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Brief Communication

Object/context-specific memory deficits associated
with loss of hippocampal granule cells after

adrenalectomy in rats

Simon C. Spanswick' and Robert J. Sutherland
Canadian Centre for Behavioural Neuroscience, University of Lethbridge, Lethbridge AB T1K 3M4, Canada

Chronic adrenalectomy (ADX) causes a gradual and selective loss of granule cells in the dentate gyrus (DG) of the rat. Here,
we administered replacement corticosterone to rats beginning 10 wk after ADX. We then tested them in three discrimination
tasks based on object novelty, location, or object/context association. Only during testing of the object/context association
did ADX rats demonstrate deficits. These findings add to a body of evidence that the hippocampus is necessary when con-
textual information is important. We also confirm that memory deficits after chronic adrenalectomy are not a result of loss

of corticosterone per se.

Research with rats (Sutherland and McDonald 1990; Kim and
Faneslow 1992; Anagnostaras et al. 2001; Lehmann et al. 2009),
nonhuman primates (Machado and Bachevalier 2006; Pascalis
et al. 2009), and humans (Alvarez et al. 2008; Marschner et al.
2008) shows that hippocampal damage can disrupt the ability to
recall or express information about context. Furthermore, several
reports suggest that the hippocampus is important for creating
flexible representations of context and object associations.
Studies in rats (Mumby et al. 2002; O’Brien et al. 2006) and
humans (Pascalis et al. 2009) show that lesions specific to the
hippocampus produce deficits in object recognition only when
contextual information is altered.

Within the hippocampus, the dentate gyrus (DG) is impor-
tant for certain aspects of memory (Xavier et al. 1999; Garthe
et al. 2009). Chronic adrenalectomy (ADX) causes a gradual and
selective loss of granule cells in the DG of the rat (Sloviter et al.
1989). This loss of cells is attributed to a lack of circulating cortico-
sterone (CORT) (Sloviter et al. 1989; Woolley et al. 1991).
Behavioral deficits as a result of chronic ADX have been reported
in the Morris water task (Armstrong et al. 1993; Roozendaal et al.
1998; Spanswick et al. 2007) and open-field task (Islam et al.
1995). There has been debate as to whether the deficits experi-
enced by ADX rats are a result of lost CORT or due to the depletion
of the granule cell layer itself. Conrad and Roy (1995) and
McCormick et al. (1997) report that acute CORT replacement is
sufficient to alleviate some of the deficits in spatial tasks associ-
ated with chronic ADX. These findings have led some to conclude
that the removal of CORT is responsible for the behavioral deficits
experienced by ADX rats and not the loss of granule cells per se. In
direct contrast to these findings, Spanswick et al. (2007) report
that administration of CORT after 6 wk of ADX does not alleviate
spatial deficits in a moving-platform version of the Morris water
task. Also in opposition to Conrad and Roy (1995) and
McCormick et al. (1997), studies utilizing colchicine as a method
to remove granule cells report spatial deficits as a result of cell loss
(Sutherland et al. 1983; Xavier et al. 1999; Jeltsch et al. 2001).

Here, we show using three versions of a novelty-preference
task (novel object, novel place, and object/context mismatch)
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that lesions limited to the granule cell layer of the DG produce
deficits that are specific to detecting an object/context mismatch.
Our results support the idea that the hippocampus (specifically
the DQG) is critical in situations in which contextual discrimina-
tion is important. We also provide evidence that the behavioral
deficits associated with long-term ADX are not a result of loss of
CORT per se.

Adult male rats (n = 52) underwent ADX or sham surgery
(Spanswick et al. 2007). Rats remained in their home cages for
10 wk to allow for degeneration of the granule cell layer. Six weeks
after surgery, blood samples were collected and CORT levels were
analyzed utilizing an EIA kit (Cayman Chemical) to determine the
effectiveness of ADX. Starting at 10 wk, for 1 wk prior to and dur-
ing testing, ADX rats received a daily oral administration of
replacement CORT. We have previously demonstrated that this
method of CORT delivery is sufficient to produce a diurnal
rhythm in ADX rats that is similar to intact animals (Spanswick
et al. 2007). Behavior was assessed after 1 wk of CORT replace-
ment. Rats were pre-exposed to the discrimination context once
aday for 10 min, for a total of 2 d prior to testing. The context con-
sisted of a white, square plastic box ~60 cm x 60 cm with stand-
ard housing bedding on the floor. On day 3, behavior was
assessed. For novel object preference, rats were placed in the con-
text and allowed to explore two identical objects for 5 min (learn-
ing phase). Rats were removed from the context for 10 min and
one of the objects was replaced with an object the rat had not pre-
viously encountered (Fig. 1A). Rats were reintroduced to the con-
text for 3 min and allowed to investigate (test phase). The novel
place preference task was run similarly, except that one of the
identical pair of objects was moved relative to its previous location
(Fig. 1B). An investigation ratio was calculated for both tasks by
dividing the time spent investigating the novel object/place by
the total time spent investigating both objects. The object/con-
text mismatch was performed in a similar fashion to that as orig-
inally described by Mumby et al. (2002). Pre-exposure for the
object/context mismatch involved exposing rats to two different
contexts for 10 min each, one immediately after the other, each
day, for a total of 2 d. Context A was identical to that described
above. Context B was a large, black, circular bin, 60 cm in diame-
ter, and was housed in a different testing room. On test day, each
context housed a unique pair of identical objects, and rats
explored each context for 5 min, one immediately after the other
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Figure 1. Examples of the object discrimination tasks. (A) Novel object
preference. (B) Novel place preference. (C) Object/context mismatch
task.

(learning phases one and two). After exposure to both contexts
and a 5-min delay, rats were reexposed to one of them, this time
with one object from each (test phase, Fig. 1C). Rats were allowed
to explore for 3 min and an investigation ratio was calculated. To
determine the extent of DG granule cell loss, a series of tissue was
labeled with 4/, 6-diamidino-2-phenylindole (DAPI, Sigma) and
Cavalieri volume estimates were performed. A second series of tis-
sue in a subset of control (n = 7) and ADX (n = 5) rats was labeled
with DAPI and total cell number estimates in the DG granule cell
layer were performed utilizing the optical fractionator technique.

ADX significantly reduced CORT levels compared with
control rats (F= 6.39, P <0.01; Fig. 2A). A subset of ADX rats
(n=14) had CORT levels similar to controls, a result of incom-
plete ADX. Given that incomplete ADX does not reduce CORT
levels enough to produce a loss of dentate granule cells (Sloviter
et al. 1989) and incomplete ADX animals have been shown to
act similarly to controls in various tests of memory (Islam et al.
1995; McCormick et al. 1997), we grouped incomplete ADX rats
with controls. The combination of incomplete ADX and control
rats was further supported by Cavalieri volume estimates
(F(2,49) = 18.52, P < 0.001), revealing a significantly lower dentate
granule cell layer volume in ADX rats compared both with con-
trols (P<0.001) and incomplete ADX animals (P < 0.001;
Fig. 2B). No significant volume difference was noted between
incomplete ADX and controls (P = 1.00). The pattern of granule
cell loss in ADX rats was similar to previous reports (Conrad and
Roy 1995; Roozendaal et al. 1998; Spanswick et al. 2007).
Analysis of the optical fractionator data revealed a significant dif-
ference between control and ADX rats in the number of DG gran-
ule cells (F(1,11) = 34.84, P < 0.001; Fig. 2C). As one might expect,
there was a significant correlation between DG volume and total
cell number (rq2) = 0.904, P < 0.01).

There was no significant difference between control (n = 12)
and ADX (n = 6) rats in time spent investigating the identical
object pair during the learning phase of novel object preference
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(Fa,16)=0.214, P=0.65). Mean investigation ratio for control
rats during the test phase of novel object preference was 0.70 *
0.04, while ADX rats had an average investigation ratio of
0.70 £ 0.03 (Fig. 3A). Investigation ratios for controls and ADX
rats during novel object preference differed significantly from
chance (0.5) (fg) = 4.39, P < 0.01 and 7, = 6.41, P < 0.01, respec-
tively). There was no significant difference between investigation
ratios for controls and ADX rats (F(1,16) = 0.003, P = 0.957).

Time spent investigating the object pair during the learning
phase of novel place preference did not differ significantly
between groups (F(;,17) = 1.041, P = 0.322). The mean investiga-
tion ratio for control rats (n = 11) during the test phase of novel
place preference was 0.59 + 0.04 and differed significantly from
chance (t10) = 2.39, P < 0.05). ADX rats (n = 8) had a mean inves-
tigation ratio of 0.55 £ 0.02, which also differed significantly from
chance (f7) = 2.464, P < 0.05). The investigation ratio for controls
and ADX rats did not differ significantly from one another
(F(1'17) = 0618, P= 0443, Flg 3B).

Time spent investigating the object pairs did not differ signif-
icantly between control (n=10) and ADX rats (n= 6) during
learning phase one (F(;,14) = 0.49, P=0.495) or learning phase
two (F1,14 = 1.079, P=0.316) during the object/context mis-
match task. During the test phase of the object/context mismatch
task, controls spent significantly more time investigating the
novel context/object pairing (f) = 4.573, P <0.05). ADX rats
did not investigate the novel pairing greater than chance (t) =
1.15, P = 0.295). ANOVA revealed a significant difference between
the investigation ratios of control and ADX rats, with controls
investigating the out-of-context object more than ADX rats
(F,14=7.29, P<0.05; Fig. 3C). A significant correlation
between investigation of the out-of-context object and granule
cell layer volume was also detected (r16) = 0.499, P < 0.05).

Control animals were able to successfully discriminate
between a previously encountered and novel object, between
objects that were in familiar vs. new locations, and between
objects that were in expected vs. unexpected contexts.
Importantly, ADX rats were similar to controls in both the novel
object preference and novel place preference tasks. Only during
the object/context mismatch task did ADX rats differ from con-
trols, failing to discriminate between the out-of-context vs.
in-context objects. Control and ADX rats investigated the objects
during the learning phase of exploration similarly; thus, the defi-
cits in novelty preference we observe are not due to lack of object
investigation.

In agreement with previous reports (Sloviter et al. 1989;
Conrad and Roy 1995; Roozendaal et al. 1998) we show that
chronic ADX produces a loss of cells that is limited to the granule
cell layer of the DG. We report an ~25% reduction in the volume
of the dentate granule cell layer 10 wk after ADX. Further analysis
using the optical fractionator method revealed that approxi-
mately half of the hippocampal granule cells were lost after
ADX, confirming prior reports of ADX-induced granule cell loss
(Sloviter et al. 1989, 1993). A subset of ADX animals did not
show significantly decreased levels of CORT, nor a reduction in
the volume of the granule cell layer in the DG. This s likely a result
of incomplete ADX permitting secretion of CORT and preventing
the degeneration associated with ADX (Sloviter et al. 1989). Given
the lack of difference between these rats and controls, as well as
evidence from previous research suggesting intact memory ability
in incomplete ADX rats (McCormick et al. 1997), we grouped
them together.

At the time of behavioral testing, our ADX rats were receiving
replacement CORT. There is debate surrounding behavioral defi-
cits as a result of chronic ADX; both removal of CORT and degen-
eration of the granule cells could be responsible for the observed
deficits. Several studies have indicated that acute CORT
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Figure 2.

(A) Complete removal of the adrenal glands (ADX) resulted in a significant decrease in CORT. A subset of ADX rats (INC-ADX) did not differ

from controls, suggesting the ADX was incomplete. (B) As determined by the Cavalieri method, ADX rats had a significantly smaller DG granule cell layer
volume compared with both controls and incomplete ADX rats. Control rats and those with incomplete ADX did not differ significantly. (C) Further analy-
sis with the optical fractionator showed that ADX resulted in a significant loss of granule cells. (D—F) Representative DAPI-labeled sections taken from a
control (D), incomplete ADX (E), and an ADX rat (F). ADX-induced degeneration was most prevalent in the superior blade of the dentate gyrus (arrows).

replacement is sufficient to at least partially reverse behavioral
deficits associated with ADX (Conrad and Roy 1995; McCormick
et al. 1997). Our current findings, as well as our previous report
(Spanswick et al. 2007), and those using colchicine as a method
to ablate the DG (Sutherland et al. 1983; Xavier et al. 1999;
Jeltsch et al. 2001) support the idea that granule cell loss contrib-
utes to the deficits.

A potential explanation for the disparity between the reports
of ADX-induced deficits may be the sensitivity of the task used to
assess behavior. Spanswick et al. (2007) utilized a multiple plat-
form paradigm in the Morris water task, whereas Conrad and
Roy (1995) and McCormick et al. (1997) employed a single plat-
form location. The sensitivity of these differing versions of the
Morris water task to detect behavioral deficits as a result of hippo-
campus damage may be very different. Here, we report a signifi-
cant correlation between granule cell layer volume and
performance in the object/context mismatch task, providing
additional evidence for the idea that removal of CORT alone is
insufficient to explain the observed deficits.
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In this study we use a relatively short retention interval, sim-
ilar to those previously employed for the object/context mis-
match task (Mumby et al. 2002; O’Brien et al. 2006). Despite the
short retention, the behavior of ADX rats was impaired specifically
in the object/context mismatch task. Prior research has demon-
strated that larger disruptions of DG function can also impair
novel object preference (Lee et al. 2005; Jessberger et al. 2009)
and spatial behavior (Sutherland et al. 1983; Xavier et al. 1999;
Gilbert et al. 2001). A possible explanation for this disparity is
that discriminations based upon context may typically require a
higher degree of complexity in information load, resulting in a
greater sensitivity to DG granule cell layer disruption. It is worthy
to note that Lee et al. (2005) report deficits after colchicine infu-
sions into dorsal DG (resulting in a 97% loss of granule cells in
that region) in a novel object recognition paradigm. Lee and col-
leagues utilized a configuration of five objects; we employ only
two, suggesting that information load may indeed explain the
inconsistency. It is also important to note that despite control
and ADX rats both discriminating at significantly greater than
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Figure 3. Performance of control and ADX rats was similar in novel object preference (A) and novel place preference (B); both groups discriminated the

novel object or place at greater than chance levels. (C) ADX animals were significantly impaired relative to controls and did not discriminate above chance
levels during the object/context mismatch paradigm. (Dashed lines) Chance, (*) significant difference.

chance levels in the object/place task, the discrimination levels
were lower than our other tasks, potentially obscuring a deficit.

A further possibility is that animals with DG granule cell loss
are more susceptible to interference during the object/context
mismatch task. Multiple theories have hypothesized that the
hippocampus serves to reduce interference via a process referred
to as pattern separation (Marr 1971; Shapiro and Olton 1994;
McClelland et al. 1995; Rolls 1996). Given its sparse pattern of
activity (Barnes et al. 1990; Chawla et al. 2005), particular atten-
tion has been paid to the DG as a potential mediator of pattern
separation (Gilbert et al. 2001; Lee et al. 2004; Leutgeb et al.
2007; Clelland et al. 2009). A failure in pattern separation may pro-
vide an alternative explanation for the deficits we observe in our
ADX rats.

Our finding that the selective loss of DG granule cells produ-
ces a deficit in object memory only when the rat must remember
the context in which the object had been previously encountered
adds to a converging body of evidence that suggests the hippo-
campus is essential in storing and retrieving certain types of
context memories (Rudy 2009). Specifically, we show that hippo-
campal granule cells are necessary for supporting associations
between objects and contexts. Furthermore, we find that adrenal-
ectomy produces behavioral deficits in rats despite CORT replace-
ment, clearly showing that loss of CORT does not alone account
for the behavioral deficits associated with chronic adrenalectomy.
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