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ABSTRACT

The rodent maternal separation (MS) paradigm is frequently used to investigate the impact of early-life conditions in the
offspring. One critical issue is whether the effects seen in the offspring are a result of maternal contact deprivation
and/or altered pup-directed maternal behavior. To address this question we used an innovative approach with a qualita-
tive analysis of pup-retrieval strategies in a test situation related to risk for the pups. The dams were separated from
their litters for 0 (MS0) or 360 (MS360) min, respectively. The pups were placed in a risk area in the multivariate con-
centric square field™ test at two test occasions and the pup-retrieval strategies were recorded. No significant evident
differences between MS0 and MS360 dams were found. However, there were clearly two different strategies, either
removing the pups out of potential danger or into safety, and these strategies were represented in both MS groups. As
compared to the MSO dams, the MS360 dams did not change their strategies and left more pups in the risk area in both

pup-retrieval tests. This implies different pup-retrieval strategies depending on early-life conditions.

Keywords: Pregnancy; Gestation; Virgin; Handling; Maternal Deprivation; Multivariate Concentric Square Field;
Behavior; Wistar Rats; Stress; Maternal Behavior; Ultrasonic Vocalization

1. Introduction

Environmental influences during childhood and adoles-
cence are known to have a pronounced impact on behav-
ior later in life [1,2]. Neuronal networks continue to un-
dergo vital development after birth and the developmen-
tal reorganization and maturation processes continue all
through adolescence [3,4]. The brain is therefore highly
sensitive to environmental input early in life and the abil-
ity to change and adapt to environmental stimuli is im-
portant in processes shaping the brain [3,5]. Such ear-
ly-life adaptive alterations may be favorable for the indi-
vidual [6,7] but may also result in impaired ability to
adapt to new situations and in altered sensitivity to chal-
lenges later in life and thereby contribute to the individ-
ual vulnerability for later disease [2,8-10]. The primary
caregiver has not only a vital role in nursing and protec-
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tion but also for attachment and social contacts that are
essential for normal development of the infant [11]. Dis-
ruption of these interactions between caregiver and off-
spring can therefore have major impacts on the infant.
The occurrence of early adverse experiences such as
childhood abuse, severe neglect or other stressful events
can for example contribute to later psychopathology [12],
including alcohol use disorders [13,14]. The mechanisms
underlying these long-term effects are poorly understood.

To examine the impact of environmental factors dur-
ing sensitive developmental time windows, animal ex-
perimental models are required. In experimental studies
the influence of environmental stimuli can be minimized
and the causal relationship between different early-life
factors and adult phenotype can be investigated. The ro-
dent maternal separation (MS) model is frequently used
to investigate the impact of early-life conditions on neu-
robiology, endocrine function and behavior in the off-
spring [15-17]. In this model the environmental condi-
tions are manipulated by short (<15 min) or prolonged
(180 - 360 min) separations of the litter from the dam.
The consequences of MS on offspring at different ages
later in life have been extensively studied and prolonged
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MS is, in general, related to negative consequences and
therefore regarded as a risk environment as compared to
shorter periods of MS [16,18-20]. One critical issue fre-
quently discussed in MS studies is whether the effects
seen in the offspring are a result of maternal contact dep-
rivation or altered maternal behavior caused by absence
of the pups, or a combination of both [21-23]. Behavioral
and/or physiological stress responses may emerge in the
dam as a result of interference with the mother-pup in-

teractions and may be transferred to the offspring [22,24].

It has also been suggested that MS alters the quality of
maternal care and thereby elicit effects in the offspring
[23].

This study was designed to further investigate mater-
nal-pup interactions and address the question whether
dams experiencing daily and lengthy loss of contact with
the litter during the first week after birth will exhibit al-
tered behavior towards the pups. The study includes be-
havioral profiling before parturition, assessment of ma-
ternal pup-retrieval strategies after parturition and meas-
urement of the ultrasonic vocalizations (USVs) emitted
by the pups. The first week was chosen for pup retrieval
tests since it is part of the stress hypo-responsive period
[25] and the pups are dependent on the mother for ther-
moregulation, nursing and protection [26].

The multivariate concentric square field™ (MCSF)
test was used for the behavioral assessments. For behav-
ioral profiling, the rat is placed in an arena consisting of
several areas including areas associated with risk and
shelter for the animal to freely explore [27,28]. The
MCSF test enables extensive behavioral profiling in one
test situation and has, for example, been used for charac-
terization of behavioral profiles in rats subjected to
MSI15 and MS360 [29], and post-weaning behavior in
dams after MS [30]. The rationale for using the MCSF
test for the investigation of pup-retrieval strategies was
that the behavioral validation of areas associated with
potential risk versus sheltered areas in the MCSF showed
that lactating dams retrieve their pups from a potential
risk area into a sheltered area without further repositions
[27].

The study involves two parts; behavior profiling of the
dam before parturition (gestational day, GD, 20), and two
repeated pup retrieval tests in the same dams exposed to
daily 0 or 360 min separations from their litter (MSO and
MS360, respectively). In addition, it was examined
whether MS altered the USVs emitted by the pups.

2. Material and Methods

The experimental outline is shown in Figure 1.

2.1. Animals
Twenty-eight outbred Wistar rats (Sca:WI; Scanbur BK
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AB, Sollentuna, Sweden) out of which 15 were pregnant
on gestational days (GDs) 12 - 14, arrived to the animal
facility. On arrival, the dams were housed singly in cages
(59 x 38 x 20 cm) with wood chip bedding and 40 x 60
cm paper sheets (Cellstoff, Papyrus) as nesting material.
Cages were changed once a week, and a small part of the
old bedding material was always transferred to the bed-
ding material in the new cage. The rats had ad libitum
access to pellet food (R36; Lantmédnnen, Kimstad, Swe-
den) and water. All animals were housed in temperature
(21°C = 1°C) and humidity controlled (49% =+ 5%) ani-
mal cabinets in a room on a 12-h light-dark cycle with
lights on at 07:00 am. All animal experiments were per-
formed following a protocol approved by the local Upp-
sala Animal Ethical Committee and in accordance with
the guidelines of the Swedish Legislation on Animal Ex-
perimentation (Animal Welfare Act SFS1998:56) and the
European Communities Council Directive (86/609/EEC).

2.2. Maternal Separation

On the day of birth (day 0), the litters were sexed and
cross-fostered into 4 pups (2 males and 2 females) per
litter to avoid the use of only biological littermates in the
same experimental groups. For one of the dams no
cross-fostering could be performed and this litter was
excluded in further tests. Thereafter, the litters were ran-
domly assigned to one of two rearing conditions: MS360
(n =7 litters/28 pups) or MSO (n = 7 litters/28 pups). The
separation procedure for the MS360 litters started daily
at 09:00 am. The procedure was initiated by removing
the dam from the maternity cage to a temporary cage (26
x 20 x 14 cm) containing wood chip bedding material,
followed by moving the litter into a separation cage (26 x
20 x 14 cm) containing wood chip material. The MS360
litters were moved to a heating cabinet (30°C + 2°C) in
an adjacent room during the separation period. The dams
in the MS360 group were returned to their maternity
cages during the separation procedure, but taken out prior
to the return of the litters. In the MSO group, the litters
were handled like the MS360 litters but then immediately
returned to the maternity cage and thus not separated
from their mother more than approximately 45 seconds.
The handling procedure for the MSO litters started be-
tween 12.30 and 14.30 pm daily depending on the be-
havioral tests performed the same day. The handling and
separation procedures were performed from postnatal
days (PNDs) 1 to 6. On the behavioral testing days,
PNDs 3 to 6, the MSO pups were away from the dam up
to 10 min and the MS period for the MS360 litters was
prolonged up to 370 min. The same experimenter per-
formed all the procedures. The litters were weighed in
their respective separation cage on PNDs 2, 4, and 6 be-
fore initiation of MS0O and MS360 and the weighing pro-
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Figure 1. Experimental outline. Two experimental groups were used in the maternal separation paradigm: MS0, handling of the pups
and less than 1 min separation from the dam, and MS360, handling of the pups and 360 min separation from the dam. GD: Gesta-

tional day, USV: Ultrasonic vocalization.
cedure took around 15 seconds to perform.

2.3. The MCSF Test

All assessments were performed using the MCSF test in
a room separate from the housing room, with a masking
background noise. The animals were monitored while the
observer watched remotely from an adjacent room. Each
trial lasted for 10 minutes. After each animal, the arena
was wiped with 10% ethanol solution and sufficient time
was allowed for the arena to dry before the next ani-
mal/group of dam and litter was tested.

The MCSF arena (100 x 100 cm) has been described
in detail elsewhere [27,28]. The entire arena is divided
into zones, which forms the basis of the description and
the variables of the animals’ performance in this test. The
defined zones are: center, open area (the center field of
the arena); central circle, risk area (the circular zone in
the middle of the center); corridors, transit areas (the
corridors surrounding the center field); dark corner room
(DCR), area for shelter seeking (the covered room); hur-
dle, exploratory incentive (the high passage to a hole
board with a photocell device); slope, risk assessment
area (the slope leading up to the bridge); bridge, risk area
(the elevated and illuminated bridge construction).
Dimmed light was used during the testing, except for the
bridge area. The approximate light conditions (Ix) in the
MCSF arena were as follows: DCR: < 1; center, corri-
dors and hurdle: 10 - 15; bridge: 600 - 650.

2.4. The Ultrasonic Vocalization Test

The USV test was modified from the protocol used by
Ploj et al. [31]. The individual USVs emitted by MSO
and MS360 pups were measured at the end of the MSO
and MS360 procedures, respectively, on PNDs 4 and 6.
Each pup was individually placed in an insulated box
connected to a microphone bat detector device, inter-
faced with a USV counter and the number of USVs in the
40-60 kHz range were recorded. The pups were allowed
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to adapt to the novel environment for one minute before
the number of vocalizations were counted for another mi-
nute. Meanwhile, the rest of the littermates were kept
warm in a cage placed on a heating pad. After each pup
the equipment was cleaned with 10% ethanol solution
and sufficient time was allowed for the area to dry. When
all littermates were tested, the litter was returned to the
maternity cage.

2.5. Behavioral Profiling before Parturition

On GD 20, the pregnant (n = 15) rats were tested in the
MCSEF test to obtain individual behavioral profiles. Vir-
gin rats (n = 13) were also tested as controls. Each ani-
mal was transferred in a bucket from the home cage to
the MCSF apparatus and released in the center facing the
wall without openings, between the center and bridge.
The number of stretched attend postures (SAPs) from
the corridors into the center, and rearing and grooming
actions were recorded by direct observation. The number
of head dips into the hurdle hole board, fecal boli, and
urinations were noted after each trial. Manual scoring of
the behavior in the MCSF test was performed using
Score 3.3 (Soldis, Uppsala, Sweden). Visits to the de-
fined zones were only scored as such if both hind legs
had crossed over into that section. The latency (LAT, s)
in first visiting a zone, frequency (FRQ) of visits, and
duration (DUR, s) of time spent in a certain zone were all
registered. The sum of frequencies to the corridors (FRQ
corridors) and to all zones (total activity, TOTACT), the
total time spent in the corridors (DUR corridors), the
mean duration per visit to a zone (DUR/FRQ, s), the
percentage number of visits to each zone in relation all
zones, and the percentage duration of time spent in each
zone in relation to the total trial time was calculated. The
Ethovision system (version 2.3; Noldus Information
Technology, Wageningen, the Netherlands) was used for
tracking total distance (cm) moved, and the mean veloc-
ity (cm/s), in the center, central circle and the total arena.
An operational categorization of the various parameters
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generated from the MCSF with regard to function (i.e.
general activity, exploratory activity, risk assessment,
risk taking and shelter seeking) was used in the interpre-
tation of results, for details see [28,32].

2.6. Pup-Retrieval Strategies

The pup-retrieval tests were performed on PNDs 3 and 5.
The litter to be tested (MSO brought from the maternity
cage; MS360 brought from the heating cabinet) was
placed on cellulose cotton at the end of the bridge. The
dam was placed in the center facing the wall without
openings, between the center and bridge.

Pup-retrieval related behaviors, i.e. latencies in first
visiting the bridge, in first contact with the pups, in re-
trieval of each pup from the bridge and the number of
pups placed in the DCR (complete retrieval), or some-
where else in the arena or left on the bridge, were re-
corded. A latency of 600 s was given for any parameter
in the pup-retrieval test that was not initiated or com-
pleted within the 10-min observation period.

2.7. Statistical Analyses

Statistica 10.0 (StatSoft Inc., Tulsa, OK) was used for the
statistical analyses. Differences were considered statisti-
cally significant at p < 0.05. Body weight data was ana-
lyzed using parametric one-way analysis of variance
(ANOVA). The data from the behavioral tests was not
normally distributed according to the Shapiro-Wilks” W
test and therefore nonparametric statistics were used.

Possible differences in the behavioral parameters be-
tween pregnant and virgin rats were analyzed using the
Mann-Whitney U-test. The Wilcoxon signed-rank test
was used when comparing the total activity, distance, and
velocity during the first and last 5-min periods of the
10-min trial. Correlations were calculated using the
Spearman rank correlation test. Besides analyzing each
MCSF parameter, a trend analysis was used, explained in
detail elsewhere [30,32]. The performance of the MSO
and MS360 dams in the pup-retrieval tests and of MSO
and MS360 pups in the USV test were analyzed using the
Mann-Whitney U-test. In addition, a trend analysis [32]
was used for evaluation of pup-retrieval activity. The
individual rank values for the parameters included in the
pup-retrieval activity (LAT bridge, LAT to first contact
and LAT to retrieval of first pup) were summed. The
Wilcoxon signed-rank test was used when comparing
behavioral parameters from the first and second pup-
retrieval and USV tests, respectively. Correlations were
calculated using the Spearman rank correlation test.

A principal component analysis (PCA) was used for
investigation of associations between the behavior of the
pregnant dams (GD20) and their later pup-retrieval
strategies. For the multivariate data analysis, SIMCA-P+
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12.0 (Umetrics AB, Umed, Sweden) was used.

3. Results
3.1. Body Weights

The mean = SEM body weight was 356.8 + 7.6 g in
pregnant rats and 289.7 + 8.2 g in virgin rats [F(1,26) =
35.96; p < 0.001]. The litters were weighed on PNDs 2, 4,
and 6, and the mean pup weight (= SEM) per litter was
calculated. The one-way ANOVA analysis showed a
statistically significant lower mean body weight in
MS360 litters on PND 4 [F(1,12) = 9.25; p < 0.01] and
PND 6 [F(1,12) = 13.61; p < 0.01] compared to the MSO
litters. This finding is in agreement with previous results
collected from our group [31,33].

3.2. Behavioral Profiling before Parturition

The descriptive parameters from the 10-min trial in the
MCSF test within the functional categories (general ac-
tivity, exploratory activity, risk assessment, risk taking,
shelter seeking), interpreted mental states (anxiety-like
behavior, impulsive-like behavior) and information about
SAP, boli, urine and grooming behavior are shown in
Table 1. Significant differences between the pregnant
and virgin rats were found for parameters of relevance to
general activity, exploration and risk assessment, while
minor differences were revealed for parameters of rele-
vance for risk-taking and shelter-seeking behavior. For
statistics, see Table 1.

The trend analysis of MCSF performance (Figure 2)
shows that the pregnant rats had significantly lower gen-
eral [U =28.0, Z=-3.2, p = 0.001] and exploratory ac-
tivity [U = 340, Z = 29, p < 0.01], and lower
risk-assessment [U = 53.0, Z = 2.0, p < 0.05] behavior
compared to the virgin rats.

Differences in total activity, distance, and velocity
over time during the 10-min session within the respective
group were analyzed. Pregnant rats had significantly
higher total activity [Z = 2.7, p < 0.01] and velocity [Z =
3.0, p < 0.01] during the last 5-min period compared to
the first 5-min period of the 10-min trial, while no dif-
ference in distance was observed (data not shown). No
differences over time were detected in the virgin rats.

A significant positive correlation between body weight
and total activity was found for the pregnant rats [r =
0.59, p < 0.05] (Figure 3). No significant correlation was
found for the virgin rats. No significant correlation was
found for any group between either body weight and total
distance moved or between body weight and velocity in
the MCSF arena.

3.3. The First Pup-Retrieval Test

The individual pup-retrieval strategies are shown in Fig-
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Table 1. Behavioral parameters recorded during the 10-min trial of the MCSF test in pregnant (n = 15) and virgin (n = 13)
rats.

Functional categories Parameters Pregnant Virgin p-value
General activity TOTACT 25.0 + 23 45.7 + 4.6 ok
FRQ TOTCORR 8.9 + 0.8 17.4 + 1.5 ok
% FRQ TOTCORR 35,5 + 0.9 39.3 + 1.4 *
FRQ center 6.0 + 0.5 9.2 + 1.2 *E
DUR center 118.7 + 12.8 88.1 + 5.2
DUR/FRQ center 222 + 33 11.8 + 1.7 *x
% FRQ center 254 + 1.7 19.5 + 1.0 *
% DUR center 19.8 + 2.1 14.7 + 0.9
Distance arena 2238.7 + 133.1 2955.6 + 142.0 wxx
Distance center 847.2 + 66.8 973.4 + 70.2
Velocity arena 6.2 + 0.3 8.1 + 0.4 A
Velocity center 7.4 + 0.5 10.3 + 0.3 HAAK
Exploratory activity LAT leave center 68.7 + 12.5 232 + 3.7 **
DUR TOTCORR 246.6 + 23.6 257.5 + 19.2
DUR/FRQ TOTCORR 40.8 + 15.3 17.7 + 33 K
% DUR TOTCORR 41.1 + 39 429 + 32
LAT hurdle 353.0 + 56.9 113.6 + 21.3 **
FRQ hurdle 1.5 + 0.3 4.7 + 0.6 o
DUR hurdle 20.3 + 5.1 54.4 + 9.4 wox
DUR/FRQ hurdle 15.6 + 43 12.3 + 2.0
% FRQ hurdle 5.0 + 1.0 10.9 + 2.1 **
% DUR hurdle 3.4 + 0.9 9.1 + 1.6 *K
Photocell counts 1.0 + 0.0 2.0 + 1.0
Rearing 14.7 + 1.5 20.6 + 1.9 *
Risk assessment LAT slope 314.7 + 53.6 142.6 + 33.0 HE
FRQ slope 22 + 0.5 5.7 + 0.9 *K
DUR slope 19.6 + 4.4 36.0 + 5.6 *
DUR/FRQ slope 10.5 + 1.8 6.8 + 1.2 *
OCC slope 10/15 12/13
% FRQ slope 7.2 + 1.6 11.3 + 1.2
% DUR slope 33 + 0.7 6.0 + 0.9 *
SAP to center 0.0 + 0.0 1.0 + 0.0
OCC SAP to center 0/15 2/13
Risk taking LAT bridge 306.9 + 55.7 136.4 + 27.9 K
FRQ bridge 1.3 + 0.4 2.7 + 0.4 *
DUR bridge 452 + 16.9 68.0 + 12.2
DUR/FRQ bridge 30.2 + 5.1 25.2 + 2.5
OCC bridge 9/15 11/13
% FRQ bridge 44 + 1.1 5.2 + 0.8
% DUR bridge 7.5 + 2.8 11.3 + 2.0
OCC bridge 9/15 11/13
LAT CTRCI 179.2 + 49.7 196.6 + 29.8
FRQ CTRCI 2.0 + 0.2 2.5 + 0.6
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Continued
DUR CTRCI 3.0 + 0.5 3.6 + 0.9
DUR/FRQ CTRCI 1.6 + 0.2 1.6 + 0.1
OCC CTRCI 15/15 11/13
% FRQ CTRCI 8.6 + 0.9 4.7 + 1.0 wx
% DUR CTRCI 0.5 + 0.1 0.6 + 0.2
OCC CTRCI 15/15 11/15
Velocity CTRCI 12.3 + 1.5 17.0 + 25
Distance CTRCI 56.9 + 7.5 90.2 + 19.4
Shelter seeking LAT DCR 221.7 + 45.7 218.9 + 50.4
FRQ DCR 3.1 + 0.3 39 + 0.5
DUR DCR 146.7 + 24.1 100.0 + 26.1
DUR/FRQ DCR 46.4 + 6.8 23.0 + 49 o
% FRQ DCR 13.9 + 1.8 9.1 + 2.3 *
% DUR DCR 24.5 + 4.0 15.4 + 42
Anxiety-like behavior FRQ risk/shelter index -0.5 + 0.1 -0.2 + 0.1
DUR risk/shelter index -0.6 + 0.1 0.1 + 0.2 *
Impulsive-like behavior Slope/bridge interval 0.0 + 0.1 -0.1 + 0.1
Miscellaneous Boli 0.1 + 0.1 0.1 + 0.1
Urine 1.2 + 0.2 1.8 + 0.3
Grooming 0.9 + 0.3 0.3 + 0.1

When an animal did not visit a zone the latency measure was considered a missing value and therefore occurrence is shown. The Pearson Chi-square test re-
vealed no differences in occurrence between groups. Values represent mean + SEM. p < 0.05, "p < 0.01, “p < 0.001, ™""p < 0.0001 when comparing pregnant
and virgin rats (Mann-Whitney U-test). CTRCI, central circle; DCR, dark corner room; DUR, duration (s); DUR/FRQ, duration per visit (s); FRQ, frequency;
LAT, latency (s); TOTACT, total activity, i.e., the sum of all frequencies; TOTCORR,; total corridor, i.€., the sum of all corridors (2 - 4); PC counts, photocell
counts; OCC, occurrence, i.e., indicates the zones with latencies = 0, or the behaviors that were not performed by all animals in each group; SAP, stretched

attend posture.

120 4 *kk

Mean sum rank

Trend analysis

General activity Exploratory activity Risk assessment Risk taking Shelter seeking

®Virgin

“Pregnant

Figure 2. The trend analysis in virgin and pregnant rats. The individual rank values for MCSF parameters included in the
functional categories general activity, exploratory activity, shelter seeking, risk assessment and risk taking are summed into
single composite dependent variables. Values represent mean + SEM."p < 0.05, “p < 0.01, ™"p < 0.001 (Mann-Whitney U-test).

ure 4. The results from the first pup-retrieval test at PND
3 show that the MS360 dams had a shorter latency in first
visiting the bridge [U = 4.0, Z= 2.6, p = 0.01] compared to
MSO0 dams (Figures 4(a) and (b)). There was no difference
between MS0 and MS360 dams in latency to first contac-
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tor latency in retrieval of first pup (Figures 4(a) and (b)).
No correlation between latency in first visiting the bridge
and latency to first contact was found for either MSO
orMS360 dams during the first retrieval test. When using
the trend analysis of pup-retrieval performance, a differ
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Figure 3. The correlation between body weight and total activity in virgin and pregnant rats during the 10-min session in the
MCSF test. A significant Spearman rank correlation was found in the group of pregnant rats (p < 0.05).

(a) First pup-retrieval () Second pup-retrieval

600 2 ,« 2 S p— MSO0 600 * Aa//-\ £ * MS0
500 - \ / ——1 500 ; \ / » Ne—x  —e—1
/
%

< 400 \)r_’// ——2 -—m © 400 4 —
0 7] i L
) ® o ° ®
G 300 f—o 3 S 300 / 3
Qo o) L
T 200 M —e—4 T 200 / a/ﬁ——‘/s—:/.—. —e4
if *
1001 2 —*=5 100 s —5
0 . Plfp 1 : Pl;lp 2 i Pu'p 3 i Pu,p 4 . 6 0 “‘l‘w __Pup1l _ Pup2 Pup3 _ Pupd 6
& B A O O R O R O & L A O OB O A O
% S, . Cn 'S Cy 'S .. C 7 %y . Cn . Cn 'S Cy @, C 7
?9@ ’oo &’e,, P %, A a’@b P 07@,, P %@ ‘ [N 6@,, & &7@,, K ) P g, A
’7% £ £ £ £ 4 ’),é £ 4 4 £
Cx Cx
#
(b)
(d)
600 1 MS360 600 - MS360
500 —1 500 - ——1
400 1 —2 < 400 1 —_—2
8 ‘ 8
' 300 | ‘ 3 2 300 1 3
9] -
200 A T 200 S
100 —¥=3 100 | —¥—5
0 __Pup1 _ Pup2 _ Pup3 Pupd 6 6
; ko) O, 7 7
oy, '?@z,'.. OQ?/%/ 7 OC)? 4)@(;./ . O,? /%4) ’ C)?
%, . S, S, S,
*y @) 4 4 24 4

Figure 4. Individual pup-retrieval strategies in the first and second retrieval tests in the MSO (A and C, respectively) and
MS360 (B and D, respectively) dams, in the MCSF test. The figure depicts the latencies in first visiting the risk area (bridge),
first contact on the bridge, and to retrieve pup 1 - 4 from the bridge. The test session was 600 s and the latency is therefore set
to 600 whenever the dams failed to retrieve a pup. ~p < 0.01 comparing MS360 and MS0 dams (Mann-Whitney U-test). *p<
0.05 compared to first pup-retrieval test (PND 3) (Wilcoxon signed rank test).
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ent outcome between the MSO and MS360 dams was
found, with an improved pup-retrieval activity in the
MS360 dams (Figure 5).

Large differences were observed in the individual re-
trieval strategies, both within the MSO (Figure 4(a)) and
the MS360 (Figure 4(b)) group. Three dams within each
group had a retrieval pattern characterized by a system-
atic retrieval of the pups into the DCR. Two dams in
each group retrieved none of the pups into the DCR
within the observation period of 600 s (Figures 4(a) and
(b)). Furthermore, it was of interest to score if the dams
had the same strategies in transposing the pups in the
arena. The number of pups in different areas in the arena
was counted at the end of the tests and is shown in Fig-
ure 6. The MSO dams retrieved 16 out of 28 pups (57%)
into the DCR while the corresponding number for
MS360 dams was 18 out of 28 pups (64%). The MSO
dams left 8 pups (29%) on the bridge, retrieved 3 pups
(11%) to the slope and retrieved 1 pup (3%) to the corri-
dors (Figure 6(a)). The MS360 dams left all the remain-
ing 10 pups (36%) on the bridge (Figure 6(b)).

3.4. The Second Pup-Retrieval Test

In the second retrieval test at PND 5, no differences be-
tween MSO and MS360 dams in latency to first visit of
the bridge or in latency to first contact were found (Fig-
ures 4(c) and (d)). In MSO dams a positive correlation
between latency in first visiting the bridge and latency in
first contact [r = 0.94, p < 0.01] was found, while no
such association was revealed in the MS360 dams. The
lack of differences between MS0O and MS360 dams was
further supported by the trend analysis (Figure 5).

The individual retrieval strategies in the MSO group
were either all pups retrieved to the DCR (three dams
(43%)) or some or none pups retrieved to the DCR (Fig-
ure 4(c)). A similar pattern was observed in the MS360

Trend analysis
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Figure 5. The trend analysis of pup-retrieval related per-
formance in the MSO and MS360 dams. The individual
rank values for the latencies in first visiting the bridge, first
contact and retrieval of the first pup were summed into a
single composite dependent variable. Values represent
mean + SEM.
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group (Figure 4(d)). The MSO dams retrieved 17 out of
28 pups (61%) into the DCR while the corresponding
number for MS360 dams were 15 pups (54%). The MS0
dams left 7 pups (25%) on the bridge and retrieved 4
pups (14%) to the slope (Figure 6(c)). The MS360 dams
left all the remaining 13 pups (46%) on the bridge (Fig-
ure 6(d)).

When comparing the behavior performed by the MSO
and the MS360 dams from the first and second
pup-retrieval trials, it was found that there were differ-
ences over time in parameters of relevance for retrieval
behavior (Figure 7). This was observed only in the MSO
group and showed that the MSO dams spent significantly
shorter time [Z = 2.2, p < 0.05] and shorter time per visit
[Z=2.4, p < 0.05] on the bridge in the second relative to
the first pup-retrieval test. It was also found that in the
second retrieval test, the MSO dams had a significantly
shorter latency to the bridge [Z = 2.4, p < 0.05] and to
the first contact [Z = 2.4, p < 0.05] compared to first re-
trieval test (Figures 4(a) and (c)). In the trend analysis,
no difference in performance over time was noted for
either group.

The MSO0 dams that systematically retrieved the pups
into the DCR had shorter retrieval latencies in the second
test while the dams that retrieved no pups in the first trial
expressed the same behavior in the second trial. In addi-
tion, the total amount of MSO pups retrieved from bridge
was almost equally (16 and 17 pups) in both retrieval
trials. On the other hand, the MS360 dams (Figures 4(b)
and (d)) had a somewhat different pattern in the second
trial; the systematic retrieval into the DCR was slower in
two dams and more pups (n = 13 (46%)) were left on
bridge compared to first trial (n = 10 (36%)).

3.5. The Behavior of Pregnant Dams a Predictor
of Retrieval Strategies

Since the dams were profiled prior to parturition it was of
interest to see if the behavior in the MCSF on GD20
could be used for prediction of later retrieval strategies.
A PCA was used for investigation of associations be-
tween the behavior of the dams before parturition and
their later pup-retrieval strategies during PNDs 3 and 5,
respectively. No correlation in the MCSF performance of
relevance for pup-retrieval behavior was found.

Since similar retrieval strategies were observed inde-
pendent of MS group, two new subgroups were formed
based on retrieval of all pups into the DCR or not. These
subgroups were used for the investigation of possible
differences in behavioral profiles before parturition, i.e.
GD20, on later retrieval strategies. No such differences
were observed.

3.6. Ultrasonic Vocalization (USV) Test
The data from the USV tests performed on PND 4 and
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Figure 6. The pie charts illustrate the location of the pups
placed in the MCSF arena after 600 s in the first (a)-(b) and
second (c)-(d) pup-retrieval tests during (PND 3 and PND 5,
respectively). Two experimental groups were used: MSO0 (a)
and (c), respectively), and MS360 (b) and (d), respectively).
The total number of pups was 28 (4 pups/dam).
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Figure 7. The duration (s) and the duration per visit (s)
spent on the bridge in the MCSF test in the MSO and
MS360 dams. Values represent the mean + SEM. *p < 0.05
compared to second pup-retrieval test (Wilcoxon signed
rank test).

PND 6 are presented in Figure 8. No difference between
MS0 and MS360 pups was found on PND 4. On PND 6,
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Figure 8. The number of ultrasonic vocalizations (USVs) in
MS0 and MS360 pups. PND = postnatal day. Values repre-
sent the mean + SEM. “p < 0.05 comparing MS360 and MS0
litters (Mann-Whitney U-test). *p < 0.05 compared to PND 6
(Wilcoxon signed rank test).

the MS360 pups made fewer vocalizations [U = 4.0, Z =
2.6, p < 0.01] compared to MSO pups. A time-dependent
increase in USVs was observed within the MSO pups [Z=
2.2, p < 0.05] while no difference was found for the
MS360 pups.

4. Discussion

In this study, we addressed the hypothesis that interfer-
ence with the mother-pup interactions through daily ma-
ternal separations during the first postnatal week will
affect goal-directed behavior towards the pups. We used
the MCSF test and provided novel data regarding pup-
retrieval strategies in an arena with areas associated with
risk and shelter, respectively. During the pup-retrieval
tests, the litters were placed all together at the end of the
bridge in the MCSF arena. This forces the dam to take a
risk by crossing the illuminated bridge area in order to
reach the pups. It was explored whether the dams re-
trieved the pups from the potential risk area and if so, it
was examined where they placed the pups.

In the first retrieval test, the MS360 dams had a shorter
latency in the first visit to the bridge compared to the
MSO dams, while no difference in latency to the first
contactor retrieval of the first pup was observed. That is,
the MS360 dams were faster to enter the risk area but not
faster to reach the litters. When the pup-retrieval per-
formance, i.€. latencies in the first visit to the bridge, the
first contact and retrieval of the first pup, was ranked and
summed in the trend analysis, an improved pup-retrieval
behavior was noted in MS360 dams relative to MS15.
Since USVs are important in mother-pup interactions and
in retrieval behavior as lactating dams will orient them-
selves toward neonatal ultrasounds and initiate retrieval
of the pups [34], an observation of the USVs emitted by
the pups would complement the retrieval tests. We pre-
viously demonstrated that, when observing the USVs
emitted by the MS pups at the initiation of the MS ses-
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sion, the MS360 pups emitted more calls than the MS15
pups on PND 5 [31]. In the present study the USVs were
instead measured at the same time point as the
pup-retrieval tests were performed, i.e. immediately be-
fore the end of the MS sessions. In view of the MS dura-
tion in the MSO group, i.e. to avoid a too long MS, the
USV measurements and the retrieval tests were not per-
formed on the same day. The observations from the USV
test on PND 4 show no difference in number of USVs
emitted by MSO and MS360 pups, which may explain the
similar behavior in MS0 and MS360 dams in reaching
the pups. The literature gives a complex picture as a
number of investigations regarding pup-retrieval behav-
ior during MS have been reported using various proce-
dures [35-38] and experiments investigating the effect of
MS on maternal behavior are far from conclusive
[23,39,40]. Marmendal et al. [36] studied pup-retrieval
behavior in the maternity cage in a MS paradigm with
240 min and 5 min separations, respectively, and repor-
ted similar results as herein, i.e. no differences in time for
retrieval of the first pup or for retrieval of the whole litter
and MS240 dams spent more time with their pups after
retrieval, as compared to briefly separated dams [36].
However, more recent studies performing pup-retrieval
in the maternity cage [37,38] showed that MS180 dams
took longer time to collect their litter as compared to
MSI15 dams [38], and MS270 dams took longer time for
retrieval of the entire litter as compared to AFR dams
[37]. Both moderately and more severely disruptive pos-
tnatal manipulations have been reported to result in in-
creased, rather than decreased, levels of active maternal

care compared to completely undisturbed conditions [41].

This is in line with the improved pup-retrieval perform-
ance in the MS360 dams herein as evidenced by the first
trial in the trend analysis.

There were differences between dams with regard to
placement of the pups after retrieval from the risk area
(bridge). Two different strategies were observed; either
removing the pups away from potential danger (away
from bridge) or into safety (into the DCR). The MSO
dams to a larger extent retrieved the pups away from
bridge and placed them in different areas in the MCSF
while the MS360 dams left more pups on the bridge but
those pups that were retrieved from bridge were also
further retrieved to the DCR and nowhere else in the
arena. The retrieval strategies seen by the MSO and
MS360 dams contrast the pattern seen in a previous re-
trieval test where all dams retrieved all pups into the
DCR and no pups were left on the bridge [27]. There are
several factors that may have affected the outcome in the
present investigation. In the previous study [27], a
smaller MCSF arena was used that today is used for test-
ing mice [42], the pup-retrieval test was performed dur-
ing the active phase, the pups were older (PNDs 6 to 8)
and it was performed in Sprague-Dawley dams that were

Open Access

not handled daily or separated from the litter. Moreover,
in the previous study the retrieval test took place in a
novel arena and the test lasted for 20 min. In the present
investigation a 10 min retrieval test was used in order to
shorten the separation time in the MSO group. To com-
pensate for the shorter testing time and with considera-
tion to previous studies showing that repeated testing in
the MCSF results in recognition of areas associated with
risk and shelter, respectively [27,43], the pregnant dams
were habituated to the MCSF arena on GD20 in order to
facilitate recognition of the risk area (bridge) and the
sheltered area (DCR) before the first pup-retrieval test. In
addition, this enabled behavioral profiling in late preg-
nancy that hypothetically could be used for prediction of
later pup-retrieval strategies.

An advantage of this study is the assessment of re-
trieval strategies over time. In the second retrieval test
the MSO dams were faster in reaching the bridge. Thus,
the difference in latency to the first visit to the bridge that
was observed between the groups in the first test was
abolished. In addition, the MSO dams had shorter laten-
cies to the first contact and their latencies to the bridge
and to the first contact were positively correlated. As
shown in the trend analysis, the MSO dams improved
with time. This behavior together with the shorter dura-
tion and duration per visit spent on the bridge during the
second relative to the first retrieval test points to a higher
motivation over time in MSO dams to reach the pups and
to remove them from the risk area. A possible explana-
tion for this could be the higher USVs emitted by the
MSO0 pups on PND 6 compared to PND 4. Likewise, the
unchanged latency to the first contact by the MS360
dams in the second trial may relate to the unchanged
USVs by the MS360 pups. Another explanation for the
MS360 dams not being faster to enter the bridge in the
second retrieval test is their already short latencies to the
bridge in the first retrieval test. However, although the
MSO0 pups emitted significantly more USVs than the
MS360 pups during PND 6, and this may have contrib-
uted to the shorter latencies in the MSO dams, the higher
number of calls did not affect any other retrieval pa-
rameters. This is in agreement with the notion that a suc-
cessful retrieval by the dam is not only dependent on
USVs, that give the direction to the pups, but also by the
presence of the olfactory cues that are important in initi-
ating the searching behavior [44].

Previous studies performed in the MCSF arena show
that repeated testing affects the general behavior and
results in recognition of areas associated with risk and
shelter [27,43]. However, in the present study the indi-
vidual pup-retrieval strategies in the MS360 group were
generally unaffected by experience as similar strategies
were observed in both pup-retrieval tests whereas the
MSO0 group improved their pup-retrieval strategies over
time. This unchanged behavior over time in the MS360
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rats suggests that the daily 360-min interruption of mo-
ther-pup interactions may interfere with pup-directed be-
haviors implying different strategies depending on early-
life rearing conditions.

The design of this study, that is, to profile the pregnant
rats on GD20 and investigate possible associations to
later retrieval strategies, gave no support for the use of
the behavioral profile during late pregnancy as a predic-
tor of later retrieval behavior. Instead, the findings herein
point at innate strategies rather than strategies being af-
fected by early-life rearing conditions. Approximately
half of the number of the dams within each experimental
group had a fast systematic retrieval into the DCR. This
may relate to a natural variation in maternal care such as
the presence of high/low licking and grooming mothers
[40,45] within both groups. One interesting approach
would be to examine the relationship between the varia-
tions in frequency of licking and grooming, and the dif-
ferent pup-retrieval strategies seen herein. However,
since the frequency of licking and grooming varies lar-
gely (fourfold) during the first postpartum week [45],
such an experiment would require much larger groups to
analyze possible correlations between high and low lick-
ing and grooming behavior, respectively, and pup-re-
trieval strategies.

The MCSF test has not previously been used for be-
havioral profiling of pregnant rats and therefore virgin
rats were included as controls in the present study. The
findings reveal a lower general and exploratory activity
and lower risk-assessment behavior in pregnant rats
compared to virgin rats during the late stage of gestation.
Risk-assessment behavior is influenced by exploratory
drive [46] and the present results give support for altered
approach/avoidance behavior during late pregnancy.
Moreover, a tendency for lower risk-taking and higher
shelter-seeking behavior in pregnant rats was found, whi-
ch was further supported by the trend analysis. The per-
formance on the bridge relative to the DCR (Table 1) is
commonly used in interpretations of anxiety-like behav-
ior [28,32] and together with the results in the trend
analysis, it indicates a higher anxiety-like behavior in
later stage of pregnancy compared to virgin rats, which is
in agreement with previous findings [47,48]. The activity
and velocity in the arena increased over time in the preg-
nant rats, as opposed to the virgin rats. Previous studies
show both increased and decreased activity in male rats
over time [27,43,49] and it is presumed that this relates
to the mental state of the animals. Notably, there was a
positive correlation between the total activity and the
body weight in the pregnant rats, showing that the higher
body weight, the more zones visited. This confirms that
the lower general and exploratory activity seen by the
pregnant rats in the trend analysis is not due to their
higher body weight and support findings from a previous
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study using groups of male rats from 5 different suppliers
(body weight ranging from 260 - 420 g), in which body
weight was independent of the total activity in the arena
[49].

Taken together, the results provide new knowledge
about mother-pup interactions and also about effects of
repeated MS during the first week after parturition. The
use of the MCSF arena for observing pup-retrieval strate-
gies in an environment associated with potential risk
represents an innovative approach that reveals qualitative
differences between MSO and MS360 dams. However, it
was not possible to use the maternal behavior in late
pregnancy as a predictor of later retrieval strategies. It
would be of interest in future studies to test the hypothe-
sis that the individual variations in maternal behavior
within each group could be used for prediction of later
retrieval behavior in the MCSF arena.
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Abbreviations

AFR: animal facility reared;

CTRCI: central circle;

DCR: dark corner room,;

DUR: duration (s);

DUR/FRQ: duration per visit (s);

FRQ: frequency;

GD: gestational day;

LAT: latency (s);

MCSF: multivariate concentric square field™;

MS: maternal separation, followed by a number indicates
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the duration of separation;

PND: postnatal day;

TOTACT: total activity, i.e., the sum of all frequencies;
TOTCORR: total corridor, i.e., the sum of all corridors;
PC counts: photocell counts;

OCC: occurrence, i.e., indicates the zones with latencies
= 0, or the behaviors that were not performed by all ani-
mals in each group;

PCA: principal component analysis;

SAP: stretched attend posture;

USV: ultrasonic vocalization.
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