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Abstract
Chronic restraint stress for 6h/21d causes hippocampal CA3 apical dendritic retraction, which
parallels spatial memory impairments in male rats. Recent research suggests that chronic
immobilization stress for 2h/10d induces CA3 dendritic retraction (Vyas et al., 2002) and questions
whether CA3 dendritic retraction and spatial memory deficits can be produced sooner than found
following 6h/21d of restraint stress. Therefore, this study investigated the effects of four different
durations of chronic restraint stress (varied by hours/day and total number of days) and the subsequent
effects on hippocampal CA3 morphology and spatial memory in the same male Sprague-Dawley
rats. The results showed that only rats exposed to the 6h/21d restraint paradigm exhibited CA3 apical
dendritic retraction, consistent spatial memory deficits, and decreased body weight gain compared
to experimental counterparts and controls. While chronically stressing a rat with wire mesh restraint
has a physical component, it acts primarily as a psychological stressor, and these findings support
the interpretation that chronic psychological stress produces hippocampal-dependent cognitive
deficits that are consistent with hippocampal structural changes. Differences in stress effects observed
across different studies may be due to rat strain, type of stressor, and housing conditions; however,
the current findings support the use of chronic restraint stress, with wire mesh, for 6h/21d as a reliable
and efficient method to produce psychological stress and to cause CA3 dendritic retraction and spatial
memory deficits in male Sprague-Dawley rats.

Keywords
Chronic restraint stress; hippocampus; spatial memory; Sprague-Dawley

1. Introduction
The hippocampus plays a critical role in spatial memory ability because damage to the
hippocampus corresponds with spatial memory impairments in both lab animals (Conrad et
al., 1996; Fortin et al., 2002; Kleen et al., 2006; Luine et al., 1996) and humans (Astur et al.,
2002; Kessels et al., 2001; King et al., 2002). Chronic stress may affect hippocampal function
through such mechanisms as CA3 neuronal remodeling (for review, see Conrad, 2006),
suppression of synaptic activity (Kim and Diamond, 2002; Stewart et al., 2005), and altered
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neurogenesis (for review, see Leuner et al., 2006; Shors, 2006). In male rats, stress-induced
alterations in CA3 apical dendritic arborization parallel deficits in hippocampal function, such
as spatial memory impairments in the radial arm maze (Luine et al., 1994) and Y-maze (Conrad
et al., 1996; Conrad et al., 2003; Wright and Conrad, 2005), and spatial learning deficits in the
water maze (Sandi et al., 2003; Venero et al., 2002). Therefore, stress-induced changes in
hippocampal CA3 neurons are consistent with deficits in hippocampal function, including
spatial memory.

Hippocampal CA3 dendritic retraction, a remodeling of CA3 dendritic properties, is
characterized by decreases in branch points, branch length, and synaptic suppression (Sousa
et al., 2000). A variety of experimental conditions produce CA3 dendritic retraction, including
21 days of predator stress combined with high-fat diet (Baran et al., 2005), six days of activity
stress combined with food restriction (Lambert et al., 1998), one month of chronic,
unpredictable stress (Sousa et al., 2000) and chronic social stress paradigms, including 14 days
of social defeat stress (McKittrick et al., 2000) and 11 sessions of social defeat stress (Kole et
al., 2004). In rodents, a common stress paradigm used to elicit CA3 dendritic retraction is
chronic restraint stress (Conrad et al., 1999; Magarinos and McEwen, 1995; Stewart et al.,
2005; Watanabe et al., 1992a; Watanabe et al., 1992b). Experimental preference for this
paradigm includes such factors as the reversal of stress-induced dendritic retraction within 4-10
days of restraint termination (no permanent cell death) and its ease and cost-effectiveness for
the researcher. In the chronic restraint paradigm, rats are placed in ventilated, but snug wire
mesh restraints for 6h/21d. This type of restraint involves a physical component
(immobilization), but acts primarily as a psychological stressor through awareness of the
inability to escape (Glavin et al., 1994; Servatius et al., 2000). In addition to inducing
hippocampal dendritic retraction, chronic restraint stress has also been widely used to assess
other hippocampal properties including molecular expression and synaptic activity (Donahue
et al., 2006; Ejchel-Cohen et al., 2006; Gao et al., 2006; McEwen, 1999; Stewart et al., 2005;
Venero et al., 2002), and hippocampal-dependent behaviors such as spatial memory (Bowman
et al., 2003; Conrad et al., 1996; Kleen et al., 2006; Luine et al., 1996; McLaughlin et al.,
2005; Sandi et al., 2003; Srikumar et al., 2006). Earlier work with chronic restraint has
emphasized that 6h/13d of restraint does not alter hippocampal dendritic complexity, and males
tested under this paradigm actually show a slight enhancement in spatial memory on the radial
arm maze (Luine et al., 1996). However, a recent report suggests that CA3 dendritic retraction
can be produced with a shorter duration of restraint (2h/10d, Vyas et al., 2002). This finding
questions whether researchers should adapt to a new chronic stress paradigm.

A concern when comparing across studies is that different rat strains and restraint mechanisms
are used. Rat strains can perceive stressors differently, which can subsequently influence
hormonal profiles in response to stress. Therefore, the purpose of the current experiment was
to compare different durations of chronic stress, using wire mesh restraint, on CA3 dendritic
morphology and spatial memory within the same male Sprague-Dawley rats. The comparison
of these different restraint paradigms will be useful in determining the most efficient and
effective form of restraint stress needed to induce CA3 dendritic retraction and spatial memory
impairments. Moreover, this study will measure brain and behavioral outcomes within the same
group of rats to directly demonstrate whether changes in CA3 dendritic complexity are
consistent with spatial ability.

2. Results
2.1 CA3 dendritic retraction

Rats exposed to restraint for 6h/21d exhibited apical CA3 dendritic retraction (Fig 1 & 2). Two
separate one-way ANOVA’s revealed a significant main effect of treatment on apical branch
points (F(4, 24) = 3.03, p < .05) and apical branch length (F(4,24) = 3.07, p < .05), respectively.
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Rats in the 6h/21d group had significantly fewer apical branch points compared to controls and
had a significant reduction in overall apical branch length compared to control and all other
restrained groups (2h/10d, 2h/21d, 6h/10d, Fig. 2). There were no statistically significant
differences for basal dendritic properties across the different conditions.

2.2 Spatial Memory: Y-maze
Four of the five groups (control, 2h/10d, 2h/21d, 6h/10d) entered the novel arm significantly
more than the other arm across the five minutes of testing according to a Wilcoxon matched-
pairs test (p < .05; Fig 3). However, the 6h/21d rats entered the novel and other arms a similar
number of times. A two-way ANOVA (treatment × minute) comparing total entries into all
arms showed a significant effect of minute (F(4, 160) = 9.96, p < .001), with all groups making
significantly more entries during min 1 compared to any other minute. Therefore, additional
analyses were run on arm entries during min 1 to avoid the potential confound of habituation
to the maze. A Wilcoxon matched pairs test revealed a within group effect of novel arm
preference over the other arm. Rats restrained for 2h/21d, 6h/10d, or 6h/21d made a statistically
similar number of entries in the novel arm compared to the other arm during min 1. A one-way
ANOVA comparing group entry into all the arms did not detect any significant differences in
arm preference (n.s).

2.2 Body Weight
2.3.1. 10 day stress paradigms—Chronic restraint significantly altered body weight gain
(Fig 4A). A 3×3 mixed-factor ANOVA (treatment × day) for body weight gain in rats over 10
days of restraint revealed a significant main effect of day (F(2, 42) = 312.35, p < .01) and a
significant interaction between treatment and day, (F(4,42) = 23.09, p < .01), with no main
effect of treatment on body weight (n.s.). All groups had similar weights at the beginning of
restraint; however, at day 10 of restraint, both stress groups gained less weight than controls,
with the 6h/10d rats weighing significantly less than the 2h/10d rats.

2.3.2 21 day stress paradigms—A 3×4 mixed-factor ANOVA (treatment × day) for body
weight gain in rats over 21 days of restraint showed significant main effects of treatment (F
(2,21) = 15.78, p < .01), day (F(3,63) = 505.14, p < .01) and a significant interaction between
treatment and day (F(6,63) = 23.40, p < .01). While all groups showed similar weights at the
start of the study, chronic stress reduced body weight gain by day 21, with rats in the 6h/d/21d
group gaining the least amount of weight compared to the other groups (Fig 4B).

3. Discussion
Our findings support the continued use of chronic restraint stress using wire mesh for 6h/21d
as a valid procedure to produce CA3 dendritic retraction, which corresponds with spatial
memory deficits in male Sprague-Dawley rats. The 6h/21d restraint group was the only group
to display CA3 apical dendritic retraction in both branch points and overall branch length and
to show consistent impairments on the Y-maze. Moreover, the 6h/21d group gained
significantly less weight compared to the 2h/21d and control groups, demonstrating that 6h/
21d restraint was perceived as being a successful stressor.

While the 6h/21d group may have had less access to food compared to the other groups, we
have previously shown that chronically stressed rats that are food restricted actually consume
more food to maintain their weights than control rats (Kleen et al., 2006). Additional evidence
illustrating that stress-induced weight loss is not dependent upon food access is shown in
studies using the stress hormone, corticosterone. Rats administered corticosterone (via drinking
water or daily injections) over weeks show decreased weight gain compared to control
counterparts (Coburn-Litvak et al., 2003; Conrad et al., 2004; Sousa et al., 1998; Watanabe et

McLaughlin et al. Page 3

Brain Res. Author manuscript; available in PMC 2009 April 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 1992a). In another example, rats exposed to daily tone-footshock pairings showed reduced
weight gain over 21 days compared to controls given tones without footshock (Trentani et al.,
2002). These studies demonstrate that even when rats have similar access to food, chronic stress
or corticosterone-treated rats gain weight more slowly than their control counterparts.
Therefore, food availability is not likely to contribute to differences in weight gain between
the groups in the current study.

Total entries were analyzed to rule out the possibility that non-mnemonic factors, such as
motivation and changes in motor ability, may have contributed to behavioral differences among
the groups. While some reports demonstrate that chronic stress impairs motivation (Mizoguchi
et al., 2002), including studies using chronic restraint for 6h/21d (Kleen et al., 2006), most
chronically stressed rats tested on the Y-maze show motivation to explore (Conrad et al.,
1996; Wright and Conrad, 2005; Wright et al., 2006). One of the advantages of using the Y-
maze is that motivation is dependent on a rat’s innate interest in novelty seeking, and food
restriction is not needed to motivate rats to perform (for review see Conrad, 2006). Indeed,
when restraint for 6h/21d is combined with food restriction, rats show decreases in motivation
for food reward, but continue to show motivation to explore the Y-maze (Kleen et al., 2006).
Moreover, both Mizoguchi et al (2002) and Kleen et al (2006) show that while chronic stress
may affect some aspects of motivation, motor ability remains functional. The current results
also support these findings, as there were no group differences in total entries within the maze.
Another interpretation of the data may be that stress influenced the preference for novelty,
specifically. This seems unlikely considering that chronically stressed male rats successfully
seek out the novel arm when intrinsic cues are present in the maze or when the inter-trial interval
is decreased between training and testing (Bellani et al., 2006; Kleen et al., 2006; Wright and
Conrad, 2005). The construction of dark and narrow walls within the Y-maze may also allow
rats to enter the arms and maintain novelty exploration without interfering with thigmotaxic
behavior (Wallace and Whishaw, 2005).

Interestingly, the 6h/10d group showed large variability in min 1 novel arm entries,
accompanied by elevated novel arm entries, which may reflect a transitional period. Kleen et.
al (2006) looked at daily operant response rates in rats exposed to 6h/21d restraint and found
that motivation for appetitive responses began to decrease during the second week of restraint.
This finding, combined with the slight improvement in performance associated with 6h/13d
restraint stress (Luine et al., 1996), suggests that chronic stress-related changes in behavior
may occur between days 7-13. Perhaps the large variability in performance in the 6h/10d group
reflects this transition.

The current findings demonstrate that restraint procedures used to produce hippocampal CA3
dendritic retraction and spatial memory deficits are not equivalent and emphasize several
important variables. First, individual rat strains have unique profiles in response to stress
(Herman et al., 1999) and extrapolating findings from one strain in order to apply them to
another should be performed with caution. In the current study, we used Sprague-Dawley rats,
which are commonly used with 6h/21d restraint (Beck and Luine, 2002; Conrad et al., 1996;
Pham et al., 2003; Wood et al., 2003; Wright et al., 2006). In contrast, Vyas et al. (2002) used
Wistar rats, which are commonly used in unpredictable stress protocols and shorter restraint/
immobilization paradigms (Gerrits et al., 2003; Marin et al., 2007; Mitra et al., 2005; Mizoguchi
et al., 2001; Sousa et al., 2000; Vyas et al., 2002; Vyas and Chattarji, 2004). Rat strain becomes
important in stress research because of differences in stress sensitivity. For example, Wistar-
Kyoto, Fisher, and Long Evans strains are more likely to express stress-induced ulcers than
Wistar and Sprague-Dawley strains (Pare, 1990). Wistar-Kyoto are considered to be
hyperreactive to stressors compared to most other strains, including Fisher and Wistar rats
(Redei et al., 1994), and they have different behavioral profiles compared to Sprague-Dawley
rats (Zafar et al., 1997). Moreover, stress effects on neurotransmitter systems such as serotonin
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and norepinephrine also differ between Wistar-Kyoto and Sprague-Dawley strains (Pare and
Tejani-Butt, 1996; Tejani-Butt et al., 1994). Therefore, it is unlikely that chronic stress
produces similar responses across strains and the duration of restraint should be carefully
considered according to rat strain.

Second, the type of restrainer used to immobilize the rats may play a critical role in how rats
perceive the stress procedure because different stressors have varying effects on behavior and
stress profiles (for review see Glavin et al., 1994; Marin et al., 2007). Vyas et al., (2002)
restrained rats in “immobilization bags” which were not clearly described. Perhaps using
immobilization bags for 2h/10d produced CA3 dendritic retraction because rats perceived this
paradigm differently compared to wire mesh restraints. Using immobilization bags may
increase the risk for contact with urine and feces and may also affect thermoregulation due to
the restrictive nature and materials of the bag. Maintaining thermoregulatory control is
important because body temperature increases in response to a variety of stressors, causing a
stress-induced hyperthermia (Marazziti et al., 1992; Olivier et al., 2003). Moreover, the
duration that body temperature remains elevated after termination of stress depends on the
severity of the stressor (Bhatnagar et al., 2006). For example, chronic mild stress models which
use 4 weeks of combination stressors including food deprivation, light cycle changes, and
soiled bedding exposure (excessive contact with urine and feces), terminate the normal
rhythmic pattern in rats. Furthermore, temperature in these rats is significantly higher than in
controls. Interestingly, changes in body temperature are commonly observed in depressed
patients, and both antidepressant (Souetre et al., 1988) and electroconvulsive therapies (Szuba
et al., 1997) can restore circadian temperature rhythms. These potential outcomes suggest that
immobilization bags may have a greater physical stress component than that associated with
wire mesh restraints. Therefore, perception of restraint as more of a physical stressor compared
to a psychological stressor may affect the brain regions activated during immobilization stress,
which can contribute to differences among studies.

Third, housing conditions may contribute to differences between studies. Sprague-Dawley rats
were pair housed in the current research, whereas Wistar rats were housed 3 to a cage in the
Vyas et al., (2002) research. Levels of sociability also differ between strains and cagemates
and may relieve stress for some rats while acting as additional stressors for others. There is a
dichotomy in response to stress within the Sprague-Dawley strain itself, with acute restraint
stress decreasing aggressive attacks to cagemates compared to controls and chronic restraint
stress increasing aggressive attacks directed to cagemates compared to controls (Wood et al.,
2003). In addition, aggressive behaviors seem to emerge around day 14 in rats subjected to 6h/
21d restraint, which supports the idea that there is a shift in the stress response during the second
week of restraint, as described earlier (Kleen et al., 2006). Interestingly, housing also affects
hippocampal-dependent behavior in male rats. For example, object location memory is
impaired in single-housed Sprague-Dawley rats exposed to 6h/21d restraint stress but not in
pair-housed rats (Beck and Luine, 2002). These findings suggest that housing manipulations
can interact with stress manipulations to influence cognitive abilities.

The current study focused specifically on the relationship between CA3 morphology and spatial
memory for important reasons. Stress-induced reductions in dendritic arbors are expressed
within the CA3 region first before other hippocampal areas show changes. For instance, chronic
restraint (6h/21d) or corticosterone treatment (21d) in rats, and psychosocial stress (28d) in
tree shrews produces CA3 dendritic retraction without altering the dendritic tree in the dentate
gyrus, CA1, or CA2 regions (Magarinos and McEwen, 1995; Magarinos et al., 1996;
McLaughlin et al., 2005; Woolley et al., 1990). Prolonged and fatal stress in vervet monkeys
reduces CA3 and CA4 pyramidal cells, without significantly altering CA1 and dentate gyrus
neuronal numbers (Uno et al., 1989), a finding that is consistent with another study using rats
and water immersion for 30d (Mizoguchi et al., 1992). Chronic stress even alters CA3
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neoplasm, a measure of nuclear activity and vulnerability, after 20d and similar changes occur
after in CA1 after 28d (Fuchs et al., 1995). While chronic stress can certainly influence other
hippocampal regions (Lambert et al., 1998; Sousa et al., 2000) and brain areas (Liston et al.,
2006; Radley et al., 2005; Vyas et al., 2002), these studies show that the CA3 region is highly
sensitive to chronic stress and appears to be one of the first hippocampal regions to respond to
chronic stress. Since damage to the CA3 region can impair hippocampal function (Conrad et
al., 1996), using a chronic stress paradigm under a time frame that influences hippocampal
CA3 dendritic arbors should also influence spatial ability, as we have illustrated in this study.

In conclusion, while chronic restraint with wire mesh has a physical component, it acts
primarily as a psychological stressor and these findings support the interpretation that chronic
psychological stress produces hippocampal-dependent cognitive deficits that are consistent
with hippocampal structural changes. Specifically, our findings support the use of the 6h/21d
chronic restraint paradigm as a reliable and efficient method to induce CA3 dendritic retraction
and spatial memory deficits in male Sprague-Dawley rats. This study emphasizes using caution
when extrapolating data between studies and demonstrates the importance of rat strain, stress
paradigm, housing conditions, and other factors which may influence experimental outcomes.

4. Experimental Procedure
Federal and institutional guidelines set forth by the Institutional Animal Care and Use
Committee for animals in research at Arizona State University approved all procedures used
for this research. Adequate measures were taken to minimize the number of rats used and to
minimize pain or discomfort.

4.1 Subjects
Male Sprague-Dawley rats (CD strain, n = 48) were purchased from Charles River Labs
(Hartford, CT) and were pair housed with access to food and water ad libitum. All rats were
randomly assigned to either a control or stress condition: 2 hours daily restraint or 6 hours daily
restraint which was repeated for 10 or 21 days to produce 4 experimental groups: 2h/10d, 2h/
21d, 6h/10d, 6h/21d. Control, 2h and 6h, and stressed rats, 2hr and 6h, were housed in separate,
but identical chambers with a temperature of 21-22 °C and a reversed 12/12 light cycle (lights
off at 6 AM).

4.2 Restraint and handling procedure
The 6h/21d restraint and handling procedure was the same as that described in previous studies
(Conrad et al., 2004; Kleen et al., 2006; McLaughlin et al., 2005; Wright and Conrad, 2005).
Modifications of this paradigm, including the amount of time in restraint each day and the
number of days of restraint, served as other experimental conditions. All restraint occurred
between 9AM-3PM. Rats were restrained in their home cages in wire mesh restrainers (18 cm
circumference × 24 cm long; wire mesh from Flynn and Enslow Inc, San Francisco, CA) with
wire ends sealed with grip guard sealer (ACE hardware) and were transferred to larger
restrainers (23 cm circumference × 28 cm long) if they outgrew the smaller restrainers. Control
rats remained undisturbed during the time of restraint stress. Body weights were taken on days
1, 5, 10 of restraint in the 10 day groups and on days 1, 7, 14, 21 of restraint in the 21 day
groups.

4.3 Y-Maze paradigm
The Y-maze has been validated as a spatial memory task that depends on an intact hippocampus
for successful performance (Conrad et al., 1996) and the training and testing procedure was
the same as that previously described (Kleen et al., 2006; McLaughlin et al., 2005; Wright and
Conrad, 2005; Wright et al., 2006).
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4.4 Golgi Procedure and Histology
Unperfused brains were rapidly removed and processed according to FD Rapid Golgistain™
Kits (FD NeuroTechnologies, Baltimore, MD). The staining procedure followed previously
established methods that successfully stain hippocampal pyramidal cells (Kleen et al., 2006;
McLaughlin et al., 2005). For Golgi analyses, cells were chosen based on the following criteria:
1) the cell body and dendrites were fully impregnated, 2) the cell was relatively isolated from
surrounding neurons, and 3) the cell was located in the CA3 region of the hippocampus.
Histological quantification included Camera Lucida neuronal tracings and assessment of CA3
dendritic branch points and branch length (Kleen et al., 2006; McLaughlin et al., 2005). A total
of 30 rats were chosen in which sufficient numbers of Golgi-impregnated cells could be
identified (control n = 7); 2h/10d (n = 5); 2h/21d (n = 6); 6h/10d (n = 6); 6h/21d (n = 5)).
Dendritic length and branch points were measured separately for the apical and basal sections
of the neuron. For each rat, analyses for branch points and length were obtained by averaging
2-5 SS and LS neurons separately and the means of these cells were combined for one value
to represent apical and basal dendritic properties, respectively.

4.5 Statistical analyses
There was no statistical difference for either behavior or morphology for the control conditions
(2hr or 6hr), so control groups were combined for analyses. In addition, three rats were removed
from behavioral analyses because they failed to explore the Y-maze (n = 2, one each from 6h/
10d and 6h/21d) or for technical reasons (n = 1, from 2h/21d). Thus, the final statistical analyses
for behavior included: control (n = 16), 2h/10d (n = 8), 2h/21d (n = 7), 6h/10d (n = 7), 6h/21d
(n = 7).

Parametric data were analyzed by ANOVA and Newman-Keuls post hocs were computed when
statistical significance reached p = .05. Non-parametric data were analyzed by Wilcoxon
matched-pairs tests. Data are represented by means ± S.E.M. The start arm was not included
in Wilcoxon analyses because rats were initially placed there by the experimenter, potentially
creating a bias against re-entering that arm.
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Figure 1. CA3 Neuronal Tracings
Camera Lucida drawings (320x) taken from Golgi-stained CA3 cells represent dendritic
properties of each experimental group. Note the decrease in apical dendritic arbors in the 6h/
21d group compared to the control group. In addition, the 6h/21d group shows a reduction in
overall apical branch length compared to controls and all other experimental groups.

McLaughlin et al. Page 11

Brain Res. Author manuscript; available in PMC 2009 April 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. CA3 Dendritic Properties
Rats exposed to restraint for 6h/21d had a statistically significant reduction in the number of
apical branch points and in overall branch length. There were no significant differences in basal
dendritic properties among the groups.
* p < .05 Comparison between 6h/21d restraint and control group
▲ p< .05 Comparison between 6h/21d restraint and all other stress conditions
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Figure 3. Entries into the Y-maze
Across the 5 minutes of testing, rats in the control, 2h/10d, 2h/21d, and 6h/10d entered the
novel arm more than the other arm. When entries were compared during minute 1, rats in the
control or 2h/10d groups entered the novel arm more than the other arm. The 6h/21d group
failed to enter the novel arm more than the other arm at both time points (5 min and 1 min).
*p< .05 Comparison between entries into the novel vs other arm.
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Figure 4. Body Weight
(A) Chronic restraint stress over 10 days significantly reduced weight gain in both the 2h/10d
and 6h/10 groups compared to controls. In addition, the 6h/10d rats gained significantly less
weight compared to the 2hr/d rats at both day 5 and 10. (B) Chronic restraint stress over 21
days significantly reduced weight gain in both the 2h/21d and 6h/21d groups compared to
controls, with differences in body weight emerging at day 7.
* p < .05 Comparison between stress groups and control group
▲ p< .05 Comparison between 6h stress groups to 2h stress conditions
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