consisted of 12
ats. In addition, in order to confirm that the insertion of the elec-
rode did not affect the activity of the VH, three other rats were
sed for the same surgery with no insertion of the electrode. All
rain Research 325 (2017) 25–33

rats were allowed to recover for 7 days and were handled for 5 min
each day.

2.3. Apparatus

The experimental apparatus (Fig. 2A) was SAT, as devised by
Deacon [33], and we  followed its experimental procedure. In brief,
the apparatus is composed of four 30-cm-long alleys. The widths
and side walls of the alleys gradually narrowand lower as the
number of alleys increases (Alley 1, 9-cm width/30-cm height;
Alley 2, 9-cm width/2.5-cm height; Alley 3, 6.7-cm width/0.5-cm
height; and Alley 4, 3.5-cm width/0.3-cm height). Alleys 1–4 were
painted black, gray, white, and white, respectively. The apparatus
was placed 50 cm above the floor under 200 lx illumination. Behav-
iors were recorded using a camera (BSW32KM03SV, BUFFALO INC.,
Aichi, Japan) that was  mounted directly above the apparatus.

2.4. Successive alleys test

First, the rats were placed in Alley 2 that faced the direction of
Alleys 3 and 4. The animals were then allowed to explore the appa-
ratus for 600 s. A trial consisting of this procedure was performed
once a day for 7 days (Days 1–7) continuously. After each trial, the
surfaces of all alleys were cleaned. From the recorded videos of the
animals, the time spent in each alley and the number of entries
into each alley were calculated by using a system for automated
analysis (ANY-maze software, Stoelting Co., IL, USA). An entry was
scored if the animals moved into the next alley with 80% or more
of their bodies (this criterion was considered to be comparable to
the invasion of all four of the animal’s paws in this software). The
ratio of Alley 4/Alley 3 entries (number of entries into Alley 4 com-
pared with those into Alley 3) is an indicator of how often the rats
entered Alley 4 after entering Alley 3. A value of 0 would mean that
the rats never entered Alley 4, and a value of 0.5 would mean that
the rats always entered Alley 4 (if the rats always entered Alley 4
through Alley 3, the ratio of Alley 3 and Alley 4 entries would be
2:1). After all trials were completed (Day 8), the rats of the Sham
lesion group and three non-injected rats were blinded for 4 h in
their cages. They were then placed in Alley 4 isolated from Alley
3 with a 12-cm wide/30-cm tall board for 30 min  to allow time
for expression of the c-fos proteins (Fig. 2B). The rats were then
returned to their cages. One hour thereafter, they were moved to
the histology process described below. These series of procedures
were not performed on the other three groups (Bilateral lesion,
Right lesion, and Left lesion).

2.5. Histology

On Day 8, the rats in all groups were deeply anesthetized with an
overdose of sodium pentobarbital (220 mg/kg) and were transcen-
dentally perfused with 0.01 M PBS and 4% paraformaldehyde (PFA).
The brains were then removed and stored in PFA overnight, before
transferring them to 30% sucrose. We  obtained coronal brain sec-
tions (50 �m)  using a cryostat and mounted them on slides. Cresyl
violet solution was used as a background stain to detect the lesion
area. Brain regions were identified according to the Rat Brain Atlas
[34]. The lesion sizes were calculated using a software program
(ImageJ software, National Institutes of Health, MD,  USA).

2.6. Immunohistochemistry

Immunohistochemical staining was  performed using a rabbit-

specific HRP/DAB detection kit (ab64261, Abcam, Cambridge, MA,
USA), according to the manufacturer’s protocol. In brief, the
sections (AP = −4.80 mm)  were incubated with protein block solu-
tion for 10 min  to eliminate nonspecific background staining.
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Fig. 1. Locations of the lesioned areas. (A) A raw sample of an electrical lesion of the ventral hippocampus. This section was stained with cresyl violet to identify brain
regions  more clearly. The brain maps (AP = −4.56, −5.52, and −6.32 mm)  derived from Paxinos and Watson [33] represent (B) left, right, and bilateral lesion areas. The gray
area  indicates the minimum extent of tissue damage and the black area indicates the maximum. (C) Distribution of the lesioned areas of all rats for Bilateral lesion (right
hemisphere), Bilateral lesion (left hemisphere), Right lesion (right hemisphere), and Left lesion (left hemisphere) groups in AP = −4.56, −5.52 and −6.32 mm.  (D) Means ± SEM
of  the lesioned areasof each group. No significant differences were detected among the groups. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
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Fig. 2. (A) An image of the successive alleys test. Each alley is labeled Alley 1, 2, 3, and 4. (B) An animal isolated in Alley 4 by a high wall board for the measurement of c-fos
e
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xpression.

fter washing in a buffer, sections were incubated with rab-
it anti-c-fos antibody (1:500, sc-52, Santa Cruz Biotechnology,
anta Cruz, CA, USA) for 2 h at room temperature. Then, they
ere washed and incubated with biotinylated goat anti-rabbit

mmunoglobulin G for 1 h at room temperature followed by 30 min
f incubation in streptavidin–biotin complex/HRP and 10 min  in
AB solution. Finally, the stained slices were dehydrated using
thanol solutions and xylenes and coverslipped with the mount-
ng reagent. Each section (DV = −7.0 to −9.0 mm)  was scanned
t 20 × magnification using a light microscope (Axioplan 2 Imag-
ng, Carl Zeiss Microscopy, LLC, NY, USA) equipped with a camera
DFC300 FX, Leica Microsystems Inc., IL, USA). The number of c-fos-
ositive cells in VH subregions (CA1 and CA3) was  counted with
he ImageJ software. First, section images were digitized in gray
cale with eight bits and then noise smoothing was  performed for
ll images. Second, the background noise of each image was  elimi-
ated, and the obtained images were thresholded to convert them

nto binary ones. The threshold used for each image was set to
–180 points (in this software, this value of the threshold was opti-
al  for screening the object to be measured in the present sections).

ast, the circular bodies—that is, the c-fos positive cells—were auto-
atically counted.

.7. Data analysis

Experimental data are shown as the means ± SEM. A mixed-
esign analysis of variance (ANOVA) with Condition (Sham lesion,
ilateral lesion, Right lesion, Left lesion) as the between-subject fac-
or and Day as the within-subject factor was used to analyze these
esults; the time spent in each alley and the number of entries into
ach alley on successive 6 days (Days 2–7) and the results of the
um of entries and the ratio of Alley 4/Alley 3 entries during all

 days (Days 1–7) among the Sham, Bilateral, Right, and Left lesion
roups. Comparison of the time spent in each alley and the number
f entries into each alley on Day 1, the sum of entries on Day 1 v.s.

n Day 7 and the immunohistochemical results were performe dus-
ng the Student’s t-test. The regression-based TOST equivalence test
Package ‘equivalence’ of the R software (https://cran.r-project.org/
) was used to analyze the equivalence of the lesion extents.
3. Results

3.1. Histology

We  observed that the stereotaxic passing of an anodal direct
current destroyed most VH structures. Fig. 1A shows a basic sam-
ple of the electrical lesion, and Fig. 1B indicates the lesion areas of
the Bilateral, Right, and Left lesion groups (n = 12 in each group).
The extent of the lesion is shown with reference to the horizontal
sections found in the Rat Brain Atlas [34]. Two rats whose lesions
were over-destroyed – that is, whose lesion areas at AP = −5.52 mm
included more than one third of the DH structure – were excluded
from analysis. Minimum lesion areas (gray color) were observed in
the ventral dentate gyrus, CA1 and CA3, but maximum lesion areas
(black color) were not observed in the structures outside of the
hippocampus. The lesions in the right and left hemispheres were
highly symmetrical. Fig. 1C represents the lesion sizes of individual
rats (n = 12) in each group (Bilateral lesion, Right lesion, and Left
lesion groups). Fig. 1D shows the same data with means ± SEM.
There was no significant difference among these four sites in all
three sections (AP = −4.56, −5.52 and −6.32 mm). The Sham lesion
group had little-to-no damage in these areas.

3.2. Behavioral test

SAT was used to measure anxiety-like behaviors that depend
on the anxiety levels. The apparatus is shown in Fig. 2A. No rats
fell from the apparatus during the experiments. The results of the
mixed-design ANOVA are summarized in Tables 1 and 2. On Day 1,
compared with the Sham lesion group, the Bilateral lesion group
spent significantly less time in Alley 1 (P < 0.01) and long times in
Alleys 2 (P < 0.01), 3 (P = 0.024), and 4 (P < 0.01); unilateral right and
left lesions had no influence on the behavior, and there was no sig-
nificance between the two  groups (Fig. 3A). The ANOVA revealed
the following differences from Day 2–7, which are listed in increas-
ing amount of time spent: Bilateral group (B) < Right lesion group
(R) < Left lesion group (L) < Sham lesion group (S) in Alley 1; S < L <

R < B in Alley 2; S < L < R = B in Alley 3; and S = L < R < B in Alley 4 (“<”
indicates a significance and “ = ” indicates no significance) (Fig. 3B).
No interaction in the time spent was  detected between any of the
groups. Analysis of the number of entries on Day  1 revealed that

https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/
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Table  1
Effects of bilateral and unilateral lesions of the ventral hippocampus on the time spent in each alley.

Level Factor Alley 1 Alley 2 Alley 3 Alley 4

Sham–Bilateral Condition P < 0.01 P < 0.01 P < 0.01 P < 0.01
F(1,  12) = 189.59 F(1, 12) = 48.69 F(1, 12) = 65.11 F(1, 12) = 251.09

Day  n.s. n.s. n.s. P < 0.05
F(5,  12) = 1.76 F(5, 12) = 0.92 F(5, 12) = 1.97 F(5, 12) = 2.73

Sham–Right Condition P < 0.01 P < 0.01 P < 0.01 P < 0.01
F(1,  12) = 63.80 F(1, 12) = 25.49 F(1, 12) = 21.06 F(1, 12) = 14.70

Day  n.s. n.s. n.s. n.s.
F(5,  12) = 1.36 F(5, 12) = 0.54 F(5, 12) = 0.15 F(5, 12) = 0.61

Sham–Left Condition P < 0.01 P < 0.05 P < 0.05 n.s.
F(1, 12) = 8.63 F(1, 12) = 4.80 F(1, 12) = 7.82 F(1, 12) = 3.41

Day  n.s. n.s. n.s. P < 0.05
F(5,  12) = 0.72 F(5, 12) = 1.08 F(5, 12) = 0.42 F(5, 12) = 2.38

Bilateral–Right Condition P < 0.01 P < 0.05 n.s. P < 0.01
F(1,  12) = 8.80 F(1, 12) = 5.52 F(1, 12) = 0.87 F(1, 12) = 30.69

Day  P < 0.01 n.s. P < 0.05 P < 0.01
F(5,  12) = 4.41 F(5, 12) = 0.83 F(5, 12) = 2.77 F(5, 12) = 3.51

Bilateral–Left Condition P < 0.01 P < 0.01 P < 0.01 P < 0.01
F(1,  12) = 81.71 F(1, 12) = 24.39 F(1, 12) = 11.19 F(1, 12) = 216.02

Day  P < 0.05 n.s. n.s. P < 0.05
F(5,  12) = 2.91 F(5, 12) = 1.66 F(5, 12) = 0.75 F(5, 12) = 2.23

Right–Left Condition P < 0.01 P < 0.01 P < 0.05 P < 0.01
F(1,  12) = 20.94 F(1, 12) = 11.20 F(1, 12) = 5.54 F(1, 12) = 41.73

Day  P < 0.05 n.s. n.s. n.s.
F(5,  12) = 2.90 F(5, 12) = 0.96 F(5, 12) = 1.83 F(5, 12) = 1.87

n.s., non-significant. No interaction was detected between all groups.

Table 2
Effects of bilateral and unilateral lesions of the ventral hippocampus on the number of entries into each alley.

Level Factor Alley 1 Alley 2 Alley 3 Alley 4 Sum Alley 4/Alley 3

Sham–Bilateral Condition n.s. P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01
F(1,  12) = 0.94 F(1, 12) = 18.95 F(1, 12) = 34.56 F(1, 12) = 44.24 F(1, 12) = 28.09 F(1, 12) = 16.11

Day  P < 0.05 P < 0.01 P < 0.01 P < 0.01 P < 0.01 n.s.
F(5, 12) = 2.45 F(1, 12) = 3.84 F(5, 12) = 4.83 F(5, 12) = 4.30 F(5, 12) = 5.31 F(5, 12) = 0.88

Sham–Right Condition n.s. P < 0.05 P < 0.01 P < 0.01 P < 0.01 P < 0.05
F(1,  12) = 1.08 F(1, 12) = 7.38 F(1, 12) = 15.62 F(1, 12) = 24.25 F(1, 12) = 13.96 F(1, 12) = 4.62

Day  P < 0.05 P < 0.01 n.s. n.s. P < 0.01 n.s.
F(5, 12) = 2.64 F(5, 12) = 4.34 F(5, 12) = 2.28 F(5, 12) = 1.71 F(5, 12) = 6.11 F(5, 12) = 0.49

Sham–Left Condition n.s. n.s. n.s. n.s. n.s. n.s.
F(1, 12) = 0.15 F(1, 12) = 0.49 F(1, 12) = 0.22 F(1, 12) = 0.00 F(1, 12) = 0.28 F(1, 12) = 0.50

Day  n.s. n.s. P < 0.01 P < 0.01 P < 0.05 P < 0.01
F(5,  12) = 0.82 F(5, 12) = 1.56 F(5, 12) = 3.49 F(5, 12) = 4.82 F(5, 12) = 2.62 F(5, 12) = 5.15

Bilateral–Right Condition n.s. P < 0.01 P < 0.05 P < 0.05 P < 0.01 n.s.
F(1, 12) = 0.08 F(1, 12) = 9.52 F(1, 12) = 4.60 F(1, 12) = 4.80 F(1, 12) = 8.64 F(1, 12) = 0.40

Day  P < 0.01 P < 0.01 P < 0.01 P < 0.05 P < 0.01 P < 0.01
F(5,  12) = 4.83 F(5, 12) = 6.04 F(5, 12) = 5.26 F(5, 12) = 3.32 F(5, 12) = 5.67 F(5, 12) = 6.26

Bilateral–Left Condition n.s. P < 0.05 P < 0.01 P < 0.01 P < 0.01 P < 0.01
F(1,  12) = 0.08 F(1, 12) = 6.70 F(1, 12) = 29.27 F(1, 12) = 51.72 F(1, 12) = 17.44 F(1, 12) = 31.57

Day  P < 0.05 n.s. P < 0.01 n.s. P < 0.01 n.s.
F(5, 12) = 2.41 F(5, 12) = 1.65 F(5, 12) = 5.57 F(5, 12) = 1.90 F(5, 12) = 3.53 F(5, 12) = 0.94

Right–Left Condition n.s. P < 0.05 P < 0.01 P < 0.01 P < 0.05 P < 0.01
F(1,  12) = 0.20 F(1, 12) = 4.63 F(1, 12) = 12.19 F(1, 12) = 29.25 F(1, 12) = 7.73 F(1, 12) = 30.34

Day  P < 0.05 P < 0.05 P < 0.05 n.s. P < 0.01 n.s.
F(5
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F(5, 12) = 3.01 F(5, 12) = 2.84 

.s., non-significant. No interaction was detected between all groups.

he Bilateral lesion group had more entries into Alleys 2 (P < 0.01),
 (P < 0.01), and 4 (P < 0.01) than the Sham lesion group. Similar
o the results of the time spent in each alley, unilateral lesions
ad no effect on the number of entries, and there was no dif-

erence between the Right and Left lesion groups (Fig. 4A). The
ixed-design ANOVA revealed the following differences from Day

–7, listed in increasing number of entries: S = L = R = B in Alley 1;
 = L < R < B in Alleys 2, 3, and 4 (Fig. 4B). The sum of entries to all

our alleys can be described as S = L < R < B, and comparison between
ays 1 and 7 showed significant differences in all groups (Sham,

 < 0.01; Bilateral, P < 0.01; Right, P = 0.034; Left, P = 0.010; Fig. 4C).
he ratio of Alley 4/Alley 3 entries was S = L < R = B. The values of
, 12) = 2.64 F(5, 12) = 1.99 F(5, 12) = 3.78 F(5, 12) = 0.57

the Bilateral and Right lesion groups were approximately 0.5 on all
7 days, whereas those of the Sham and Left lesion groups decreased
from approximately 0.45–0.3 in the first 3 days and then increased
to approximately 0.4 in the last 4 days (Fig. 4E). No interaction in
the number of entries, sum of entries and ratio of Alley 4/Alley 3
entries was  detected between all groups.

3.3. C-fos expression
To determine the amount of neural activity in VH during aver-
sive situations, the animals in the Sham lesion group were restricted
to Alley 4, the most anxiogenic among the four alleys, and c-fos
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ig. 3. Results of the time spent in each alley. All the rats in the Sham (white bar o
esion  groups (n = 12 in each group) explored the alleys for 10 min. Time spent in ea
P  < 0.05 compared with the Sham lesion group. “n.s.” means non-significant.

xpression was measured. A basic picture of a VH section is shown
n Fig. 5A. No electrode stabbing was observed in any of the animals.
here was no significant difference in the amount of c-fos expres-
ion between the animals who had not had the electrode inserted
n = 3) and the Sham lesion group (who had electrodes inserted).
n exposure of 30 min  to Alley 4 induced different amounts of c-

os expression between the right and left ventral CA1 (P < 0.01) and
A3 (P = 0.012) of Sham lesion group. The right hemisphere had

 significantly higher number of c-fos-positive cells than the left
emisphere in both subregions (Fig. 5B).

. Discussion

This study aimed to assess whether the rat VH possesses func-
ional asymmetry in response to an aversive situation and to reveal,
f any, what external factors make the asymmetry exhibited. From
ehavioral and immunohistochemistrical experiments, we found
unctional asymmetry associated with the anxiety in VH. More-
ver, we revealed that the emergence of asymmetry depended on
he anxiety level. Therefore, we concluded that the rat VH has some
ateralized functions that enable adaptive behavior according to
ifferent aversive situations.

.1. Behavioral test

Functional dissociation along the hippocampal long-axis has
lready been described, and the rodent VH mainly regulates
ear/anxiety and stress responses [19]. It has been revealed that this
egion is functionally associated with AMG, mPFC, and hypotha-
amus [35]. Therefore, we investigated how the left and right VH
erformed during anxiogenic situations by measuring the time
pent in and the number of entries into each alley of SAT for 7 days.
n Day 1, the Bilateral lesion group spent less time in Alley 1 and

ore time in Alleys 2, 3, and 4 than the Sham lesion group. The num-

er of entries into Alley 2, 3, and 4 were also more in the Bilateral
esion group than in the Sham lesion group. These results suggest
hat bilateral VH lesions lead to decreased anxiety-like behavior, in
 Bilateral (black bar or �), Right (light gray bar or �), and Left (dark gray bar or �)
y are shown for Day 1 (A) and for Days 2–7 (B). All data are shown as means ± SEM.

agreement with Mchugh et al. [32]. The results of that study [31] dif-
fered slightly from our results, in that they observed a longer time
spent only in Alley 2. This might be explained by the differences in
experimental conditions, such as the brightness of the light or the
time of each trial. In contrast to the Bilateral lesion group, lesions in
the left and right VH did not affect anxiety-like behaviors, showing
that there was no laterality in these two groups. Other brain areas
related to anxiety or fear, such as AMG  and mPFC, might work com-
plementarily instead of the unilateral VH. In contrast, analysis of the
time spent in each anxiogenic alley (Alleys 2, 3, and 4) from Days
2–7 resulted in a pattern (listed in increasing amount of time spent)
of S < L < R < B in Alley 2, S < L < R = B in Alley 3, and S = L < R < B in Alley
4. These results suggested that either the right VH was consistently
superior to the left one in mediating anxiety-like behavior or the
left and right VH worked together against relatively weak anxiety
(such as Alleys 2 and 3, with wider widths); the right VH exclusively
worked against strong anxiety (such as Alley 4, with a narrower
width). The fact that there was  a significant difference between the
Sham and Right lesion groups and no significant difference between
the Sham and Left lesion groups may  have confirmed these possi-
bilities. The presence or absence of the main effects by Day among
each group differ for each alley, but this could be attributed to such
left/right differences depend on the strength of the anxiety.

The number of entries into each anxiogenic alley resulted in a
pattern (listed in increasing number of entries) of S = L < R < B for all
alleys. This suggests that the right VH is more active on entry into
anxiogenic areas. Moreover, the ratio of Alley 4/Alley 3 entries was
also significantly different between the Right and Bilateral lesion
groups and the Sham and Left lesion groups. The Right and Bilat-
eral lesion groups had a consistent value of approximately 0.5 on
all 7 trial days. In contrast, the Sham and Left lesion groups showed
more widely variable values. On Days 1–3, the values gradually
decreased from approximately 0.5–0.3, indicating that the animals

in the Sham and Left lesion groups experienced stronger anxiety in
Alley 4 during this period. In contrast, on Days 5–7, the values grad-
ually increased to nearly 0.5, indicating that the animals in these
two groups were habituated to Alley 4 during the latter periods of
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Fig. 4. Results of the number of entries into each alley. All the rats in the Sham (white bar or ©), Bilateral (black bar or �), Right (light gray bar or �), and Left (dark gray bar
o r of en
w ries on
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s
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e
s
f

r  �) lesion groups (n = 12 in each group) explored the alleys for 10 min. The numbe
ith  the Sham lesion group. The sum of entries on all 7 days (C-left), the sum of ent

/Alley  3 entries (D) are shown. All data are shown as means ± SEM. “n.s.” means no

he test. These results suggested that the right VH worked more
trongly to exhibit behaviors associated with anxiety than the left
H, in agreement with other studies of lateralized behaviors [1–10]
nd brain functions [11–13,36–40]. In addition, the total number of
ntries into the alleys decreased in all groups from Day 1–7, indicat-
ng that both unilateral and bilateral VH lesions, gradually formed
ver this time period, had no influence on the spatial memory.

The above results suggest the existence of functional dif-
erences in the left and the right VH, which affect behaviors.
lthough the equivalence of the extent of damage in the left and
ight hemispheres is one of the most crucial factors in revealing
rain functional asymmetries, there was no significant difference
etween the left and the right VH in the degree of the damage
etween all groups, as shown in Fig. 1C and D. Therefore, it could not
e considered that the interhemispheric differences in the present
tudy could be attributed to different degrees of damage between

he hemispheres. However, as the lesion method in this study was
lectrical damage, the present research cannot exclude the pos-
ibility of functional compensation by other brain regions. Thus,
urther verification of the functional lateralization with reversible
tries into each alley are shown for Day 1 (A), and Days 2–7 (B). *P < 0.05 compared
 the first and last days (C-right) (*P < 0.05 compared with Day 1), and ratio of Alley

nificant.

functional inhibition methods will be necessary. Moreover, in vivo
electrophysiological methods should also be used in future work to
investigate left/right asymmetrical activation in greater detail.

4.2. Immunohistochemistry

C-fos expression represents neural activity [41,42], and its
expression is increased in the rodent VH after anxiety-like behavior
[43,44]. We  counted the number of c-fos-positive cells to confirm
whether neurons in the rat VH were activated asymmetrically in an
anxiogenic situation. The expression of c-fos in the right VH (CA1
and CA3 subregions) was  significantly increased compared with
that in the left VH of the rats that were isolated in Alley 4. This
result is consistent with that of other studies that showed right
hemispheric dominance of c-fos and arc expression in AMG  and
mPFC [38,40,45,46]. As the protein expression of c-fos reflects neu-

ronal activation, our results suggested that right ventral CA1 and
CA3 dominantly worked against anxiety that was induced by the
narrow Alley 4. A previous study [24] reported that there are fewer
neurons in the right hippocampus than in the left hippocampus, and
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Fig. 5. C-fos expression in VH. (A) A basic sample of a VH section showing c-fos
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xpression. (B) The densities (number/mm2) of c-fos-positive cells in the right
nd  left ventral CA1 and CA3 of Sham lesion group. All measures are shown as
eans ± SEM. *P < 0.05 compared with the Sham-Left group.

he number of rat CA1 and CA3 cells is different between the right
nd left hemispheres, with the right hippocampus containing 6%
ewer neurons in the CA3/2 subfield and 21% fewer neurons in the
A1 subfield than the left hippocampus. Thus, it would not be true
hat being more cells activated in the right VH is derived from being

ore cells are in the right VH. Furthermore, no stab of the electrode
nsertion was observed in AP = −4.80 mm sections of any animal,
nd there were no significance differences in the c-fos expression
etween non-inserted animals and Sham lesion (inserted) animals.
hus it can be inferred that either the insertion of the electrode did
ot affect c-fos expression or the effect was extremely small. The
ominance of the right VH in our study clearly suggests that more
eurons were activated in response to anxiety in the right VH than

n the left VH.

.3. General discussion

The left eye/right hemisphere preference in avoidance behaviors
as been repeatedly reported in many animals. Thus, the domi-
ance of the right brain is no doubt involved in adaptive behaviors
o cope with aversive situations. Additional research has also sug-
ested that AMG  and mPFC also display functional asymmetries
ssociated with fear/anxiety, pain processing, and stress responses
11–13,32–36]. Furthermore, in recent years, many studies have

ointed out that VH plays an important role in these same functions
14–18,30]. In this study, we confirmed the relationship between
H andanxiety-related functional asymmetry. VH projects to AMG

47], mPFC [48], and hypothalamus [49], all of which are part of neu-

[

[

rain Research 325 (2017) 25–33

ral circuits that control emotion, indicating that all these regions
may exhibit functional asymmetry. In fact, the hippocampus, AMG,
and mPFC have left/right asymmetries in the amounts of neuro-
transmitters secreted in those areas after exposure to stressors
and release of corticosterone [11,50], noradrenaline [51], dopamine
[52], serotonin [53,54], and angiotensin [55]. A considerable advan-
tage of this functional asymmetry in emotional circuits might be
that the activation of a unilateral brain region allows the animal to
more quickly perform some urgent behaviors (e.g., fight or flight).
In contrast, animals might be able to perform higher behaviors to
cope with complex situations or solve difficult problemsby working
their two hemispheres interactively.

5. Conclusion

In this study, we  investigated functional asymmetry in the rat
VH in response to aversive stimuli that cause different anxiety lev-
els. The results of our tests for anxiety-like behavior and the c-fos
expression revealed that (1) VH possessed a noticeable functional
asymmetry associated with anxiety, (2) the right VH more domi-
nantly worked against anxiety than the left VH, and (3) the extent
of the functional asymmetry depended on the anxiety levels, with
stronger anxiety enhancing right-hemispheric dominance of VH
and weaker anxiety making it less distinct. This is the first study to
reveal functional left–right asymmetry of VH and its dependence on
the aversiveness of situations. These findings provide new insights
on the functional lateralization and its interaction in the brain for
adaptive behaviors.
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