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Chapter 7

Abstract

Reduced responsiveness to positive stimuli is a core symptom of depression, known
as anhedonia. In the present study, we assessed the expression of anhedonia in our
chronic stress mouse model using a subset of read-out parameters. In line with this, we
investigated in how far chronic stress would affect the facilitating effect of post-training
self-administration of sugar, as we previously observed in naive mice.

Male C57BL/6J mice were repeatedly and at unpredictable times exposed to rats
(no physical contact) over the course of two weeks. Following novelty exploration, (non-)
spatial learning and memory processes with and without post-training sugar acting as
reinforcer, emotionality, reward sensitivity and corticosterone levels were determined.

We found that (1) the effects of chronic stress persisted beyond the period
of the actual rat exposure. (2) Post-training self-administration of sugar as reinforcer
improved spatial performance in naive mice, whereas (3) in stressed mice sugar partially
“normalized” the impaired performance to the level of controls without sugar. Chronic
stress (4) increased behavioral inhibition in response to novelty; (5) induced dynamic
changes in the pattern of circadian corticosterone secretion during the first week after
rat stress and (6) increased the intake of sucrose and water. (7) Chronic stress and sugar
consumed during spatial training facilitated the memory for the location of the sucrose
bottle weeks later.

Concluding, our chronic stress paradigm induces the expression of anhedonia in
mice, at different levels of behavior. The behavioral inhibition appears to be long lasting
in stressed mice. Interestingly, sugar consumed in close context with spatial learning
partially rescued the stress-induced emotional and cognitive impairments. This suggests
that reward can ameliorate part of the negative consequences of chronic stress on

memory.
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Post-training reward partially restores chronic stress effects in mice

Introduction

Chronic stress is considered a vulnerability factor for psychiatric disorders like depression
(De Kloet et al. 1998; de Kloet et al. 2005; McEwen 2005). One of the core symptoms
of depression is anhedonia, i.e. the reduced reactivity to pleasurable stimuli or positive
affect from events or activities that are normally rated as interesting or pleasant (DSM-
IV-TR 2000; Holsboer 2000; Bevins and Besheer 2005; Leppanen 2006). Anhedonia is
considered to be the result of a disturbance in the detection of and response to positive
emotional stimuli. The objective of the current study was to induce a disturbance in
emotional processing by exposing mice to a chronic psychological stressor, and to
investigate the reactivity to a rewarding stimulus. We measured emotional responsivity,
cognitive performance and corticosterone secretion patterns.

Previous studies have shown that repeated exposure of mice to rats, i.e., the ‘rat
stress’ procedure, caused changes in the behavior of mice measured during and directly
after ‘rat stress’ (Dalm et al. 2009a). The behavioral changes included (i) inhibition of
circadian activity patterns in the home cage, (ii) reduced sucrose consumption and
inhibition of sucrose preference development and (iii) perseveration of behavior in a
novel environment without a change in general locomotor activity. The same ‘rat stress’
protocol revealed changes in endocrine parameters together with impaired performance
in hippocampus-dependent learning tasks (Grootendorst et al. 2001a; Grootendorst et
al. 2001b). Recently, we also reported that chronic stress shifted the use of learning
strategies towards favoring stimulus response over hippocampus-dependent strategies
in mice and man (Schwabe et al. 2008).

To assess whether our chronic stress procedure would induce the expression
of anhedonia, we first determined several indicators for anhedonia. For this purpose
we exploited the finding that positive stimuli and reward can strengthen memory traces
(Huston and Mondadori 1977; Huston and Oitzl 1989; Messier 2004). In line with the
theory of reward-effects on memory we have demonstrated that post-training access to
sugar facilitated spatial memory of mice in the water maze and the circular hole board
task (Dalm et al. 2009b). In the current study we studied the effect of post-training sugar
on spatial performance in stressed mice, as indicator for anhedonia.

Another indicator for anhedonia is derived from the consumption of and
preference for a sweet solution. We and others have observed inhibition of consumption
and preference for a sweet solution in close proximity to stress (Strekalova et al. 2004;
Willner 2005; Dalm et al. 2009a). In contrast, long-term effects of stress and elevated

glucocorticoids were reported to increase the consumption of and even preference
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Chapter 7

for sweet solutions (Dallman 2007; Dallman et al. 2007). Others have suggested that
exploration patterns in a novel environment may provide leads to reveal the emotional
state of the animal (File 2001; Kalueff et al. 2006). Exploration is considered a self-
rewarding behavior. While the inhibition of exploration is generally related to anxiety,
less exploration might also indicate the loss of hedonic responses, as suggested by
Bevins and colleagues (Bevins and Besheer 2005).

We examined the behavior of male C57BL/6J mice over the course of five
weeks after cessation of the ‘rat stress’ procedure. During the first 4 weeks after stress,
exploration patterns were determined in the novel environment of the circular hole
board, in parallel with the measurement of spatial learning and memory performance,
and reversal learning, with and without post-training sugar as reward. At 4 weeks after
cessation of the ‘rat stress’ procedure, we measured the behavioral response to the light-
dark box as an indicator for emotion-related behavior. Consumption and preference for a
sucrose solution were assessed before, and 5 weeks after ‘rat stress’. To substantiate the
paradigm of repeated rat exposure as model for chronic stress, we measured circadian
corticosterone secretion by taking blood samples three times per day, at one and six
days after the last rat exposure.

We hypothesize that (i) chronic stress will impair spatial memory in mice and
(ii) the memory facilitating effect of post-training sugar in stressed mice will be absent.

Materials and Methods

Animals

Male C57BL/6J mice (n = 40, 10 weeks old) were purchased from Janvier (France). Upon
arrival at the animal facilities (Gorlaeus laboratory, LACDR, University of Leiden, The
Netherlands), mice were transported to the experimental room to acclimatize for two
weeks before the start of the experiment (days 1 - 14). They were housed individually
in a temperature (21 £ 1°C) and humidity (55 + 5%) controlled room, with food and
water ad libitum; 12-12h light-dark cycle (lights on at 0700h). Behavioral testing was
performed between 0900h and 1400h. Experiments were approved by the Local
Committee for Animal Health, Ethics and Research of the University of Leiden. Animal
care was conducted in accordance with the EC Council Directive of 24 November 1986
(86/609/EEC).
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Post-training reward partially restores chronic stress effects in mice

Experimental design

Figure 1 depicts the timeline of the experiment. Mice were subjected to two conditions
(n = 20/group; days 18 - 28); (i) stress: exposure to rats within a 2 week period and (ii)
control: remaining undisturbed in the home cage. Endocrine (corticosterone), emotional
and cognitive responses were assessed several times throughout the duration of the
experiment. The corticosterone concentration was determined three times during the
light period: baseline (day 17), and one- and six days after the last rat exposure (days
29 and 34). On day 35, mice were exposed for 5 min to the novel environment of the
circular hole board (CHB). The CHB was subsequently used to test acquisition of spatial
learning (days 38 — 42) and reversal learning (days 46 — 48). Exploration strategies were
assessed on days 35, 45 and 49, i.e., before, after spatial- and after reversal learning.
Four weeks after cessation of the stressor (day 56), the behavioral response to the
light-dark box environment was assessed. Immediately thereafter a blood sample was
withdrawn to determine the novelty-induced corticosterone concentration. A sucrose
solution was available for 24 h before (day 15) and after ‘rat stress’ (day 63). Bodyweight

was measured daily from the day of arrival until the end of the experiment.

Day Experimental manipulation
1-11 Single housing in separate control, and stress assigned
rooms
12-16 Tunnel-training in preparation of CHB training
14 Sucrose / water consumption and preference: baseline
17 Corticosterone 3 x during light period: baseline
18-28 Rat stress paradigm
29 Corticosterone 3 x during light period: 1 day post-stress
30-33 Home cage
34 Corticosterone 3 x during light period: 6 days post-stress
35 FET-1 Novelty exposure to the CHB
36-37 Home cage
38-42 CHB spatial learning and memory
43-44 Home cage
45 FET-2
46 -48 CHB reversal learning and memory
49 FET-3 Figure 1
The experimental design of the study. The grey
50-55 Home cage
box highlights the time of the chronic stress
56 Light-dark box + corticosterone concentration
procedure. Abbreviations: CHB = Circular Hole
63-64 Sucrose / water consumption and preference
Board; FET =Free Exploration Trial.
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Behavior was recorded on videotape and analyzed using EthoVision Windows
3.1 (Noldus Information and Technology BV, Wageningen, The Netherlands). The image
analysis system sampled the position of the mouse 12.5 samples/second. To calculate
the distance moved, we set the system to score movement when the mouse moved at

least with a velocity of 3.5 cm/second, averaged over 12 samples.

‘Rat stress’ paradigm

Exposure to a rat profoundly activates the Hypothalamic-Pituitary-Adrenal (HPA) axis of
the mouse, resulting in elevated corticosterone concentrations in brain lysate (Linthorst
et al. 2000) and blood plasma (Grootendorst et al. 2001b). During the first week (days 18
- 22) of the ‘rat stress’ paradigm, mice were exposed to rats on 5 consecutive days: one
or two hours a day, either morning or afternoon, resulting in a total rat-exposure time of
9h. In the second week (days 26 — 28), two exposures took place: on Tuesday (1h) and
Thursday (1h; see also Dalm et al. 2009a).

One rat was placed on top of two mouse cages. Mice and rats were separated
by a grid and could see, hear and smell, but not touch each other. Food and water were
not available during rat exposure. To reduce predictability of the procedure for the mice,
exposures took place at different times during the light phase. Furthermore, the location
of the rat and the mouse cages were changed ad random within the experimental
room. To avoid exposure to the smell of rats, the person who performed the rat stress
procedure did not enter the separate housing room of the control mice. Control mice
remained in their home cage. To assess the effect of rat exposure on arousal, mice were
weighed before and directly after the last rat exposure of the day. Comparable time

points were used for weighing the control mice.

Blood sampling and corticosterone measurement

To characterize the effect of the ‘rat stress’ paradigm at the endocrine level, we used the
following procedure: The day before the start of the stress paradigm, and 1 and 6 days
after the last rat exposure, a small blood sample was collected from the mice via tail-
incision three times during the light period at 0900h, 1300h and 1700h. Briefly, a small
incision at the base of the tail with a razor blade allows collection of a < 50 ul blood,
within 90 sec after opening of the animal’s cage (Dalm et al. 2005). Corticosterone was
measured using a commercial *?°|-corticosterone radioimmunoassay kit (MP Biomedicals,
NY, USA; the intra-assay variability is 7.3%).
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Circular hole board

The apparatus is a grey round plate (PVC; diameter = 110cm) with 12 holes (diameter =
5cm) at equal distances from each other and at a distance of 10cm from the rim of the
hole to the rim of the plate, situated 1m above the floor. Light intensity on the board
surface was 120 lux. All holes could be closed by a lid at a depth of 5cm. During learning
trials one hole was open and connected to the home cage of the mouse by an s-shaped-
tunnel (diameter = 5cm x 15cm long). Only in close proximity to the hole (head into the
hole) the mouse could see if it was open. Turning the board between trials, cleaning
the surface before each mouse was placed on the board, and placing the home cage
underneath the opposite exit hole during the free exploration trials, served to control
odor cues (see for detailed description of the CHB apparatus and procedure (Dalm et al.
2009a)).

Before a trial commenced the board was cleaned with 1% HAc, followed by
turning the board clock- or anticlockwise until a randomly determined open hole was
at the fixed location of the exit. The location of the exit hole changed between spatial
acquisition- and reversal learning. The home cage of the mouse was placed underneath
the board and was connected to the exit hole with an s-shaped-tunnel; the home cage
was invisible to the mouse on the board. A trial started by placing the mouse in a grey
cylinder (PVC, diameter = 10cm; high = 25cm) at the center of the board. After 10s the
cylinder was lifted and the mouse could explore the CHB.

Mice were ‘pre-trained’ three times to climb through the s-shaped-tunnel
during the week preceding the ‘rat stress’ paradigm (days 12 — 16). All mice readily

entered and climbed through the tunnel at the third time of ‘pre-training’.

Schedule and procedure

Mice were run on the CHB between days 35 — 49. During free exploration trials (FET) all
holes were closed by a lid; trials lasted 5 min: FET1: day 35 - novelty exposure; FET2: day
45 — three days after spatial acquisition training; FET3: day 49 — one day after reversal
learning. Training trials were divided in (i) spatial acquisition (days 38 —42): learning the
location of an exit hole; (ii) reversal: learning the location of a new exit hole (days 46 —
48). A trial lasted 120s max, and two trials were run per day with an inter-trial-interval of
15 min. If the mouse did not locate the exit hole, it was gently guided towards the exit
hole using a grid (20cm x 6¢cm). A sub-group of control and stressed mice received post-

training sugar, upon arrival in their home cage (n = 10/condition).
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Overall, mice performed 16 learning trials (10 spatial acquisition and 6 reversals)
and 3 FET’s. The following parameters were analyzed for the FET’s (i) general activity:
path length (m), velocity (cm/s), number of holes visited; (ii) search strategies: sequence
of hole visits (serial: more than two holes in sequence; perseveration: repeatedly visiting
the same hole or alternately visiting two neighbouring holes), latency (s) and path length
(m) to the exit holes as learned during spatial acquisition and reversal, number of visits
to the exit holes, time spent in the zones (s) comprising of the hole adjacent left and right
from the exit hole used during spatial- and reversal learning; (iii) anxiety related: latency
(s) to leave the start center, latency (s) to the rim zone, number of rim dips, and number
of boli. Training trials were analyzed for: latency (s) to leave the start center, latency (s)
and path length (m) to exit hole, velocity (cm/s).

Sugar administration

On the first day of single housing a feeding cup (2.5cm x 2.3cm) was taped to the
bottom of the home cage in the corner opposite the nest (Dalm et al. 2008). All mice
were familiarized with sugar on days 12 and 16 (i.e., before rat stress and CHB training
commenced). The grid of the cage was lifted, the sawdust was removed from the feeding
cup, and the sugar (30 mg) was added at 0900h. Mice ate all the sugar within 15 min.

During the second spatial- and reversal training trials of the day, mice had free
access to 30 mg sugar. All mice ate the sugar within 15 min after the trial, thus, in close
context with the learning trial (Dalm et al. 2009b).

Light-dark box

On day 56 we determined the behavioral response of the mice to placement in the light
compartment of the light-dark box and 5 min later blood samples were taken for the
measurement of the corticosterone concentration. The plexiglas box was divided into a
light- (30cm x 20cm x 25cm; lux = 480) and darker compartment (15cm x 20cm x 25cm;
lux = 120). To start, mice were put in a grey cylinder (PVC, diameter = 10cm; height =
25cm), which was always placed in the same corner of the light compartment. After 10s
the cylinder was lifted and the mouse was left to explore for 5 min. Thereafter, the box
was swept clean with 1% HAc.

As behavioral parameters the time spent (%) and distance moved (cm) in the
light compartment were assessed as well as the latency (s) to enter the dark compartment

and re-entry into the light compartment.
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Sucrose consumption and preference

During sucrose testing mice had access to two bottles in their home cage: containing
either water or a 5% sucrose solution. The first measurement of water and sucrose
consumption and preference was determined from day 14 to day 15: bottles were
weighed before (day 14 at 0900h) and after 24h (day 15 at 0900h). The reduction in weight
of the bottles reflected the fluid consumption in ml; the difference in ml drunk from the
water vs. the sucrose solution was calculated as percentage and reflects preference.
These were taken as baseline values. The second sucrose testing was performed on
day 63, which is 45 days after the last rat exposure. After both sucrose testing days,
the bottle containing the 5% sucrose solution was replaced by a water bottle. To assess
whether sucrose consumption would affect the preference to drink water from a bottle
placed at the location of the previously sucrose-containing bottle, water consumption
was measured following the second sucrose test, for 24h from day 64 to day 65.

Statistical analysis

Data were subjected to ANOVA (factors: group -controls and stress; treatment: no sugar,
sugar, when appropriate with repeated measures followed by a post-hoc LSD test (SPSS
15.0), and presented as mean + S.E.M. Significance was accepted at p < 0.05.

Results

Circular hole board: novelty, exploration and search strategies

One week after ‘rat stress’, we found a dramatically altered behavioral response of mice
exposed to CHB novelty, during (FET-1). Overall, behavior was suppressed in stressed

mice, differing significantly between groups (F( =3.60, p = 0.001). General activity as

14,23
expressed by path length in meters, velocity (cm}sec) and total number of hole visits
(Figure 2A-C) was decreased (all p < 0.01). Anxiety related behavior (all p < 0.01) such as
number of rim dips was decreased (Figure 2D) while latency to the rim area was twice
as long (stress: 205 + 25; control: 122 + 10). Behavior related to search strategies (all p <
0.01) such as time (s) to leave the center (stress: 12.2 + 1.5; control: 6.5 + 1.1) and latency
to first hole visit (stress: 21.7 + 4.7; control: 12.5 + 1.8) were increased in stressed mice.
Most remarkably, stressed mice explored the CHB favouring the use of perseveration
over serial strategy (%perseveration vs. %serial; stress: 69.1 + 7.3 vs. 31.3 £ 9.7; control:

52.2+5.9vs.40.9+5.4; all p<0.01). An example of the walking pattern of a control and a
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(A) Locomotor activity (B) Velocity (E) Exploration pattern Figure 2
10 T 10 - Behavioral responses to
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c (o))
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(A) Locomotor activity
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257 10 meters; (B) velocity (cm/s);
207 T 8 I (C) number of hole visits;

. 157 3 6 (D) number of rim dips; (E)

§10~ : § 4 typical exploration pattern

= 5 . 2 i of a control and a stressed
09 o [

mouse. Data represent
mean + S.E.M.; * p < 0.05

stressed mouse is given in Figure 2E. Control and stressed mice were randomly assigned
to sugar/no sugar subgroups during spatial training on the CHB. These subgroups were

comparable in their behavioral response to novelty (data not shown).

Circular hole board: spatial training trials 1 to 10

The learning curve, as expressed by the slope of latency and distance, decreased over
trials (latency F47,=54.67, p = 0.001; distance F4:,=6.08, p = 0.001); the pattern was
different between control and stressed mice (trials*group: latency Fii13073:15, p =
0.001; distance; p = 0.001). Stressed mice displayed a smoother learning curve vs. a see-

=82.25,p =
0.001). Path length was significantly shorter in stressed mice (trials*group: Fi11,30675-03,
p = 0.001; days 1, 2, 3; p < 0.05; data not shown). The shorter path length during the
first days was paralleled by a slower walking velocity in stressed mice (trials*group:

F
(6,216)
significantly longer to find the exit hole than controls (p < 0.05; Figure 3).

saw pattern for controls. Walking velocity increased over trials (trials: F6216)

=4.41, p = 0.001). On training day 1 and in the first trial of day 2, stressed mice took

Access to sugar after training resulted in a group-dependent effect on latency
to reach the exit hole (Figure 3). Control mice that received sugar showed a smoother
learning curve than no-sugar controls. The latter had a typical see-saw pattern, with the
first trial of the day longer latencies than the last trial of the previous day. Remarkably,

stressed mice showed the opposite: with post-training sugar the pattern of performance
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(A) Control Figure 3

—8— no sugar i
-0 - +sugar Spatial performance on the CHB

(mean of 2 trials/day) expressed
as latency to find the exit hole for
(A) control mice and (B) stressed

mice, during spatial acquisition

° (training days D1-5) and reversal
(8) (training days D9-11). A subgroup
Stress ~#no sugar of control and stressed mice had
120710 - 0= +sugar
100 free access to sugar (30 mg/day)
% 80 in their home cage daily after the
c
3 60 $ & last training trial. For FET-2 and
40 A / 8 . FET-3, the latency and distance
@ u = moved relate to the first exit
trialso FI—L_T1; é :; :t :’) E; 7‘ é é 16 FI—£T2 1" 1‘2 1‘3 1‘4 1‘5 1‘6 FET3 hole visit. Data represent mean
days D-2 DI D2 D3 D4 D5 D8 D9 D10 D11 D12 .
acquisition reversal + S.EM.; * p < 0.05 between

groups.

was comparable to no-sugar controls; without sugar stressed mice showed a smooth
learning curve. Post-training sugar did not affect the path length and the walking velocity
1306=1:13, p > 0.05).

Over the course of training trials, mice of both groups moved faster away

to the exit hole in either group (trial*group*treatment: F

from the start area (F(Gl216
were significantly slower than controls to leave this area not only during FET-1 (before
training p = 0.001), but also during training days 2, 3 and 5 (p < 0.05) and FET-2 (after
training; p = 0.003). Post-training sugar did not affect the time to leave the start area

=0.56, p > 0.05).

)=69.25, p = 0.001; data not shown). However, stressed mice

(time*group*treatment: Fio 216

Circular hole board: reversal training trials 11 to 16

Duringreversal training the exit hole had been relocated from position 3to 11. The pattern
of reversal learning resembles the original learning pattern (Figure 3): long latencies for
the first trial, shorter latencies for the second trial of the day. Over days, mice of both
groups learned the location of the new exit hole shown by a decrease of latencies over
trials (F(3’108)=37.66, p =0.001; path length F310579-60, p = 0.001; data not shown). There

was no main effect of stress on reversal learning. Control mice showed an effect of post-

training sugar: controls with sugar took longer latencies in the first trial of the day (p <
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0.05). Walking velocity was group dependent (trial*group: Fia108=3-46, p = 0.019) and
significantly lower for stressed mice on days 10 and 11 (p < 0.05). Time to leave the start
area decreased group-dependently (trials*group: F(3 108)=3.7O, p = 0.015): stressed mice
were significantly slower to leave the start area than controls. Interestingly, post-training
3105618, P

= 0.018). Control mice with sugar were significantly slower to leave the start area than

sugar had group-dependent effects on this parameter (group*treatment: F(

controls in the first trial on days 9, 10 and 11 (p < 0.05); also their latencies to the exit
hole are longer. Stressed mice with sugar p = 0.041), however, the latencies to the exit
hole are the same in both groups.

Behavior during free exploration trials after training

During FET-2 and FET-3 all holes are closed. In comparison to the behavioral response
during FET-1 before training, general activity of controls and stressed mice was increased,
i.e., path length, speed of moving, and total hole visits. Goal directed behavior became
more prominent. The search strategy shifted from perseveration to serial, the latency
to the previous learning exit hole decreased, and mice visited the exit hole more often.

Spatial acquisition training differentially affected the behavioral response of
control and stressed mice observed in FET-2 (Table 1; MANOVA: F(14, 23)=4.54, p =0.001).
Stressed mice were slower than controls to leave the start area and to locate the exit
hole. Controls with sugar had less rim dips and visits to the exit hole, yet, were faster in
locating the exit tunnel than no-sugar controls. Similarly, stressed mice with sugar had
less rim dips than stressed without sugar, while their number of visits to the exit hole
was unaffected. The latency to the exit hole of stressed mice with sugar was twice as
long as in the stressed no-sugar mice.

The FET-3 following reversal learning revealed group differences in the
behavioral response (Table 1: MANOVA,; F(M'23
rim dips than controls, while general activity was similar between groups. Sugar had no

)=2.11, p =0.05). Stressed mice made more

effect in the control group. However, stressed mice with sugar had a significantly longer
path length, faster walking velocity and more hole visits than stressed mice without
sugar (all p < 0.05). Furthermore, stressed mice with sugar reached the rim of the board
faster and made more rim dips. The search strategy employed was similar between
groups. Perseveration was less expressed in stressed mice with sugar than stressed mice
without sugar.

Interestingly, memory related parameters differed according to group and
treatment. Control mice visited the “new” exit (from the reversal training) about twice

as much than the “old” exit (from the initial training); stressed mice visited the “new”
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and “old” location comparably often (all p < 0.05). It took stressed mice with sugar one
third of the time to locate the “old” exit hole compared to stressed mice without sugar

(group*treatment: F

w3e=137, P = 0.023). Also latencies to “new” and “old” exits were

shortest in stressed mice with sugar.

Persistence of directed search following spatial training

During 5 days of spatial training mice learned to locate the exit hole. The persistence
of search was defined by the percentage time spent in the area at the location of the
previously accessible exit hole (15cm radius), during the 5 min of FET-2 (Figure 4). Stress
and sugar affected the time spent close to the exit hole. Stressed mice remained longer

=5.94, p = 0.020). The effect
of sugar on control and stressed mice was opposite (group*treatment F136=11.30, p
= 0.002): sugar during training increased the time in the exit area in control mice (p =

in the exit area than controls (main effect of group Fiaz

0.018) whilst decreasing it in stressed mice (p = 0.029). Consequently, the persistence
behavior of control mice with sugar was statistically comparable to stressed mice that

had received sugar during training.

Behavior in the light-dark box

Four weeks after the last rat exposure, mice were placed in the light compartment
of the light-dark box, and tested for light-dark preference. Stressed and control mice
responded differently (Table 2: MANOVA: group: F... =5.17, p = 0.001). Stressed mice

(5,32)

40

© control

s *

R Dno sugar

% 30 +sugar

[0}

£

£

‘q:')' stress

& Il o suger

2 2 A +sugar

= Figure 4

o

% Three days after the last spatial acquisition

g 10 training trial, the percentage of time spent in

,g_") the exit zone (15 cm radius) was determined

during 5 min of free exploration trial 2 (FET-
. S 2). Data represent mean = S.E.M.; p < 0.05 *
control  stress control vs. stress; “no-sugar vs. sugar.
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Table 2: Behavioral parameters expressed in the light area of the light-dark box during 5min

exposure.
Control Stress

Behavioral parameters no-sugar sugar no-sugar sugar
Latency (s) to dark” 76+13 6.6 +0.6 13.1+1.4 9.7 £ 1.4*
Latency (s) to light 341442 21.6+1.9"°  293+24 28.9+3.4
Path length (m) 5.0+0.3 5.0+£0.6 6.8+1.3 6.2+0.6
% Time spent * 25.7+15 30.1+2.7 422 +2.2 32.2+2.8"
Speed of moving (cm/s) 6.2+0.2 6.2+0.2 5.4+0.3 6.5 +0.3"

Data represent mean * S.E.M.; p < 0.05 *between groups control vs. stress; # within groups.
Behavioral parameters that differ significantly are bold.

took more time to enter the dark compartment (F(1,36)=12'30' p = 0.001), spent more
time in the light compartment (F(1'36)=16.58, p = 0.001) and had a longer path length
(F(1'36)=11.04, p = 0.002) than controls. Walking velocity in the light compartment was
comparable between groups.

Sugar had distinct effects on behavior of controls and stressed mice

(group*treatment: F_ . =3.49, p = 0.013). Stressed mice with sugar had shorter latencies

(5,32)
to the dark compartment and spent less time in the light compartment and their walking
velocity was higher than in stressed mice without sugar (all p < 0.01). Control mice
with sugar were faster to re-enter, and spent more time in the light compartment than

controls without sugar (both p < 0.05); walking velocity was comparable.

Sucrose consumption and preference

Control and stressed mice preferred sucrose solution over water to a comparable
degree. We calculated the difference in fluid intake (5% sucrose-, water- and total fluid
consumption in ml) between baseline (day 14; i.e., 4 days before the rat stress paradigm
started) and 5 weeks after the last rat exposure (day 63, Table 3). Stressed mice drank
136°9:02, p =
=4.71, p = 0.037), with a significantly higher total fluid consumption (p

more of the sucrose solution and water than controls (group: sucrose F,
0.005; water F(m)
= 0.002). Sugar during CHB training had no effect on fluid consumption of controls and
stressed mice.

Immediately following the 24h sucrose consumption test on day 63, the sucrose
bottle was replaced by a water bottle. Water intake from both bottles was determined 24h
later (day 64 - 65). The total water intake was similar, in the range of 10 ml in all groups.
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Table 3: Consumption (ml) of and preference (%) for drinking a 5% sucrose solution and water
during 24hrs. On day 63 one bottle contained sucrose, the other contained water. On day 64, both

bottles contained water.

Consumption (ml) Preference (%)
(day 14 baseline vs. day 63) day 63 day 64
group treatment  sucrose” water” total” sucrose water -water-" -water-

Control  no-sugar -16+13 06+02 -1.0+12 880+06 115+0.8 459418 541+18

sugar -03+10 08+0.1 05+10 831+05 119405 50317 49.7+17
Stress no-sugar 23+05 09+0.1 1.0+01 86.8+0.8 13.2+0.8 523+47 47.7+27
sugar 1.4+0.6 33+0.6 25+06 87.7+06 123+0.6 62.6+2.2° 374+12

Data represent mean + S.E.M.; p < 0.05 "between groups controls vs. stress; ® vs. all other groups.

Behavioral parameters that differ significantly are bold.

However, stressed mice drank more from the water bottle which previously contained

sucrose (group: F,. . =18.92, p = 0.001). Furthermore, stressed mice that had received

(1,36)
sugar during CHB training had the highest preference for the water bottle previously

containing sucrose (stress with sugar vs. all groups F .. =10.85, p = 0.002).

(3,39)

Effects of chronic rat stress on corticosterone and body weight

Circadian corticosterone secretion

Rat stress changed the pattern of corticosterone secretion differentially, depending on
the post-stress day of measurement (Figure 5A; time*group Fiy110=4:53, P = 0.002).
(2114=246.26, p = 0.001).

One day post-stress, corticosterone concentrations were higher at 0900h and 1300h

Corticosterone secretion increased over the day (time effect: F

compared to the before-stress condition (p = 0.001), but lower at 1700h compared to
before-stress and 6-days-post-stress conditions (p < 0.05). Remarkably, 6-days post-
stress, the overall circadian corticosterone surge during the light period was augmented
(Figure 5B: Area_Under_Curve: one-way ANOVA Fis9=7-52, p = 0.020). In contrast,

overall corticosterone concentration during the light period was similar between before-

stress and 1-day-post-stress conditions (p > 0.05).

Body weight

All mice gained weight over the course of the experiment (about 13%; day 1: controls
24.7 £ 0.2; mice that will be stressed 24.5 + 0.2; end of experiment controls 27.2 + 0.2;
stressed 28.2 + 0.3).

144



Post-training reward partially restores chronic stress effects in mice

Circadian corticosterone secretion Figure 5
Corticosterone concentrations in
(A) 1 1-day before stress (B)
== 1-day post-stress blood plasma (ng/ml) determined
50 - O-days post-stress * = 10000 *  before and 1 and 6 days after
i %, 1
40 < 8000 cessation of the stressor during the
(<)) f=4 . .
j§30 2 6000 light period of the day (A) at 09:00
1%
$ 20 . £ 4000 a.m., 13:00 and 17:00 p.m.; (B)
1%}
Q * 1 Q . .

% 0l 5 i S 2000 Overall corticosterone concentration
© 0 2 during the light period, expressed as
0
09:00 13:00 17:00 Area Under the Curve (AUC_total).

time of day Data represent mean + S.EM.;* p

< 0.05 1-day post-stress vs. before
stress and/or 6-days post-stress.

Discussion

The phenotype of chronically stressed mice has a strong resemblance with features of
depression in humans. The effects of the chronic ‘rat stress’ model persisted beyond the
period of actual exposure to the rat. One to five weeks after cessation of the stressor, we
observed suppression of behavioral reactivity together with altered spatial learning and
memory and emotionality. In addition, the pattern of circadian corticosterone secretion
showed dynamic changes during the first week after rat stress, culminating in an overall
increase in total corticosterone exposure during the light period of day 6. Reward
sensitivity was affected as indicated by distinct sensitivity of memory to sugar reward:
spatial performance improved in control mice whereas in stressed mice sugar reward
“normalized” performance to the level of controls without sugar. Also, an increased
sucrose and water intake in stressed mice and preference to drink water at the location
of prior sucrose consumption was observed. Remarkably, sugar consumption in close
context with spatial learning partially rescued stress-induced emotional and cognitive
disturbances, with the effects measured even weeks later in other tasks. Although the
increase in sucrose consumption and a similar preference compared to non-stressed
mice are not characteristic for anhedonia, they do reflect an alteration in the reward

system.
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Chronic stress and the expression of anhedonia.

We used a variety of parameters that indicate emotional and cognitive responses in
relation to positive stimuli that could be affected by chronic stress: approach behavior,

post-training sugar administration and sucrose-preference testing.

Behavioral inhibition

Exploration of novel environments is an essential aspect of behavior. At the same time,
the exposure to novelty creates a conflict between approach towards new sources of
reward and avoidance of potential treats (Powell et al. 2004; Krebs et al. 2009). Previously,
(Dalm et al. 2009a) we exposed chronically stressed mice to the circular hole board
two days after the last stressor. Behavioral changes were limited to reduced latency to
first hole visit and increased perseveration. In the present study, chronically stressed
mice displayed strong behavioral inhibition upon exposure to the novel environment
of the circular hole board, one week after cessation of the stressor. The inhibition
remained even during recurring training and free exploration trials on the circular hole
board, i.e. stressed mice were always slower to leave the start area of the circular hole
board. However, over trials the latency to locate the exit hole decreased to the level
of non-stressed mice, indicating the learning capability of stressed mice. Interestingly,
5 weeks after the last rat exposure, stressed mice still displayed behavioral inhibition
when exposed to the novel environment of the light-dark box. We previously observed
a similar response to the light-dark box for stressed mice, even 3 months after cessation
of the stressor (Grootendorst et al. 2001b). We may conclude that chronic stress has
long-lasting consequences as expressed in different degrees of behavioral inhibition in
novel environments.

Approach behavior may vyield important information about food and
reproduction-possibilities, while an open lit place, for example, is dangerous with regard
to predators and has to be avoided (Belzung and Griebel 2001). Indeed, non-stressed
mice explored the novel environment of the circular hole board, while also moving
away from the brightly lit open space during light-dark box testing. Stressed mice lack
the anticipatory responses: their behavior is inhibited and non-adaptive on both the
circular hole board and the light-dark box. Chronic stress also reduced the activity of
mice in the familiar environment of the home cage (Dalm et al. 2009a). In that study,
we showed that the activity was dedicated to foraging (moving to and from the food
dispenser) at the expense of moving around in other areas of the cage. It is evident that

chronic stress resulted in a shift of approach/avoidance behavior and thus, a lack of
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behavioral adaptation in novel environments. Bevins and Besheer (Bevins and Besheer
2005) interpreted such results as changes in reward sensitivity. Therefore, the behavioral
inhibition in stressed mice might point towards an alteration in reward that will influence

memory formation.

Modulation of learning and memory by post-training reward

Chronic stress and long term exposure to high levels of glucocorticoids are known to
alter neuronal morphology and synaptic plasticity in the hippocampus (spatial memory
for facts), prefrontal cortex (response selection), striatum (stimulus-response) and
amygdala (emotional value of stimuli), amongst other structures, affecting spatial
processing (de Kloet et al. 1999; McEwen 1999b; Mizoguchi et al. 2000; Dias-Ferreira et
al. 2009; Roozendaal et al. 2009; Conrad 2010). Reward-coding dopaminergic neurons in
the hippocampus regulate the motivational drive to explore an environment. They are
involved in signaling stimulus novelty and are able to facilitate hippocampus-dependent
consolidation memory of novel events (O’Carroll et al. 2006). We had hypothesized
that the impact of chronic stress on the modulation of memory by post-training
administration of sugar would indicate a change in the reward system of the mice. Post-
training reward has been shown to strengthen memory traces (Huston and Mondadori
1977; Huston and Oitzl 1989; Messier 2004). Recently we demonstrated that access to
sugar directly post-training resulted in the improved spatial memory of mice in a water
maze and circular hole board task (Dalm et al. 2009b).

We will discuss the impact of chronic stress followed by the effects of post-
training sugar on learning and memory processes. Chronic stress impaired learning
which is in accordance with the literature (Conrad 2010) and our own previous findings
on the circular hole board task using an extended training schedule (Grootendorst et al.
2001b). In the present study, two training trials were given each day. The non-stressed
controls displayed a see-saw-like pattern of performance, with longer latencies for
the first trial of the day compared to the second trial of the previous day (long-term
memory). The second trial of the day had short latencies, indicative for intact short-
term working memory. Non-stressed mice displayed a smooth learning curve. However,
stressed mice had a delay in learning, but did improve their performance from day 3
onwards to the level of non-stressed mice. We regard the extended time in the start area,
the slow walking and short distance walked during learning, expressions of behavioral
inhibition in stressed mice, as it is also expressed during novelty exposure i.e. the first

free exploration trial.
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Post-training administration of sugar improved the performance of non-stressed
controls. From day 2 onwards, latencies to the exit hole decreased from trial to trial
(smooth learning curve), while controls without sugar were slower during the first trials
of the training trials, resulting in a kind of “seesaw” pattern of performance. Treating the
stressed mice with sugar revealed an interesting “normalization” of behavior. These mice
displayed the same see-saw pattern of performance as non-stressed controls without
sugar. However, this was a partial similarity to the behavior of controls as stressed mice
with sugar had longer latencies during all first training trials of the day, and non-stressed
controls improved over days. Nonetheless, post-training access to sugar could alleviate
the effects of chronic stress and partially “normalize” the performance to the level of
non-stressed mice. We consider this effect to be additional support for a chronic stress-
induced alteration of the reward system. Concluding, the rewarding effects of sugar on
memory depend on the prior life history, having experienced chronic stress or not.

In addition to a series of training trials over days, we challenged the mice
with two conditions that require behavioral flexibility, changing behavior and learning
strategies: (1) the exit hole is not available any more during the free exploration trials after
spatial acquisition training; (2) the location of the exit hole was changed, i.e., reversal
trials. The free exploration trials revealed that stressed mice use a more perservative
strategy and are less flexible (returned more often to the same hole, remained longer
in the area of the exit hole), as opposed to the more efficient serial strategy employed
by the non-stressed mice. Focusing on the aspect of learning strategies, we recently
reported that our chronic stress paradigm produces a shift in the use of search strategies
by favoring stimulus-response over spatial learning strategies in mice and man (Schwabe
et al. 2008). Others (Dias-Ferreira et al. 2009) demonstrated in rats that chronic social
stress caused a reorganization of the frontostriatal neuronal network and led to a bias
of behavioral strategies towards habit (i.e., stimulus-response) learning. Acquiring the
novel location of the exit hole is achieved by all mice. The free exploration trial following
reversal training revealed that stressed mice returned to the original exit hole just
as often as they returned to the new one, while non-stressed mice favored the new
exit location. We might conclude that reversal learning is superior in the non-stressed
mice. Surprisingly, latencies to exit were prolonged in non-stressed mice with sugar
during reversal learning. Speculating, it might be that the original memory trace of the
non-stressed mice with sugar is stronger than in the non-stressed without sugar, and
therefore, interferes with the acquisition of new memory. For the stressed mice, post-
training sugar has no apparent effect on reversal learning expressed by latencies to the

new exit hole. The free exploration trial revealed behaviors of stressed mice with sugar
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that indicate increased flexibility, such as less perseveration and early approach of the
rim area.

Emotions affect memory. It might be argued that changes in emotions, such as
increased anxiety, contribute to the altered performance of the stressed mice. Behaviors
related to anxiety and reduced risk-taking e.g., reduced speed of movements, reduced
exploration, and not visiting the rim area of the circular hole board, would support such
a notion. In contrast, elevated anxiety is not expressed by stressed mice which remain
long in the lit area of the light-dark box. Therefore, we prefer to consider a change in the
behavioral inhibition, the balance between approach and avoidance as an acceptable

operationalisation of behavior.

Sucrose consumption and preference

The most common procedure to determine whether anhedonia has been induced in
animals is the measurement of sucrose consumption and/or preference. Chronic stress
most often decreases sucrose consumption when tested during, and in close context
with the applied stressor (Pothion et al. 2004; Anisman and Matheson 2005). In our
previous study, chronic stress reduced sucrose consumption during the stress period
and delayed the development of sucrose preference measured one day after the last
stressor (Dalm et al. 2009a). We can interpret this result as stress-induced anhedonia.
In the present study we measured sucrose consumption 35 days after cessation of the
stressor. Stressed mice consumed more volume of both sucrose and water. In contrast
with our previous study, the sucrose consumption was not an indicator for anhedonia.
Stressed mice even drink more fluid than non-stressed mice with the same preference
for sucrose (88%) over water. In fact, we find a stress-induced increase of caloric
intake. It is known that glucocorticoids stimulate behaviors that are mediated by the
dopaminergic mesolimbic “reward” pathways, and increase the intake of food with high
carbohydrate and fat (Dallman et al. 2007), so-called “comfort” food, which contributes
to the development of obesity.

Remarkably and at this time unexplainable is the finding that stressed mice
that had received sugar during spatial training weeks before, preferred to drink water at
the location where they had drunk sucrose the day before. Did they perceive the taste
of sugar as highly rewarding, strengthening the memory for this location? It would be
of great interest to study the time-dependent effects of chronic stress with respect to

stress-induced metabolic changes and food intake.
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Conclusion

Chronic stress has immediate and long lasting consequences for behavior, emotional
and cognitive abilities. Especially the behavioral inhibition seems to become part of the
daily repertoire of responses elicited by novelty, as well as in the familiar environment
of the home cage. Corticosterone secretion patterns change, manifested as higher
corticosterone levels during the day, within a week after cessation of the chronic stress
procedure. Post-training reward in close context with a spatial learning task could
partially rescue the chronic stress-induced behavioral changes that reflect emotions and

cognitive processes.

We conclude that our chronic stress model results in behavioral and neuroendocrine
features that might contribute to the development of stress-related psychopathologies,
such as depression and anxiety disorders. Introducing context-related periods of reward,
as we did in relation to spatial memory formation, can ameliorate some of the chronic
stress effects. Several parameters of behavior became comparable between stressed
and non-stressed control mice. Other features, such as the stress-induced increased
consumption of sucrose and water were not counteracted. Sugar as a reward even
strengthened the memory for the location of the sucrose. This could indicate a possibility
for craving and thereby affecting consumption of high caloric nutrients in the future.
Our study has provided some insight into the complex interaction of reward and stress.
While there are clear positive consequences on memory formation, metabolic effects in

relation to chronic stress need more attention in future studies.
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