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Patients treated with whole-brain irradiation often develop
cognitive deficits that are presumed to result from normal
tissue injury. Age is a risk factor for these side effects. We
compared the cognitive effects of fractionated whole-brain
irradiation (300 kV X rays) in rats irradiated either as young
adults or in middle age. A deficit in object memory was
apparent at 3 months in rats irradiated as young adults,
however, no comparable deficit was apparent in rats
irradiated in middle age. In addition, the deficit in object
memory in young adults was no longer apparent at 6 and 12
months after fractionated whole-brain irradiation and no
radiation-induced deficit was detectable in a spatial memory
task at any time, regardless of age at time of irradiation.
Thus, clinically relevant fractionated whole-brain irradiation
in adult rats resulted in early-delayed cognitive changes that
were heterogeneous, transient and age-dependent. The results
of the current and previous studies of radiation-induced
cognitive changes support the continued investigation and
validation of rodent models of radiation-induced brain
injury, which are critical for developing and testing new
therapies for treatment-induced cognitive dysfunction in
cancer survivors. � 2014 by Radiation Research Society

INTRODUCTION

More than 1.6 million patients will be diagnosed with
cancer this year. A small percentage of these patients will
have primary brain tumors and 20–40% of the other patients
will develop or are at high risk for brain metastases (1, 2).
As a result, hundreds of thousands of patients will be treated

with large-field partial or whole-brain irradiation (WBI).
Cranial irradiation is efficacious, but dose is limited by
damage to surrounding normal tissues and even with careful
radiation treatment planning, many patients develop treat-
ment-induced neural problems (3, 4). Radiation-induced
neural dysfunction may include acute changes and ‘‘early-
delayed’’ effects that occur within a few weeks or months
and generally resolve spontaneously or with treatment, as
well as ‘‘late-delayed’’ effects that are progressive and may
lead to dementia (5–9). Age is a risk factor for the
development and severity of cognitive dysfunction after
WBI (6, 10–12), presumably because age influences the
neurobiological response to radiation exposure. Under-
standing the neurobiological mechanisms of radiation-
induced brain injury and developing therapeutic approaches
is increasingly important as more patients survive long
enough for cognitive dysfunction to develop and impact
their quality of life (13).

Radiation-induced deficits in the clinic involve many
cognitive domains [e.g., mood, memory, attention and
executive function (6, 14–22)], suggesting that the normal
tissue injury associated with these cognitive defects
involves diverse neural regions and systems. There is
significant variation among patients in the cognitive effects
of cranial irradiation, and functional deficits can occur
without degenerative changes detectable by standard
imaging or with typical pathological evaluation (4, 23).
Since the underlying neurobiological mechanisms remain
unclear, experimental studies in animal models continue to
be critically important. Although these preclinical studies of
neurobiological effects of irradiation are most powerful in
animals in which cognitive effects of irradiation are well
characterized, the effects of clinically relevant brain
irradiation on cognitive function in laboratory rodents
remain poorly understood.

As part of our ongoing studies of the effects of brain
irradiation in laboratory rodents, we exposed young adult
and middle-aged rats to a clinically relevant regimen of
fractionated whole-brain irradiation (fWBI) and evaluated
their cognitive function at 3, 6 and 12 months after
completion of irradiation. Two spontaneous object memory
tasks with comparable sensory and motor demands were

Editor’s note. The online version of this article (DOI: 10.1667/
RR13662.1) contains supplementary information that is available to
all authorized users.

1 Address for correspondence: Department of Biomedical Sciences,
Western Michigan University Homer Stryker M.D. School of
Medicine, 1000 Oakland Dr., Kalamazoo, MI 49008-8070; e-mail:
david.riddle@med.wmich.edu.

60



used. Novel object recognition (NOR) is a measure of
declarative memory that is sensitive to damage to the
perirhinal cortex (24, 25), and novel object location (NOL)
recognition is a measure of spatial memory that is sensitive
to damage to the hippocampus (26).

MATERIALS AND METHODS

Animal Husbandry and Irradiation

Details of animal husbandry, irradiation procedures and dosimetry
have been published previously (27). In brief, male Fischer 344 3
Brown Norway F1 hybrid rats (F3BN) were housed on a reverse light
cycle (off 9:00 a.m. and on 9:00 p.m.) and irradiation/sham irradiation
was begun when rats were 3 months of age (young adult) or 18 months
of age (middle-aged) (N¼ 24 irradiated and 24 sham-irradiated rats at
each age). Irradiations were performed under anesthesia with
ketamine/xylazine. Sham-irradiated (control) rats were anesthetized
but not irradiated, to control for any possible effects of anesthesia on
later cognitive performance. Irradiated rats received fWBI with a
Precision X-ray X-RAD 320 orthovoltage X-ray unit (300 kV, 10 mA,
1.25 Gy/min). An 11 3 16 mm aperture was positioned laterally to
permit irradiation of the brain from the apical pole of the cerebral
cortex posteriorly though the cerebellum. A dose of 40 Gy fWBI was
achieved by 2 fractions of 5 Gy each week for 4 weeks. Each 5 Gy
fraction was given by consecutive doses of 2.5 Gy per lateral field, one
from each side and separated by ,10 min. The biologically effective
dose (BED) calculated for 8 3 5 Gy is 106.7 Gy based on the linear
quadratic model (28) and assuming an a/b ratio of 3 Gy for late
delayed effects in the brain. Rats were maintained for 34 or 62 weeks
after completion of fWBI. All young adult rats survived through
completion of the study. Eight rats were lost from the middle-aged
cohort (4 fWBI and 4 sham-irradiated control) prior to cognitive
testing at 3 months after treatment (6 failed to recover from anesthesia
and 2 were humanely euthanized for problems unrelated to
irradiation), leaving N¼ 20 rats per treatment at the start of cognitive
testing. An additional 2 sham-irradiated and 2 fWBI rats in the middle-
aged cohort were euthanized (presumed aging-related morbidity) prior
to cognitive testing at 6 months after treatment (leaving N¼18 rats per
treatment). Five middle-aged rats and 8 young adult rats from each
treatment group (sham/fWBI) were euthanized and tissue was
collected for a mid-study end point group after completion of the 6
month cognitive testing, leaving N ¼ 16 young adult and N ¼ 12
middle aged rats per treatment. An additional 3 sham-irradiated and 1
fWBI rat were euthanized (presumed aging-related morbidity) prior to
cognitive testing at 12 months after treatment, leaving N¼ 9 sham-
irradiated and N ¼ 11 fWBI rats for testing at 12 months after
treatment. Those rats were euthanized after testing for the final end
point group and brain tissue was collected for later histological and
biochemical analyses.

Cognitive Testing

Rats were tested for object recognition memory and spatial object
location memory using the NOR and NOL, respectively, at 3, 6 and
12 months after completion of fWBI. The behavioral methods were
similar to versions of the NOR and NOL reported in the literature but
differed in important details, and these methods are described in
detail in the supplementary material (http://dx.doi.org/10.1667/
RR13362.1.S1) and summarized here. For the NOR task, rats
explored two identical objects in a test arena for 6 or 8 min (sample)
and then returned to the home cage for a 6-min (NOR 6) or 30-min
(NOR 30) intertrial delay (ITD) period. After the delay, the rats were
returned to the arena in which one object had been replaced with an
identical copy and the other replaced with a novel object. The rats
then explored for a 3-min test period. For NOL testing, the 4-min

sample period included two identical objects, the ITD was 6 min, and
the test period involved two identical copies of the objects present
during the sample period, one of which was displaced from the
original position. Each animal’s behavior in the arena was video
recorded and exploratory behavior during the sample and test periods
was analyzed using computer-based methods (Ethovision XT,
Noldus Information Technology, Leesburg, VA), with relative
exploration of novel/moved versus familiar/unmoved objects pro-
viding the primary measures of object/object–location recognition
memory. Rats completed all phases of trials regardless of
performance, although rats that failed to explore objects in the
sample phase or the critical portion of the test phase were excluded
from analysis. Failure to explore objects occurred more frequently in
middle-aged rats, occurred in random individuals per test and did not
vary by treatment. Across 3 tests for the 3 time points (9 measures),
the average number of rats excluded was: young sham irradiated 0.44
6 1.01; young fWBI 0.44 6 0.53; middle-aged sham irradiated 1.00
6 1.00; and middle-aged fWBI 1.11 6 1.17. All animals also were
evaluated for basic movement parameters in each trial as indicators
of capacity to perform, and this included analysis of time spent
exploring objects and total distance moved.

At the final time point in the experiment, 12 months after treatment,
rats treated at 3 months of age were also tested with an additional
NOR protocol (NOR 1) to provide a better comparison to previous
studies (29–32) (see Discussion section). For the NOR 1, rats were
tested with: 1. The single pair of objects used in the earlier studies
(29–32) rather than with the array of objects used in our NOR 6 and
NOR 30 testing, and 2. a very short ITD. The previous studies
reported an ITD of 1 min, while the current study used an ITD of 90 s,
which was the shortest possible with our methods.

Statistical Analyses

Preference for novel objects or object locations in the test period
was determined by a discrimination ratio (DR) calculated as novel
object exploration minus familiar object exploration divided by the
sum of both exploration times. Exploration times during the first 2 min
for NOR test trials and during the first minute for the NOL trials were
evaluated (33). A DR of zero indicates equal preference between novel
and familiar objects/object locations (chance outcome), whereas a
positive DR score that is significantly greater than chance indicates
preference for novel objects/object locations (interpreted as memory of
familiar). Discrimination ratio scores for each treatment group were
tested for outcomes different from chance using a one-sample t test
comparing average DR to zero. A modified DR was calculated for
exploration in the sample phase to confirm that side-bias in the arena
did not contribute to test results (see Supplementary materials,
Methods section; http://dx.doi.org/10.1667/RR13662.1.S1). Effects of
treatment (sham irradiated vs. fWBI) and of longitudinal age (at 3, 6
and 12 months after treatment) on DR scores and on the performance
metrics of exploration time and path length were tested using two-way
analysis of variance (ANOVA) (separate analyses for rats treated at 3
vs. 18 months of age, results shown in Table 1). Post-hoc paired
comparisons were made using Tukey’s multiple comparisons tests
(results indicated in figures). A significance level of P , 0.05 was
used for all tests.

RESULTS

Transient Radiation-Induced Deficit in Object Recognition
Memory

When tested 3 months after treatment, rats irradiated at 3
months of age performed poorly on the NOR 30 task
compared to control rats that received sham irradiation at
the same age (Fig. 1A). Consistent with that conclusion, the
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average DR was significantly different from chance for

sham-irradiated control rats but not for fWBI rats, indicating

that irradiated rats could not differentiate between the

familiar and novel objects at 3 months after treatment, and

the average DR was significantly lower in fWBI rats than in

sham-irradiated, control rats. Rats irradiated at 18 months of

age did not exhibit an object recognition deficit in the NOR

30 at 3 months after fWBI. The average DR for both the

sham-irradiated and fWBI rats was significantly different

from chance, there was no difference in average DR (P .

0.4) and the distributions of DR values appeared almost

identical between the middle-aged fWBI and sham-

irradiated control groups (Fig. 1A).

The radiation-induced decrease in object recognition

memory in the NOR 30 in rats irradiated as young adults

was transient. At 6 months after treatment, the average DR

value in the NOR 30 was significantly greater than zero

regardless of treatment or age at time of treatment (Fig. 1A),

and there was no significant difference between the fWBI

and sham-irradiated control rats in the young adult or

middle-aged groups. At 12 months after treatment, the

average DR values for both fWBI and control rats in the

TABLE 1
Results of ANOVAs Testing for Effects of Age and fWBI on Discrimination Ratios (DR), Exploration Time (Expl) and
Distance Moved (Path) in the Sample (Samp) and Test Phases of Each Test at Each Time Point for Rats Treated as

Young Adults or in Middle Age

DR Samp Expl Test Expl Samp Path Test Path

Treatment at 3 months of age
NOR 30

fWBI F(1, 113) 0.052 11.080 0.631 0.090 19.99
P 0.82 0.001 0.43 0.76 ,0.0001

Age F(2, 113) 1.642 7.942 7.081 7.099 21.81
P 0.20 0.0006 0.001 0.001 ,0.0001

Interaction F(2, 113) 4.653 0.801 0.43 0.534 4.601
P 0.01 0.45 0.65 0.588 0.01

NOR 6
fWBI F(1, 121) 0.388 1.383 7.576 0.455 8.812

P 0.53 0.24 0.007 0.50 0.004
Age F(2, 121) 0.461 23.73 12.90 2.036 46.91

P 0.63 ,0.0001 ,0.0001 0.14 ,0.0001
Interaction F(2, 121) 0.309 0.421 1.065 1.687 2.573

P 0.73 0.66 0.35 0.19 0.08
NOL

fWBI F(1, 121) 0.323 0.301 0.411 0.826 25.09
P 0.57 0.58 0.52 0.37 ,0.0001

Age F(1, 121) 7.686 12.30 0.075 8.598 17.78
P 0.007 ,0.0001 0.93 0.0003 ,0.0001

Interaction F(1, 121) 0.122 4.33 0.238 3.990 0.702
P 0.89 0.02 0.79 0.02 0.50

Treatment at 18 months of age
NOR 30

fWBI F(1, 72) 0.001 1.374 0.468 0.272 7.029
P 0.98 0.24 0.50 0.60 0.01

Age F(2, 72) 1.85 0.574 0.613 2.239 6.499
P 0.16 0.57 0.54 0.11 0.002

Interaction F(2, 72) 0.054 0.110 0.606 0.014 1.530
P 0.95 0.90 0.55 0.99 0.22

NOR 6
fWBI F(1, 84) 0.911 8.860 0.033 1.657 3.558

P 0.34 0.004 0.86 0.20 0.06
Age F(2, 84) 0.181 7.848 8.306 3.115 2.964

P 0.83 0.0007 0.0005 0.049 0.06
Interaction F(2, 84) 0.71 0.476 2.132 0.867 0.110

P 0.49 0.62 0.13 0.42 0.90
NOL

fWBI F(1, 85) 1.019 0.751 2.674 1.198 11.98
P 0.32 0.39 0.11 0.82 0.0008

Age F(1, 85) 2.021 1.175 4.297 9.085 0.345
P 0.14 0.31 0.02 0.0003 0.71

Interaction F(1, 85) 0.288 0.756 1.777 0.203 1.935
P 0.75 0.47 0.18 0.82 0.15

Note. Significant effects of fWBI and/or age and significant interactions are in boldface.
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groups treated as young adult were significantly greater than
zero. Among the middle-aged rats, neither the fWBI nor
control group performed successfully in the NOR 30 at 12
months after treatment (when the rats were 30 months old);
the average DR for each group was not significantly
different from zero.

The transient, radiation-induced deficit in object recogni-
tion memory in young adult rats was limited to the 30-min
ITD version of the task. At 3 and 6 months after treatment,

irradiated and sham-irradiated control rats in both age groups
performed successfully in the NOR 6 task, with average DR
values significantly greater than zero and no differences
between fWBI and control groups (Fig. 1B). At 12 months
after treatment, fWBI and control rats in the group treated at
3 months of age performed the NOR 6 well and comparably.
In contrast, sham-irradiated control rats in the group treated
middle age did not perform above chance levels at 12 months
after treatment, at 30 months of age, indicating an aging

FIG. 1. Recognition memory. Discrimination ratios for novelty preference are plotted for individual rats
irradiated (closed symbols) or sham-irradiated (open symbols) at either 3 or 18 months of age and tested in the
NOR 30, NOR 6 and NOL at 3, 6 and 12 months after treatment. The group mean (with standard deviation) also
is indicated; groups of subjects for which the mean discrimination ratio was not significantly different from
chance are indicated (NS ¼ P . 0.05). *P , 0.05 vs. age-matched, sham-irradiated control; aP , 0.05 for
indicated age comparison within treatment group.
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related decline in performance (see below). Somewhat
surprisingly and in contrast to the sham-irradiated control
animals, fWBI rats did perform above chance levels at 12
months after treatment in middle age (Fig. 1B).

The absence of evidence for a radiation-induced deficit in
object recognition memory in young adult rats tested 6
months after fWBI stood in contrast to previous reports of a
late-delayed deficit in the NOR that appears by 6 months
after 8 3 5 Gy fWBI (29–32). Therefore, one week prior to
scheduled testing with the NOR 6, NOR 30 and NOL tasks
at 12 months after treatment, we tested rats treated as young
adults using a NOR protocol (NOR 1) that replicated several
features of the earlier studies, including the use of a very
short (;1 min) ITD and testing with the same objects used
in the earlier studies (see Supplementary material, Methods
sections; http://dx.doi.org/10.1667/RR13662.1.S1). Consid-
ering all trials together, without respect to which object was
novel in the test phase, the average DR value was not
significantly different from chance performance for the
young adult sham-irradiated control or fWBI rats (each P .

0.05). The rats’ performance in the NOR 1 was affected
greatly, however, by which object was novel. When object
X (a plastic jar) was the novel object, sham-irradiated
control and fWBI rats performed well and comparably, with
average DR values significantly different from chance (P ,

0.001). In contrast, when object Y (a metal can) was the
novel object, the average DR for sham-irradiated control
rats was not different from chance (P . 0.05), and the
average DR for fWBI rats was significantly less than chance
(P , 0.005), indicating greater exploration of the familiar
object during the test phase (Supplementary Fig. S1A;
http://dx.doi.org/10.1667/RR13662.1.S1).

No Radiation-Induced Deficit in Object Location Memory

Average DR values for object location recognition in the
NOL task did not differ between irradiated and sham-
irradiated control rats in either age group at any time point
after treatment (Fig. 1C). Excluding the oldest rats (12
months after treatment at 18 months of age), sham-irradiated
control and fWBI rats of each age and at each time point
performed above chance levels, except the average DR for
sham-irradiated control rats at 3 months after treatment as
young adults was not quite significantly different from zero
(P ¼ 0.05). At 12 months after treatment at 18 months of
age, neither the sham-irradiated control nor fWBI rats
successfully performed in the NOL (average DR not
significantly different from zero, P . 0.05) (Fig. 1C).

Effects of fWBI on Object Exploration and Movement

Qualitative observation suggested that behavior within the
testing arena differed between fWBI and sham-irradiated
control rats (and also changed as rats aged after treatment,
see below). Two quantitative measures, object exploration
time and total path length, were assessed to test for effects
of fWBI and to determine whether such factors could have

contributed to poor performance by fWBI rats in the NOR
30 and by fWBI and sham-irradiated control rats in the NOL
at 3 months after treatment.

There were small and limited effects of radiation on the
time spent exploring objects (Fig. 2). Among rats treated as
young adults, fWBI rats tended to exhibit greater explora-
tion, on average, than sham-irradiated controls. The
difference reached statistical significance during the sample
period of the NOR 30 at 12 months after treatment, the
sample period of the NOL at 6 months after treatment, and
the test phase of the NOR 6 at 6 months after treatment.
Among the rats treated in middle age, object exploration
time appeared unaffected by fWBI, although a small
increase in the average for fWBI rats in the sample phase
of the NOR 6 at 3 months after treatment was almost
significant (P ¼ 0.05, Fig. 2B). Analysis of the index of
global habituation (IGH the difference in time spent
exploring during the sample phase and time spent exploring
during the test phase), proposed as a measure of habituation
of exploratory behavior (24), revealed no significant effects
of fWBI (Supplementary Fig. S2; http://dx.doi.org/10.1667/
RR13662.1.S1).

The effect of radiation on the extent of movement by rats
within the test arena was greater than any effect on object
exploration, as indicated by a reduction in average total path
length for fWBI rats in all tests and at multiple times after
treatment (Fig. 3). These effects on movement were evident
primarily in the test phase and most commonly reached
statistical significance in the group treated as young adults.

The observed effects of fWBI on object exploration and
total path length were unrelated to recognition memory task
performance. The fWBI rats exposed as young adults
exhibited both an object recognition deficit and reduced
movement (test phase) in the NOR 30 task at 3 months after
treatment. These effects of fWBI on recognition memory and
movement were independent, however, since fWBI also
decreased movement in the NOR 30 in young adult animals
at 6 months after treatment and in middle-aged animals at 3
months after treatment but did not affect object recognition in
those groups at those times. Similarly, fWBI-induced
changes in average object exploration and/or movement in
the NOR 6 and NOL were not associated with changes in
object or object location memory (compare Figs. 1–3).
Attempts to relate individual performance (DR value) in each
task to movement measures by correlation analysis also failed
to reveal significant relationships (data not shown).

Effects of Aging on Performance in Spontaneous
Recognition Tasks

The design of this study permitted testing for effects of
normal aging on performance in the NOR and NOL and on
exploration- and movement-related measures in these tasks.
Rats were treated at 3 or 18 months of age and were
evaluated at 3, 6 and 12 months after treatment, which
allowed quantitative comparisons of rats at ;6, 9 and 15
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months of age within the young adult cohort and at ;21, 24

and 30 months of age within the middle-aged cohort (only

qualitative comparisons were made across the two cohorts).

For the NOR 6 and NOR 30, the DR scores indicated

increased variance in the oldest rats, and average perfor-

mance also declined numerically with age, although the

change was not statistically significant given the high

variance in old animals and the lower N associated with

euthanizing one cohort of rats at 6 months after treatment

(Fig. 1A, B). For the NOL, performance improved and

became more consistent across individuals between 6 and

15 months of age (Fig. 1C). Performance in the NOL

appeared more variable in the oldest rats but even at 30

months of age half of the sham-irradiated control rats had

high DR scores in the NOL (above 0.5, Fig. 1C).

The total time exploring objects generally appeared

greater in the youngest rats compared to older rats. Among

the rats that entered the study as young adults, 6-month-old

rats explored more than older rats in the sample and test

phases of the NOR 6 and NOR 30 and in the sample phase

of the NOL (Fig. 2). Exploration time appeared stable

across the latter half of the adult lifespan (sham-irradiated

FIG. 2. Exploration. Exploration times (mean þ SD) in the sample and test phase of each task are plotted for
groups of rats irradiated (black and dark gray bars) or sham-irradiated (open and light gray bars) at either 3 or 18
months of age and tested in the NOR 30, NOR 6 and NOL at 3, 6 and 12 months after treatment. Y-axis scaling
is relative to the total duration of the task phase. *P , 0.05 and #P ¼ 0.05 vs. age-matched, sham-irradiated
control; aP , 0.05,bP , 0.01 and cP , 0.005 for indicated age comparison within treatment group.
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control rats treated at 18 months of age) except for a decline

in exploration time in the test phase of the NOR 6 (fWBI

rats) and the NOL (sham-irradiated control rats).

There were modest effects of aging/time after treatment

on the IGH in the rats irradiated as young adults

(Supplementary Fig. S2; http://dx.doi.org/10.1667/

RR13662.1.S1). For the NOR 6, NOR 30 and NOL, the

IGH was lower at 12 months after treatment than at earlier

time points for sham-irradiated control rats treated at 3

months; for the NOL the IGH also was lower at 12 months

than at earlier time points in rats irradiated at 3 months. The

IGH was unchanged across ages/time after treatment in both

sham-irradiated control and fWBI rats treated at 18 months.

The average distance covered by rats during testing also

declined with age (Fig. 3), with evidence for an aging

related decline in movement during the sample and/or test

phase of each test (NOR 6, NOR 30 and NOL) across the

first half of the lifespan (group treated at 3 months) and

more limited evidence for additional declines in the latter

half of the lifespan (group treated at 18 months).

FIG. 3. Movement. The length of the path (mean þ SD) traversed by rats in the sample and test phase of each
task are plotted for groups of rats irradiated (black and dark gray bars) or sham-irradiated (open and light gray
bars) at either 3 or 18 months of age and tested in the NOR 30, NOR 6 and NOL at 3, 6 and 12 months after
treatment. Y-axis scaling is relative to the total duration of the task phase. *P , 0.05 and **P , 0.01 vs. age-
matched, sham-irradiated control; aP , 0.05, bP , 0.01 and cP , 0.005 for indicated age comparison within
treatment group.
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DISCUSSION

The current study indicates that rats treated with clinically
relevant fWBI as young adults develop an early, transient
deficit in a perirhinal cortex-dependent object recognition
memory task while sustaining normal function in a
hippocampal-dependent object location memory task. Rats
irradiated in middle age showed no radiation-induced
memory changes.

The observation that only a subset of the young adult,
fWBI treated rats appeared to be compromised in
performance in the NOR may be consistent with clinical
observations that only some patients develop cognitive
dysfunction after cranial radiation therapy. It should be
recognized, however, that single-trial versions of spontane-
ous object and object–location recognition tasks (the NOR
and NOL) used here and in other studies of whole-brain
irradiation in rodents do not establish whether differences in
discrimination measures for individuals represent sustained
differences in performance capacity [see e.g., conclusion in
ref. (34)]. To differentiate between a subset of irradiated rats
with consistently impaired performance indicating a greater
individual response to fWBI versus an effect of fWBI on
performance that is modest and appears in a varied subset of
animals in any given testing session would require studies
with multiple testing of each animal at the affected time
point(s).

The presence of an object memory deficit in rats
irradiated as young adults but not in rats irradiated in
middle age may seem counterintuitive, given evidence that
older brains are more vulnerable than young adult brains to
some types of neural injury [discussed in ref. (35)], but it is
consistent with previously reported data demonstrating that
multiple neural and systemic effects of fWBI were greater in
the rats irradiated as young adults (27). These effects
included radiation-induced reductions in: brain weight and
the weight of multiple neural regions, pituitary growth
hormone, plasma insulin-like growth factor-I (IGF-I) and
serum brain-derived neurotrophic factor (BDNF). The
relationships among such changes and the presence (or
absence) of cognitive deficits remain unknown and
represent important areas for future investigation.

These data add to the growing and complex literature on
radiation-induced cognitive dysfunction in animal models.
Previous studies of fWBI have not examined performance
in the NOR and NOL longitudinally, but several laborato-
ries have tested rodents using the NOR and/or NOL at
single postirradiation survival times similar to those
examined here, with mixed results.

Effects of Radiation on Object Recognition Memory

Among previous studies of the NOR after brain
irradiation, some report findings consistent with our
observation that brain irradiation produces a deficit in the
NOR in the first weeks to a few months after treatment (36–
38), whereas other studies report no effects (39–42).

Comparison of the current and previous studies is
complicated by significant variation in irradiation (as well
as differences in species/strains and age at time of
irradiation). In addition to a wide range in doses, the
majority of previous studies examined effects of single-
fraction WBI. Because of the substantial differences in the
biological response to single-fraction vs. fractionated WBI,
the latter rather than single-dose WBI is typically used
clinically. These differences complicate comparisons and
also limit the translation of experimental findings based on
single-dose WBI to the clinical problem of radiation-
induced cognitive dysfunction.

Even experiments delivering fWBI at nominally the same
dose have demonstrated different effects on performance in
the NOR. The current study demonstrated early-delayed but
no late-delayed deficits after an 8 3 5 Gy dose of fWBI,
whereas earlier experiments delivering the same dose found
no early-delayed but significant late-delayed deficits in the
NOR [deficits at 6 and 12 months but not at 3 months (29–
32)]. Perhaps significantly, the previous and current studies
delivered the same BED but utilized different radiation
sources (cesium vs. X ray) and dose rates (;4 Gy/min vs.
1.25 Gy/min). The current study also involved less
irradiation of the brain stem, olfactory bulb and extra-
cranial structures. Given the limited understanding of the
mechanisms of radiation-induced brain injury, the signifi-
cance of these differences remains unclear.

In addition to differences in irradiation, methods for what
are nominally similar NOR or NOL tasks also vary greatly
among laboratories. Virtually every aspect of NOR and
NOL procedures (e.g., lighting, habituation, object charac-
teristics and variety, and delays between sample and testing
periods) varies among laboratories and studies. This likely
contributes to the mixed results in the literature and, more
specifically, to differences between the current results and
previous studies reporting that 8 3 5 Gy fWBI produces a
late-delayed deficit in the NOR (29–32). Importantly, neural
processes other than memory likely impact performance in
object preference tasks, may be affected by radiation, and
may be differentially revealed by different protocols for
behavioral testing. Such factors merit greater consideration
in rodent models of radiation-induced cognitive dysfunction
and are discussed below.

One key difference in NOR protocols used in the current
versus previous testing after fWBI was the ITD interposed
between the sample and test phases, which was 1 min in
previous studies (29–32) versus 6 or 30 min in the current
study (except for our attempt to replicate results with the
short ITD at 12 months after fWBI at 3 months of age). If
the DR in the NOR is purely a measure of object memory,
one might expect the DR to be highest with the shortest
ITD. Evidence suggests, however, that a 1-min delay in the
NOR provides a less robust measure of object memory than
delays of several minutes. In one of the earliest studies using
the NOR (43), ITDs from 1 min to 24 h were compared
directly using otherwise identical protocols. The discrimi-
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nation index for normal, young adult rats was higher with a
15-min delay than with a 60-min delay (as one would
predict), but the discrimination index was significantly
lower with a 1-min delay than with either a 15- or 60-min
delay (;40% lower with 1-min than with 15-min delay).
This suggests that with a very short ITD, factors are
involved that impact memory or the demonstration of
memory by object preference. The same study (43)
demonstrated: 1. That the discrimination index was highly
correlated with the amount of exploration during the sample
phase for the 1-min, but not 15- or 60-min, version of the
NOR, and 2. that exploration during the test phase was
reduced almost 50% with a 1-min ITD compared to a 15-
min, 60-min or 24-h ITD; that is, rats exhibited significantly
less exploration when returned to the arena with only a 1-
min delay. The correlation of discrimination with explora-
tion in the sample phase may indicate that with the very
short ITD there are factors that disrupt consolidation and/or
maintenance of weaker memory traces (resulting from less
exploration). Reduced exploration during the test phase
indicates that some factor(s) limit the animals’ exploration
when they are removed from and then quickly returned to
the testing arena, reducing the power of the task to
demonstrate object preference. Intriguingly, in a version
of the object recognition task that does not require animals
to be removed from and then returned to an open arena,
discrimination with a 1-min delay was not worse than with
longer delays, and instead, the discrimination measure
decreased progressively as the ITD was increased from 1
min to 5 min to 13 min and then to 21 min (44). These
observations suggest that factors beyond memory mecha-
nisms, which likely include activity, exploration and
anxiety, impact performance in the NOR and that the
effects of these factors are exacerbated with a very short
ITD in common versions of the NOR.

The current and previous studies involved additional
differences in behavioral protocols that likely influence
activity and anxiety and therefore impact any secondary
effects on testing for object and object location memory.
Given the longitudinal design of the current study, the
repeated experience of the rats in earlier testing periods
could have influenced performance in later testing periods,
with greater familiarity with testing decreasing any effects
of anxiety mechanisms in later testing. In addition, in the
current study, rats were maintained on a reverse light cycle
and tested during the active (dark) phase of their diurnal
cycle and under very-low-light conditions to maximize
activity and minimize anxiety. In previous studies, rats were
tested during the less active (light) phase of their diurnal
cycle and under typical room lighting (29–32). The latter
represents conditions that likely are more anxiogenic, may
decrease activity and exploration, and therefore, may be
more likely to reveal indirect (i.e., nonmemory) effects of
fWBI on measures of spontaneous object/location ‘‘mem-
ory’’. There have been several studies of the effects on
anxiety measures of either single-dose WBI or of

fractionated irradiation focused on the hippocampus. The
results of those studies are mixed, but some report increases
in anxiety measures after brain irradiation in rodents [e.g.,
see refs. (45, 46)] consistent with evidence that patients
receiving cranial radiation therapy exhibit increased levels
of anxiety several years after treatment (47). To our
knowledge, there is no study on the long-term effects of
clinically relevant, fWBI on anxiety measures in rodent
models or, critically, of possible secondary contributions of
anxiety mechanisms on other cognitive domains.

In addition to possible effects of anxiety mechanisms,
there is an increasing recognition that novel object
discrimination tasks are sensitive to habituation and
dishabituation and to neophilic/neophobic responses to
objects (34). Our attempt to replicate previous studies
reporting a late-delayed deficit in the NOR after a 1-min
ITD revealed a substantial difference in exploration
attraction between the two objects used in the earlier
studies (retested in the current study). In the NOR 1, both
fWBI and sham-irradiated control rats demonstrated
strongly positive object discrimination memory in trials in
which a specific, preferred object was novel in the test
phase. When that preferred object was familiar in the test
phase, however, neither group showed novelty discrimina-
tion, but instead, each showed greater exploration of the
familiar object (negative average DR). Moreover, the
perseverative exploration of the familiar object was
amplified in fWBI rats (DR negative and significantly
greater than chance). It is not possible to determine whether
and to what extent the previously published experiments
may have been impacted by this difference in response to
the two objects, since typically only average DR values
have been reported. However, in one study the authors
reported that the radiation-induced decrease in average DR
in fWBI rats was the result of increased exploration of the
familiar object during the test phase, not decreased
exploration of the novel object (31). This is consistent with
the amplified perseveration response seen in the fWBI rats
tested here. In the current study, the design of the NOR
protected against differences in the ‘‘attractiveness’’ of
objects by using multiple pairs of objects and balancing
their presentation across conditions.

Effects of Radiation on Object Location Recognition
Memory

In contrast to the transient deficit in object recognition
memory, the current study revealed no effect of fWBI on
location recognition memory. The results of published
analyses of performance in the NOL after brain irradiation
are as mixed as the results of experiments using the NOR.
Two studies reported no effect on the NOL in mice at 3
months after 10 Gy WBI (36, 39), whereas others reported
deficits in the NOL at 3 months after 10 Gy irradiation in
mice (41), at 1 and 5 months after 5 3 4 Gy fWBI in mice
(38), and at 1 and 4 months after 10 Gy irradiation in rats
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(48–50). The current study revealed no radiation-induced
deficit in the NOL at 3, 6 or 12 months after fWBI of rats at
3 or 18 months of age. It is important to note, however, that
at 3 months after treatment, the time when some previous
studies reported radiation-induced deficits in the NOL, the
young, sham-irradiated control rats did not successfully
perform (or barely performed) the task in the current study
(P¼ 0.05, average DR vs. chance performance). It may be
significant that the NOL task at 3 months after treatment
was the first of all longitudinal testing performed and that,
in that first testing period, the sham-irradiated control rats in
the young adult cohort appeared unusually active, presum-
ably due to their age and being less habituated than in
subsequent tests. It appears that, just as normal, aging-
related changes may limit the ability to detect radiation-
induced deficits in old animals in some memory tasks (51),
developmental changes in some neural functions and/or
sensitivity of test design may limit assessment of radiation-
induced changes in young adults.

Effects of Aging and Interactions with Brain Irradiation

In addition to the observed improvement in location
memory across early adulthood in control rats, the latter part
of the lifespan was characterized by greater inter-individual
variance in the performance of all tasks, with old rats more
likely to exhibit poor performance in a given trial. Aging-
related changes in exploration and movement were modest
but significant, and movement was sensitive to irradiation as
well as to age. Intriguingly, although neither sham-
irradiated control nor fWBI rats performed the NOR 30
successfully at the oldest age tested (12 months after
treatment at 18 months of age), irradiated but not control
rats performed well in the NOR 6. This indicates that for
some cognitive functions brain irradiation may not
exacerbate aging-related dysfunction but rather may ame-
liorate normal aging-related changes. Given our current,
limited understanding of the neurobiological mechanisms
underlying aging-related and radiation-induced cognitive
changes, it should not be surprising that aging and radiation
interact in complex ways. It is critical to consider aging-
related changes in performance on cognitive tasks, since
they may impact strategies and performance in behavioral
tests, may not be limited to the end of the lifespan, and
represent sites of interaction between aging-related and
radiation-induced changes. This issue is particularly impor-
tant in rodent models, since the time over which radiation-
induced cognitive dysfunction is expected to develop
represents a substantial fraction of the lifespan.

CONCLUSION

The centrality of changes in hippocampal neurogenesis in
mechanistic models of radiation-induced brain injury and
associated experimental studies in rodents [e.g., see refs.
(39, 52–55)] are leading toward significant changes in

clinical practice. Well-demonstrated links between radia-
tion-induced changes in hippocampal neurogenesis and
cognitive deficits in rodents [e.g., see refs. (39, 42, 56)]
have been cited as the foundation for clinical treatment
involving hippocampal sparing, that is, conforming radia-
tion dose plans to greatly reduce the dose to the neurogenic
zone of the hippocampus with the expectation of preventing
or ameliorating treatment-induced cognitive deficits [e.g.,
see refs. (57–59)]. Significantly, however, data linking
radiation-induced deficits in neurogenesis to cognitive
changes, particularly to hippocampal-dependent learning
and memory, come largely from experiments in which
developing or very young adult animals were irradiated with
single dose, not fractionated, WBI and were tested
cognitively just a few months after irradiation (whereas
cognitive deficits develop clinically many months or even
years after treatment). These details indicate the need for
circumspection in translating the experimental data to the
clinic. The current study suggests that effects of clinically
relevant, fractionated irradiation on hippocampal-dependent
and other cognitive processes not only remain unclear, any
such effects likely are age-dependent, even within adults.
The data call for continued and expanded investigation and
validation of rodent models of radiation-induced brain
injury, which are critical for developing and testing new
therapies for any potential the cognitive dysfunction that
diminishes the quality of life in thousands of cancer
survivors.

SUPPLEMENTARY INFORMATION

Supplementary Fig. S1. NOR 1 recognition memory and
exploration. Panel A: Discrimination ratios for novel
preference are plotted for individual rats treated at 3 months
of age and tested in the NOR 1 at 12 months after fWBI
(closed symbols) or sham irradiated (open symbols). The
mean ratio also is indicated (with SD). DR values are
plotted for all trials (black symbols) and then separately
plotted for trials in which object X was the novel object (jar,
red symbols) and for trials in which object Y was the novel
object (can, blue symbols). Groups for which the mean
discrimination ratio was not significantly different from
chance (NS) are indicated. Panel B: Mean (þ SD)
exploration times during the test period of the NOR 1 are
shown for all trials and then for the trials separated based on
which object was novel in the test phase. The open bar in
each pair represents sham-irradiated control rats and the
filled bar fWBI rats. In the test phase, irradiated rats spent
significantly more time than sham-irradiated control rats
exploring object X when it was the familiar object,
indicating a perseverative response specific to fWBI rats
and to object X. Panel C: The greater exploration of object
X by fWBI rats was not limited to the test phase, in the
sample phase irradiated rats but not sham-irradiated control
rats spent significantly more time exploring object X than
object Y. *P , 0.05 for indicated comparison.
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Supplementary Fig. S2. Index of global habituation. The
mean (þ sem) normalized values for the index of global
habituation (IGH) are plotted for sham-irradiated control
(open and light gray bars) and fWBI rats (black and dark
gray bars) treated at 3 or 18 months of age (moa) and tested
in the NOR 30 (panel A), NOR 6 (panel B) and NOL (panel
C). Values for each test are presented as percentage of the
maximum possible IGH value (duration of the sample phase
minus duration of the analyzed portion of the test phase).
ANOVA revealed an effect of time after treatment in rats
treated as young adults but not in rats treated in middle age.
#To simplify the presentation of the IGH values for the other
groups, the normalized IGH in the NOR 6 for sham-
irradiated rats treated at 18 months of age,�0.59 þ 2.13, is
not shown aP , 0.05, bP , 0.01 and cP , 0.005 for
indicated comparison.
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