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Abstract
We hypothesized that chronic administration of the angiotensin-converting enzyme inhibitor,
ramipril, to young adult male rats would prevent/ameliorate fractionated whole-brain irradiation-
induced perirhinal cortex-dependent cognitive impairment. Eighty 12–14-week-old young adult
male Fischer 344 rats received either: (1) sham irradiation, (2) 40 Gy of fractionated whole-brain
irradiation delivered as two 5 Gy fractions/week for 4 weeks, (3) sham irradiation plus continuous
administration of 15 mg/L of ramipril in the drinking water starting 3 days before irradiation, or
(4) fractionated whole-brain irradiation plus ramipril. Cognitive function was assessed using a
perirhinal cortex-dependent version of the novel object recognition task 26 weeks after irradiation.
Microglial activation was determined in the perirhinal cortex and the dentate gyrus of the
hippocampus 28 weeks after irradiation using the ED1 antibody. Neurogenesis was assessed in the
granular cell layer and subgranular zones of the dentate gyrus using a doublecortin antibody.
Fractionated whole-brain irradiation led to: (1) a significant impairment in perirhinal cortex-
dependent cognitive function, (2) a significant increase in activated microglia in the dentate gyrus
but not in the perirhinal cortex, and (3) a significant decrease in neurogenesis. Continuous
administration of ramipril before, during, and after irradiation prevented the fractionated whole-
brain irradiation-induced changes in perirhinal cortex-dependent cognitive function, as well as in
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microglial activation in the dentate gyrus. Thus, as hypothesized, continuous administration of the
angiotensin-converting enzyme inhibitor, ramipril, can prevent the fractionated whole-brain
irradiation-induced impairment in perirhinal cortex-dependent cognitive function.

INTRODUCTION
Up to 30% of the ~1.6 million new cancer patients diagnosed in the U.S. in 2011 will
develop brain metastases (1, 2). Fractionated, partial or whole-brain irradiation is widely
used for the treatment of brain metastases, and ~170,000 patients a year will receive cranial
irradiation (3). Long-term survivors face the risk of developing radiation-induced late effects
that can severely impact their quality of life, with chronic, progressive cognitive impairment
observed in up to 50% of adult patients surviving ≥6 months after fractionated whole-brain
irradiation (4). These patients exhibit progressive deficits in information processing speed,
frontal lobe executive functions, memory, spatial relationships, visual motor processing,
quantitative skills, and/or attention (5, 6). This cognitive impairment in memory is not solely
hippocampal, but is associated with declines in spatial and non-spatial learning, as well as in
verbal and figural memory, the latter reflecting perirhinal cortex-dependent pathways (7).
Rodent studies have demonstrated significant reductions in both hippocampal-dependent (8,
9) and perirhinal cortex-dependent (10) cognitive function after single-dose or fractionated
whole-brain irradiation.

Hippocampal dysfunction has been hypothesized to be a causal mechanism underlying some
of these radiation-induced cognitive deficits (11, 12). Alterations in neurogenesis and the
neurogenic microenvironment have been noted in the irradiated hippocampus, including
changes in the neurovasculature and granular precursor cell populations in the dentate gyrus
(13), and an elevation of the microglial inflammatory response (14). Microglia, the immune
cells of the brain, can act as negative regulators of neurogenesis by producing
proinflammatory cytokines that block neuronal differentiation and increase precursor cell
death (14, 15). Prolonged microglial activation can also lead to a sustained inflammatory
response that has been implicated in acute and chronic neurodegenerative diseases, as well
as in late radiation-induced brain injury (16, 17).

Although the pathogenic mechanism(s) involved in radiation-induced cognitive impairment
remain(s) unclear, recent studies aimed at blocking the renin-angiotensin system (18) have
shown promise in preventing or mitigating radiation-induced late effects in the central
nervous system. The angiotensin-converting enzyme (ACE) inhibitor, ramipril, has been
shown to modulate radiation-induced optic neuropathy (19), and the angiotensin type 1
receptor antagonist (AT1RA), L-158,809, can prevent/ameliorate fractionated whole-brain
irradiation-induced cognitive impairment (20). Angiotensin II (Ang II) is increasingly
recognized as a potent inflammatory peptide (21, 22), and the ability of renin-angiotensin
system blockade to modulate radiation-induced brain injury has been hypothesized to
reflect, in part, inhibition of renin-angiotensin system-mediated neuroinflammation (18).

To date, no studies have evaluated the effects of continuous administration of ramipril on
cognition after fractionated whole-brain irradiation. We used our well-characterized rat
model of radiation-induced brain injury (10) to test the hypothesis that continuous
administration of ramipril prevents radiation-induced cognitive impairment. In addition,
given the hypothesized role of inflammation and its impact on neurogenesis in radiation-
induced brain injury, we assessed the ability of ramipril to modulate microglial activation in
the perirhinal cortex and the dentate gyrus, as well as in neurogenesis in the dentate gyrus.
The data presented here demonstrate that continuous administration of ramipril prevented
the radiation-induced impairment in perirhinal cortex-dependent cognitive function.
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MATERIALS AND METHODS
Animals and Whole-Brain Irradiation Procedures

Eighty 10–12-week-old young adult male Fischer 344 (F344) rats were obtained from
Harlan Laboratories, Inc. (Indianapolis, IN) and housed in pairs on a 12-h light/dark cycle
with food and water ad libitum. All experiments and handling of animals were performed in
strict accordance with the NIH Guide for Care and Use of Laboratory Animals as approved
by the Wake Forest School of Medicine Institutional Animal Care and Use Committee.

After an acclimation period of 2 weeks, rats were randomized to 4 experimental groups (n =
20 rats/group); Group 1: sham irradiation, Group 2: fractionated whole-brain irradiation
alone, Group 3: sham irradiation plus 15 mg/l of ramipril (King Pharmaceuticals, Cary, NC)
in the drinking water, and Group 4: fractionated whole-brain irradiation plus 15 mg/l of
ramipril in the drinking water. Rats received ramipril beginning 3 days before the start of
fractionated whole-brain irradiation and continuously until the end of the experiment. All
rats were weighed weekly to assess their overall health, and fresh drinking water with or
without ramipril was supplied every other day. A 40 Gy total dose of fractionated whole-
brain irradiation was delivered in 8 fractions of 5 Gy, twice per week, for 4 weeks as
described previously (23). The biologically effective dose (24) calculated for this regimen
was 106.7 Gy, assuming an α/β ratio of 3 Gy for late radiation-induced brain damage (25).
The corresponding biologically effective dose for a conventional irradiation regimen for
glioma patients (30 fractions of 2 Gy in 6 weeks) was 100.2 Gy. Thus, the biological effects
of this prolonged fractionated whole-brain irradiation regimen are anticipated to be more
relevant to the clinical situation than the biological effects observed after large single doses
or large fractionated doses delivered over a short time period.

All irradiations were performed in a 267 TBq (7,214 Ci) self-shielded 137Cs irradiator using
lead and Cerrobend® shielding devices to collimate the beam so that the eyes were shielded
to prevent optic nerve damage and vision loss, and the whole brain, including the brain stem,
was irradiated. The average dose rate to the midline of the brain was ~4 Gy/min: the eyes
and body received about 15% and 1–3% of the brain dose, respectively. To ensure that each
rat received the same midline brain dose, each lightly anesthetized rat (Ketamine [75 mg/
kg]/xylazine [7 mg/kg]) had the twice-weekly dose delivered to alternate sides of the head
on alternate days. Sham-irradiated rats were anesthetized twice weekly for 4 weeks.

Novel Object Recognition Task
Cognitive function was assessed in each animal 26 weeks after the completion of
fractionated whole-brain irradiation using a perirhinal cortex-dependent version of the novel
object recognition task (10, 26). The novel object recognition task is comprised of three
phases: familiarization, delay and test. Before testing, each animal was habituated to the
testing arena (a rectangular container: 24” × 18” × 20”) by allowing exploration of the
empty arena for 5 min a day for 5 days. After habituation, the sessions that followed were
divided into a sample phase and a test phase. During the sample phase, the rodent was
allowed to explore and become familiar with 2 identical objects located within the testing
arena for 3 min. Following the sample phase, a 1 min delay was introduced during which the
animal was removed from the arena and returned to its home cage. A test phase followed in
which one of the 2 objects from the sample phase was paired with a novel object. The
subject was left in the arena for a total of 3 min during the test phase and its activity was
recorded. The objects were secured to the arena floor with Velcro patches so that the subject
could not displace them during exploration. Recognition memory was inferred from the
preferential exploration (measured as time) of the novel object compared with that of the
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familiar object. The position (left or right) of the novel object in the test phase was balanced
between sessions to avoid any spatial preference.

The basic measurement collected was the time the rat spent exploring an object, defined as
placing his nose within ≤2 cm of the object and actively exploring it. The following
parameters were obtained: E1, the total time spent exploring the identical objects A1 and A2
in the sample phase (3 min); E2, the total time spent exploring object A3 (identical to A1
and A2) and the novel object B1 in the test phase (3 min); and D1, the index of
discrimination defined as the difference in time spent exploring objects A3 and B1 in the test
phase (i.e., B1–A3). Rats with an E1 <10 s were judged to have failed to complete the task
and were eliminated from the study (1 sham and 1 sham + ramipril). For the remaining rats,
the discrimination ratio (D1/E2), a measure of the rat’s recognition memory, was calculated,
and the average discrimination ratio for each treatment group was compared.

Tissue Processing and Blood Collection
Rats were weighed weekly during the study. Following completion of the cognitive function
testing at 28 weeks post-fractionated whole-brain irradiation/sham-fractionated whole-brain
irradiation, they were euthanized by decapitation (guillotine). Arterial blood was collected
from decapitated rats into chilled Vacutainer blood collection tubes (Becton-Dickinson,
Franklin Lakes, NJ). The extractions, assays and antibody characteristics were as previously
described (27–29). The tubes contained a mixture of peptidase inhibitors, in a cocktail of
protease inhibitors (0.12 mM pepstatin A, 0.44 mmol/L o-phenanthroline, 25 mmol/L
EDTA, 1 mM 4-chloromercuribenzoic acid, and 3 µM acetyl-His-Pro-Phe-Val-statine-Leu-
Phe, a specific rat renin inhibitor). Blood samples were centrifuged within 20 min of
collection at 3000g for 20 min, plasma was removed and aliquots were stored at −80°C until
radioimmunoassay of angiotensin (Ang) peptides. For plasma extraction, Sep-Pak columns
(Waters, Milford, MA) were activated with 5-mL sequential washes of a mixture of ethanol/
water/4% acetic acid (83: 13: 4), methanol, ultrapure water, and 4% acetic acid. The sample
was applied to the column, washed with ultrapure water and acetone, and eluted with 2:1 mL
and 1:1.5 mL washes of a mixture of ethanol/water/4% acetic acid. Samples were
reconstituted in assay buffer and for Ang I and Ang-(1–7), a TRIS buffer with 0.1% bovine
serum albumin was used. Samples were subjected to 3 different radioimmunoassays. Ang II
was measured using a commercial kit (Nichols Institute radioimmunoassay, Alpco,
Windham, NH), Ang-(1–7) was measured using an antibody characterized by us, and Ang I
was assayed with a modified Peninsula assay (Peninsula Laboratories, San Carlos, CA).
Samples were corrected for recoveries of trace radiolabeled angiotensins added to samples,
which averaged 92%. The minimum detectable levels of the assays were 1 fM/mL, 0.8 fM/
mL and 2.8 fM/mL for Ang I, Ang II, and Ang-(1–7), respectively, and the minimum
detectable level of the assay was arbitrarily assigned for samples less than the detectable
limit. Intra-assay and inter-assay coefficient of variation was 18% and 22% for Ang I, 12%
and 22% for Ang II, and 8% and 20% for Ang-(1–7). Cross-reactivity for the angiotensin-
(1–7) radioimmunoassay is 100% for Ang-(1–7) and Ang-(2–7), and less than 0.01% with
Ang-(3–7), Ang II, Ang I, and their fragments; for the Ang II radioimmunoassay is 100%
for Ang II, Ang III, Ang-(3–8), and Ang-(4–8), but less than 0.01% with Ang I and Ang-(1–
7); and for the Ang I radioimmunoassay is 100% for Ang I, Ang-(2–10) and Ang-(3–10), but
less that 0.01% with Ang II and Ang-(1–7).

The brains were removed rapidly and hemisected at the midline. The right hemisphere was
flash frozen in liquid nitrogen, and the left hemisphere was immersion fixed in phosphate-
buffered 4% paraformaldehyde for 24 h. The left hemispheres were then cryoprotected for
24 h in 10%, 20%, and 30% sucrose, frozen in embedding medium, cryosectioned at a
thickness of 40-µm in the coronal plane and then placed in an antifreeze solution (1:1:2
ethylene glycol, glycerol and 0.1 M of phosphate-buffered saline).
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Immunohistochemistry
Based on previously published studies, immunohistochemistry was performed on the left
hemispheres of 4 brains selected from each experimental group (30). For each brain, every
12th section through the hippocampus dentate gyrus (bregma −1.8 to bregma −6.8) was
systematically random sampled (the first section chosen was randomly selected from the
first 12 sections of dentate gyrus for each animal and then one in every 12th section was
systematically selected throughout the dentate gyrus). These same sections were also used to
assess immunohistochemistry in the perirhinal cortex region. Sections were then washed in
tris-buffered saline (TBS: pH 7.4) to remove the cryoprotectant. For immunohistochemical
staining, endogenous peroxidase activity was reduced by 30 min incubation in 0.6%
hydrogen peroxide in TBS. Sections were then incubated in blocking solution (5% normal
serum and 0.2% Triton X-100 in TBS), and then overnight at 4°C in primary antibody
diluted in blocking solution. Primary antibodies were: (1) mouse monoclonal anti-rat CD68
(ED1 clone), which labels activated macrophages/microglia (MCA341R, AbD Serotec,
Raleigh, NC; 1:400); (2) rabbit polyclonal anti-ionized calcium-binding adaptor molecule
(Iba1), which labels all macrophages/microglia (Wako, Richmond, VA; 0.083 µg/mL); and
(3) goat polyclonal anti-rat doublecortin (Dcx+), which labels immature neurons [sc-8066
(C18), Santa Cruz Biotechnology, Inc., Santa Cruz, CA; 1 µg/mL; 1:200].

Primary antibodies were detected using biotinylated secondary antibodies [ED1: horse anti-
mouse, Iba1: goat anti-rabbit, Dcx: horse anti-goat (Santa Cruz; 1:300)] and were visualized
using peroxidase-conjugated avidin-biotin complex (ABC Elite kit) with nickel enhanced
diaminobenzidine as substrate (Vector Laboratories, Burlingame, CA). Sections were
counterstained with the nuclear binding dye 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI, Sigma Aldrich, St. Louis, MO) to facilitate recognition of anatomical landmarks.

Stereological Analyses of Tissue Sections
Stereologic quantification is superior to traditional, single-section estimation techniques
because the result is not biased by the shape, size, and orientation of the counting objects or
by volumetric variation (31). All analyses were performed blindly by using coded sections.
A modification of the optical disector method was used for quantification of immunolabeled
cells in the dentate gyrus (granular cell layer and subgranular zone) and hilus (area included
between both blades of dentate gyrus) (32). ED1+ cells in the dentate gyrus/hilus were then
exhaustively counted, excluding cells in the top focal plane to avoid overestimation, using
the Neurolucida system (Microbrightfield, Inc., Colchester, VT). The estimated total number
of: (1) Iba1+ cells in the dentate gyrus/hilus and perirhinal cortex, (2) ED1+ cells in the
perirhinal cortex, and (3) Dcx+ cells in the granular cell layer/subgranular zone, were
estimated by the optical fractionator method using StereoInvestigator software
(Microbrightfield, Inc.). The perirhinal cortex was determined for quantification purposes to
be the area 100 µm on either side of the rhinal fissure extending to, but not including, the
adjacent white matter (~bregma −2.0 to −4.4). The counting parameters for Iba1+ and ED1+

cells in the dentate gyrus/hilus and perirhinal cortex were: sampling grid size (175 × 175
µm), counting frame size (75 × 75 µm), disector height (12 µm), and guard-zone thickness (2
µm). For Dcx+ cells in the granular cell layer/subgranular zone the counting parameters
were: sampling grid size (100 × 100 µm), counting frame size (100 × 100 µm), disector
height (10 µm), and guard-zone thickness (2 µm). To estimate the precision of the
stereological counts we determined the coefficient of error (CE) using the Gundersen-Jensen
coefficient of error estimator estimates. The variance introduced by the stereological
analysis should not account for more than 50% of the observed group variance (33), i.e., the
ratio between CE2 and the observed variance of the group, CV2, should be less than 0.5. All
estimates in the current study were less than 0.5 (34).

Lee et al. Page 5

Radiat Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
Data are presented as the mean ± SEM and the CE for the mean of individual estimates of
all stereological group data are also reported. A two-way analysis of variance (ANOVA)
was used to detect a drug (ramipril) effect, a radiation effect, and any interaction (drug ×
radiation) effects. Bonferroni and Student-Newman-Keuls tests were used for the pairwise
comparisons (controlling for multiple comparisons). All analyses were performed using
Graphpad Prism (La Jolla, CA) and/or SAS (Cary, NC) software.

RESULTS
All animals appeared healthy during the study. Data analysis of the body weights
determined 28 weeks after irradiation revealed a significant effect of both fractionated
whole-brain irradiation (F(1.70) = 4.38, P = 0.040) and ramipril (F(1.70) = 11.69, P = 0.001),
as well as a significant interaction effect (F(1.70) = 7.46, P = 0.008). Bonferroni posttest
analysis showed no significant difference in body weight between the fractionated whole-
brain irradiation, sham-irradiated, or fractionated whole-brain irradiation + ramipril animals.
The mean body weights (± SEM) for these groups measured 28 weeks after irradiation were
485.7 ± 9.9 g, 490.3 ± 5.9 g, and 480.8 ± 6.8 g, respectively. However, the mean body
weight in the sham-irradiated + ramipril rats of 446.5 ± 5.8 g was significantly lower (P <
0.05) compared with the other groups (see Supplementary Material S1;
http://dx.doi.org/10.1667/RR2731.1.S1).

Perirhinal cortex-dependent cognitive function was determined 26 weeks after the
completion of fractionated whole-brain irradiation. Data analysis using two-way ANOVA
showed that there was no significant difference in E2 (the total time spent exploring both
objects in the test phase) between any of the groups: radiation (F(1,70) = 0.76, P = 0.388);
ramipril (F(1,70) = 0.17, P = 0.682); and interaction (F(1,70) = 0.06, P = 0.812). Values
(seconds) were 23.00 ± 1.94 (sham irradiation), 21.78 ± 1.93 (fractionated whole-brain
irradiation), 24.26 ± 2.14 (sham + ramipril), and 22.10 ± 1.70 (fractionated whole-brain
irradiation + ramipril). All rats showed a preference for exploring the novel object during the
test phase. However, the fractionated whole-brain irradiation rats spent significantly more
time investigating the familiar object (A3) compared to the sham-irradiated group
(interaction effect: F(1,70) = 4.351, P = 0.041; Bonferroni P < 0.05; no significant main
effects of radiation (F(1,70) = 3.189, P = 0.079) or ramipril (F(1,70) = 1.083, P = 0.302),
which indicates that they were impaired in discriminating the novel from the familiar object
compared to the other groups (see Supplementary Material S2;
http://dx.doi.org/10.1667/RR2731.1.S2). Analyzing the D1 (B1–A3) values revealed no
effect of ramipril (F(1,70) = 2.02, P = 0.160) and no interaction between fractionated whole-
brain irradiation and ramipril (F(1,70) = 2.02, P = 0.160). However, there was a significant
radiation effect (F(1,70) = 7.08, P = 0.010), due to the fractionated whole-brain irradiation
rats exploring the familiar object (A3) longer. The mean D1 value for fractionated whole-
brain irradiation rats was 8.89 ± 1.02, which was significantly less than that observed in the
other groups [14.79 ± 1.34 (sham), 14.79 ± 1.92 (sham + ramipril) and 13.0 ± 1.30
(fractionated whole-brain irradiation + ramipril)]. Analyzing the discrimination ratio data
revealed a ramipril × fractionated whole-brain irradiation interaction (F(1.70) = 7.35, P =
0.008). Consistent with previously published results for this rat model (10, 20), fractionated
whole-brain irradiation significantly reduced perirhinal cortex-dependent cognitive function
(Fig. 1, Bonferroni, P < 0.05). Continuous administration of ramipril in the drinking water
before, during, and after fractionated whole-brain irradiation prevented this reduction in
cognitive function without any significant effect on the cognitive function of the sham-
irradiated controls (Fig. 1; two-way ANOVA: fractionated whole-brain irradiation effect
F(1.70) = 8.58, P = 0.005; ramipril effect F(1.70) = 1.20, P = 0.276; no significant difference
between sham and sham + ramipril: Bonferroni, P > 0.05).
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No significant change in the number of Iba1+ cells/mm3 (total microglia) was measured in
the dentate gyrus in any of the groups 28 weeks after fractionated whole-brain irradiation
(Fig. 2A; two-way ANOVA: fractionated whole-brain irradiation effect F(1.12) = 4.23, P =
0.062; ramipril effect F(1.12) = 2.48, P = 0.141; ramipril × fractionated whole-brain
irradiation F(1.12) = 1.42, P = 0.257; coefficient of error: sham = 0.03, fractionated whole-
brain irradiation = 0.03, sham + ramipril = 0.03, fractionated whole-brain irradiation +
ramipril = 0.03). As expected (35), expressing the data as the percentage of total microglia
that were activated revealed that, (1) fractionated whole-brain irradiation led to a significant
increase in the percentage of activated microglia, and (2) this increase was prevented by
continuous administration of ramipril (Fig. 2B: two-way ANOVA: fractionated whole-brain
irradiation effect F(1.12) = 5.65, P = 0.035; ramipril effect F(1.12) = 14.68, P = 0.002; ramipril
× fractionated whole-brain irradiation F(1.12) = 16.74, P = 0.002). In contrast, no significant
difference in microglial activation or in the percentage of microglia that were activated in
the perirhinal cortex, was measured between any of the treatment and sham-irradiation
groups (Fig. 3; two-way ANOVA: fractionated whole-brain irradiation effect F(1.12) = 0.48,
P = 0.500; ramipril effect F(1.12) = 5.32, P = 0.040; ramipril × fractionated whole-brain
irradiation F(1.12) = 2.26, P = 0.159, Bonferroni group comparisons P > 0.05; coefficient of
error: sham = 0.07, fractionated whole-brain irradiation = 0.07, sham + ramipril = 0.06,
fractionated whole-brain irradiation + ramipril = 0.05). Additionally there was no significant
difference in the total number of microglia (Iba1+) in the perirhinal cortex (two-way
ANOVA: fractionated whole-brain irradiation F(1.12) = 0.18, P = 0.6814; ramipril effect
F(1.12) = 0.9, P = 0.7656; ramipril × fractionated whole-brain irradiation F(1.12) = 0.43, P =
0.5243, coefficient of error = 0.07 for all groups).

Immature neurons (DCX+ cells) were quantified within the granular cell layer/subgranular
zone as an indirect marker of neurogenesis, since not all newborn neurons are incorporated
into functional networks (36). There was an effect of fractionated whole-brain irradiation
(F(1.12) = 53.33, P < 0.0001), but no effect of ramipril (F(1.12) = 0.23, P = 0.642) and no
ramipril and fractionated whole-brain irradiation interaction (F(1.12) = 0.19, P = 0.674). A
significant decrease in neurogenesis was measured in fractionated whole-brain irradiation
rats compared to sham-irradiated rats. Continuous administration of ramipril did not prevent
this fractionated whole-brain irradiation-induced decrease in neurogenesis (Fig. 4;
coefficient of error: sham = 0.08, fractionated whole-brain irradiation = 0.32, sham +
ramipril = 0.07, fractionated whole-brain irradiation + ramipril = 0.26).

With respect to plasma Ang I levels, a two-way ANOVA showed no interaction between
ramipril and fractionated whole-brain irradiation (F(1.20) = 3.29, P = 0.085). Also, no
significant difference in the plasma level of Ang I was observed between fractionated
whole-brain irradiation and sham-irradiated rats that did not receive ramipril (Fig. 5A;
F(1.20) = 2.67, P = 0.118). However, continuous administration of ramipril significantly
increased the plasma Ang I level in sham-irradiated rats and fractionated whole-brain
irradiation rats (Fig. 5A; F(1.20) = 27.37, P = 0.0001). Two-way ANOVA showed no
significant interaction between ramipril and fractionated whole-brain irradiation, and neither
fractionated whole-brain irradiation or ramipril significantly altered plasma levels of Ang II
(Fig. 5B; two-way ANOVA fractionated whole-brain irradiation F(1.20) = 3.21, P = 0.088;
ramipril effect F(1.20) = 0.06, P = 0.811; ramipril × fractionated whole-brain irradiation
F(1.20) = 0.00, P = 0.980). There was also no significant interaction between ramipril and
fractionated whole-brain irradiation in terms of plasma Ang-(1–7) levels (Fig. 5C, F(1.20) =
1.01, P = 0.327). However, fractionated whole-brain irradiation produced a significant
decrease in the plasma Ang-(1–7) level compared to the level in sham-irradiated rats (Fig.
5C, F(1.20) = 11.28, P = 0.003). Continuous administration of ramipril returned the plasma
Ang-(1–7) level in the fractionated whole-brain irradiation rats to the level in sham-
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irradiated rats, but not to the level in the sham-irradiated rats receiving ramipril (Fig. 5C,
F(1.20) = 10.48, P = 0.004).

In contrast, no significant differences in Ang peptide levels were observed in the cerebral
cortex of the rats from any of the groups [Fig. 6; two-way ANOVA: (Ang I: fractionated
whole-brain irradiation F(1.18) = 0.02, P = 0.884; ramipril effect F(1.18) = 0.50, P = 0.487;
ramipril × fractionated whole-brain irradiation F(1.18) = 4.66, P = 0.045), (Ang II:
fractionated whole-brain irradiation F(1.18) = 0.03, P = 0.863; ramipril effect F(1.18) = 0.00, P
= 0.969; ramipril × fractionated whole-brain irradiation F(1.18) = 1.11, P = 0.305), (Ang-(1–
7): fractionated whole-brain irradiation F(1.18) = 0.05, P = 0.823; ramipril effect F(1.18) =
0.69, P = 0.418; ramipril × fractionated whole-brain irradiation F(1.18) = 2.90, P = 0.106].

DISCUSSION
In our model of radiation-induced brain injury in young adult male rats, continuous
administration of the angiotensin-converting enzyme inhibitor, ramipril, before, during, and
after fractionated whole-brain irradiation prevented the decline in perirhinal cortex-
dependent cognitive function measured 26 weeks after fractionated whole-brain irradiation.
Continuous administration of ramipril also prevented the radiation-induced increase in
activated microglia in the dentate gyrus, but had no effect on the radiation-induced decrease
in hippocampal neurogenesis. Moreover, ramipril treatment increased systemic levels of
Ang 1, and prevented the fractionated whole-brain irradiation-induced decrease in plasma
Ang-(1–7) levels, indicating effective angiotensin-converting enzyme inhibition. Thus,
chronic administration of ramipril in the young adult male rat appears to prevent the
fractionated whole-brain irradiation-induced impairment in perirhinal cortex-dependent
cognitive function.

Chronic renin-angiotensin system blockade using the angiotensin-converting enzyme
inhibitor, ramipril, was well tolerated, with no apparent morbidity evident in any of the
experimental groups. Body weight was reduced by ~8.0% in the sham-irradiation + ramipril
rats compared with the other groups. This ramipril-mediated reduction in body weight
confirms previous reports showing that chronic administration of angiotensin-converting
enzyme inhibitors results in weight loss in rats (37, 38). This reduction in weight gain seen
with chronic renin-angiotensin system blockade does not appear to reflect changes in food
intake, but rather inhibition of an age-related increase in body weight due to improvements
in metabolic function (39) and/or a decrease in body adiposity (38).

Previous studies in the kidney and, to a lesser extent the lung have provided clear evidence
that renin-angiotensin system blockade using either angiotensin-converting enzyme
inhibitors or AT1RA can prevent/ameliorate radiation-induced late effects (40). Given the
presence of a functioning brain renin-angiotensin system (41) and its importance in normal
cognitive processing and potential treatment of dysfunctional memory disease states (42,
43), the use of renin-angiotensin system blockers in the treatment of radiation-induced brain
injury, including cognitive impairment, appears logical (18). Indeed, a key role for the brain
renin-angiotensin system in the development of dyscirculatory encephalopathy in Chernobyl
cleanup workers has been recently proposed (44). Using a rat model of radiation-induced
optic neuropathy, Kim et al. (19) were the first to demonstrate ramipril-mediated
neuroprotection against late radiation-induced brain injury. Administering ramipril (1.5 mg/
kg/day) to young adult male F344 rats starting 2 weeks after stereotactic irradiation (30 Gy)
of the optic nerves and chiasm and, for 6 months after irradiation, mitigated the severity of
functional and histologic optic nerve damage. Of interest, delaying the start of ramipril
administration until 4 weeks after irradiation failed to prevent radiation-induced injury,
which suggests that effective mitigation with ramipril necessitates early administration of
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the drug (45). More recent studies have shown that ramipril produced modest protection
against whole-brain irradiation-induced decreases in neurogenesis, but did not modulate
radiation-induced neuroinflammation, which was assessed in terms of microglial activation
(46).

The current findings extend the above observations, and demonstrate for the first time that
ramipril can prevent fractionated whole-brain irradiation-induced impairment in perirhinal
cortex-dependent cognitive function (Fig. 1). It should be noted that the degree of cognitive
impairment observed 26 weeks after fractionated whole-brain irradiation is subtle. However,
we have previously reported that fractionated whole-brain irradiation leads to a chronic,
progressive decline in cognitive function assessed using the novel object recognition task,
such that by 52 weeks after fractionated whole-brain irradiation, the animals no longer
exhibit a preference for either object (20). It remains unclear as to whether the prevention of
fractionated whole-brain irradiation-induced impairment in perirhinal cortex-dependent
cognitive function seen at 26 weeks reflects permanent protection or a delayed response that
might appear at later times. Although this will require additional studies, previous findings
using the AT1RA, L-158,809 suggest that renin-angiotensin system blockade prior to,
during, and for only 5 weeks after fractionated whole-brain irradiation, was sufficient to
prevent perirhinal cortex-dependent cognitive impairment determined 26 weeks after
irradiation (20). These findings also confirm the ability of angiotensin-converting enzyme
inhibitors to modulate memory and learning. In preclinical studies, angiotensin-converting
enzyme inhibitors have been shown to improve learning and memory in aged rats (47), as
well as enhance memory learned by fear or habituation (48). In contrast, intra-hippocampal
infusion of Ang II in rats induces amnesia (49). Clinically, angiotensin-converting enzyme
inhibitors improve cognitive function in essential hypertensive patients independent of their
effects on blood pressure (50), and stabilize cognitive function in patients with mild
cognitive impairment (51). However, the specific mechanism(s) involved in this
angiotensin-converting enzyme inhibitor-mediated modulation of cognitive function remains
unclear.

In contrast to the previous report (19), the current study indicated that ramipril treatment
prevented the increased microglial activation measured in the dentate gyrus 28 weeks after
fractionated whole-brain irradiation (Fig. 2). This may reflect differences in the timing of
ramipril administration. In the previous study, ramipril dosing was started 24 h after whole-
brain irradiation (19). Whereas, in the current study the drug was administered before,
during, and after fractionated whole-brain irradiation. It may also reflect differences in the
degree of neuroinflammation that occurs after single-dose and fractionated whole-brain
irradiation. Our unpublished data indicate that a range of single whole-brain irradiation
doses results in a greater increase in activated microglia in the dentate gyrus determined 2
months after irradiation compared with that observed in rats irradiated with a range of
biologically equivalent fractionated whole-brain irradiation doses.

The mechanism by which angiotensin-converting enzyme inhibition leads to a decrease in
radiation-induced microglial activation is not fully understood. Angiotensin II plays a major
role in inflammation in several tissues, including the brain (21), through, in part, binding to
AT1 receptors with resultant activation of NADPH oxidases and reactive oxygen species
production (52). In vitro studies indicate that Ang II enhances the lipopolysaccharide (LPS)-
induced activation of primary rat microglial cells, and that incubating the cells with an
AT1RA prevents this activation, in part through suppressing NFκB and AP-1 activation (53,
54). Similarly, administration of the AT1RA, candesartan, which can cross the blood-brain
barrier, reduced LPS-induced microglial activation and pro-inflammatory cytokines in the
young adult male rat brain (53). Given the well-documented pro-inflammatory actions of
Ang II, it is possible that the ramipril-mediated prevention of the fractionated whole-brain
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irradiation-induced increase in microglial activation in the dentate gyrus seen in the current
study reflects inhibition of Ang II-mediated microglial activation. However, elucidating the
precise mechanisms involved in the ramipril-mediated inhibition of radiation-induced
neuroinflammation requires additional investigations.

A fractionated whole-brain irradiation-induced increase in microglial activation has also
been reported in the perirhinal cortex (35). However, we did not detect any significant
change in the number of activated microglia in the perirhinal cortex following fractionated
whole-brain irradiation (Fig. 3). This might reflect differences in the rat strains. The current
study used F344 rats while our previous study used F344 × BN rats. The lack of microglial
activation in the perirhinal cortex of fractionated whole-brain irradiation rats suggests that
the concomitant decrease in perirhinal cortex-dependent cognitive function observed 26
weeks after irradiation did not result from increased neuroinflammation. However,
additional studies are needed to assess other aspects of the microglial phenotype, including
production of anti-inflammatory mediators and/or trophic factors (55) that might provide a
mechanistic link between ramipril and modulation of fractionated whole-brain irradiation-
induced perirhinal cortex-dependent cognitive impairment.

Given that Ang II receptors can influence cell proliferation and neuronal differentiation (56),
it is reasonable to hypothesize that renin-angiotensin system blockade might modulate the
radiation-induced reduction in neurogenesis observed in the dentate gyrus. However, we did
not observe any effect of ramipril on the fractionated whole-brain irradiation-induced
reduction in neurogenesis, which confirms previous observations using this adult rat model
of fractionated whole-brain irradiation (35). Although a previous study has noted that
ramipril ameliorated a (10 Gy) radiation-induced reduction in neurogenesis in the rat brain,
the effect was modest and was not observed after 15 Gy whole-brain irradiation (46).

Since ramipril can mitigate the severity of radiation-induced optic neuropathy (19, 45),
prevention of the fractionated whole-brain irradiation-induced impairment in performance
on the perirhinal cortex-dependent novel object recognition task reported here might reflect
a drug effect on the optic apparatus. However, previous histologic studies have failed to
demonstrate any gross evidence of optic nerve lesions following fractionated whole-brain
irradiation in this rat model (10, 20). Moreover, no loss of visual acuity was observed in this
study, which is consistent with previous reports in adult male rats exposed to total doses of
40 or 45 Gy of fractionated whole-brain irradiation (8, 57, 58). Thus, it seems unlikely that
the ability of ramipril to protect perirhinal cortex-dependent cognitive function after
fractionated whole-brain irradiation reflects modulation of optic nerve function.

We have previously hypothesized that renin-angiotensin system blockers act to prevent
radiation-induced brain injury by inhibiting an ongoing interaction between radiation and the
pro-inflammatory Ang II peptide (59). However, recognition of the growing complexity of
the renin-angiotensin system, as well as the functional relevance of other Ang peptides,
particularly Ang-(1–7) (60) point to a need to update this working model. Ang-(1–7) is a
recently identified Ang peptide that plays important physiologic roles by binding to the Mas
receptor and counterbalancing the actions of Ang II through its vasodilator, anti-
proliferative, anti-fibrotic, and anti-inflammatory properties (61, 62).

Ang-(1–7) is formed from Ang I or Ang II by several endopeptidases and
carboxypeptidases, including ACE-2 (60). During angiotensin-converting enzyme inhibition
or Ang receptor blockade, plasma Ang-(1–7) levels and cardiac ACE-2 mRNA expression
(28) increase, suggesting that the beneficial effects of renin-angiotensin system blockade
may be due, in part, to a shift in the renin-angiotensin system from the ACE-Ang II-AT1R
axis to the ACE-2-Ang-(1–7)-Mas receptor axis (63). Indeed, we observed a marked
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increase in systemic levels of Ang I and Ang-(1–7) in our rats treated with ramipril. Of
interest, fractionated whole-brain irradiation resulted in a decrease in plasma Ang-(1–7)
levels that was prevented in the fractionated whole-brain irradiation rats receiving ramipril.
Although we did not detect any change in cerebral cortex Ang peptide levels, this may
reflect regional differences in response. Analysis of renin-angiotensin system components in
the dorsomedial medulla of male F344 rats treated with L-158,809 for 1 year revealed a
significant increase in the mRNA of the enzymes ACE-2 and neprilysin, as well as the Mas
receptor (64). Thus, continuous renin-angiotensin system blockade may activate enzymes
and receptors that would shift the balance from Ang II to Ang-(1–7), and thereby counteract
the pathogenic function of Ang II in the irradiated brain and enhance production of Ang-(1–
7), which itself is implicated in enhancing learning and memory (65). Defining the putative
role of Ang-(1–7) as a modulator of radiation-induced cognitive impairment is a focus of
ongoing studies.

In summary, continuous administration of the angiotensin-converting enzyme inhibitor,
ramipril, before, during, and after completion of fractionated whole-brain irradiation
prevented the radiation-induced perirhinal cortex-dependent cognitive impairment measured
by the novel object recognition task 26 weeks after irradiation. The pathogenic
mechanism(s) involved remain(s) unclear. However, given these characteristics of
angiotensin-converting enzyme inhibitors are, (1) well-tolerated drugs routinely prescribed
for hypertension and cardiovascular disease (66), (2) selectively modulate radiation-induced
normal tissue injury without altering tumor response (67), and (3) may enhance cancer
therapies (68), they appear to be promising drugs for future clinical trials aimed at
improving the survival and quality of life of brain tumor patients treated with radiotherapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Administration of the angiotensin-converting enzyme-inhibitor, ramipril, to young adult
male F344 rats before, during, and after fractionated whole-brain irradiation prevents
radiation-induced perirhinal-cortex-dependent cognitive impairment measured by the
perirhinal-cortex-dependent version of the novel object recognition task. Rats received either
sham irradiation (Sham), 40 Gy of fractionated whole-brain irradiation (fWBI), sham
irradiation + 15 mg/L of ramipril in the drinking water (Sham + Ram), or 40 Gy of
fractionated whole-brain irradiation + ramipril (fWBI + Ram). Ramipril was continuously
administered to the rats starting 3 days before the beginning of fractionated whole-brain
irradiation. Cognitive function was assessed 26 weeks after completion of fractionated
whole-brain irradiation. Data represent the mean ± SEM; n = 20/group; *P < 0.05.
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FIG. 2.
Ramipril decreases radiation-induced microglial activation in the dentate gyrus of the
hippocampus. The number of microglia/mm3 was unchanged after fractionated whole-brain
irradiation (fWBI) (panel A). The percentage of activated microglia (panel B) increased after
fractionated whole-brain irradiation. Administering ramipril prevented these increases. Rats
received either sham irradiation (Sham), 40 Gy of fractionated whole-brain irradiation
(fWBI), sham irradiation +15 mg/L of ramipril in the drinking water (Sham + Ram), or 40
Gy of fractionated whole-brain irradiation + ramipril (fWBI + Ram). Ramipril was
continuously administered to the rats starting 3 days before the beginning of fractionated
whole-brain irradiation. Data represent the mean ± SEM; n = 4 rats/group; **P < 0.01.
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FIG. 3.
Fractionated whole-brain irradiation and/or ramipril treatment fails to alter total number of
microglia (panel A) as well as microglial activation (panel B) in the perirhinal cortex. Rats
received either sham irradiation (Sham), 40 Gy of fractionated whole-brain irradiation
(fWBI), sham irradiation +15 mg/L of ramipril in the drinking water (Sham + Ram), or 40
Gy of fractionated whole-brain irradiation + ramipril (fWBI + Ram). Ramipril was
continuously administered to the rats starting 3 days before the beginning of fractionated
whole-brain irradiation. Data represent the mean ± SEM; n = 4 rats/group.

Lee et al. Page 18

Radiat Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 4.
Ramipril does not prevent the fractionated whole-brain irradiation-induced decrease in
hippocampal neurogenesis. The marked reduction in the number of immature neurons
(DCX+) in the dentate gyrus after fractionated whole-brain irradiation determined 28 weeks
after fractionated whole-brain irradiation was not modulated by continuous administration of
ramipril. Rats received either sham irradiation (Sham), 40 Gy of fractionated whole-brain
irradiation (fWBI), sham irradiation +15 mg/L of ramipril in the drinking water (Sham +
Ram), or 40 Gy of fractionated whole-brain irradiation + ramipril (fWBI + Ram). Ramipril
was continuously administered to the rats starting 3 days before the beginning of
fractionated whole-brain irradiation. Data represent the mean ± SEM; n = 4 rats/group; **P
< 0.01, ***P < 0.001.
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FIG. 5.
Continuous administration of ramipril results in a significant increase in plasma Ang I and
Ang-(1–7), but not Ang II. Panel A: Ang I levels; panel B: Ang II levels; panel C: Ang-(1–
7) levels. Rats received either sham irradiation (Sham), 40 Gy of fractionated whole-brain
irradiation (fWBI), sham irradiation +15 mg/L of ramipril in the drinking water (Sham +
Ram), or 40 Gy of fractionated whole-brain irradiation + ramipril (fWBI + Ram). Ramipril
was continuously administered to the rats starting 3 days before the beginning of
fractionated whole-brain irradiation. Data represent mean ± SEM; n = 6 rats/group; * P <
0.05.
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FIG. 6.
Continuous administration of ramipril does not significantly alter the levels of angiotensin
peptides in the cerebral cortex. Panel A: Ang I levels; panel B: Ang II levels; panel C: Ang-
(1–7) levels. Rats received either sham irradiation (Sham), 40 Gy of fractionated whole-
brain irradiation (fWBI), sham irradiation +15 mg/L of ramipril in the drinking water (Sham
+ Ram), or 40 Gy of fractionated whole-brain irradiation + ramipril (fWBI + Ram). Ramipril
was continuously administered to the rats starting 3 days before the beginning of
fractionated whole-brain irradiation. Cognitive function was assessed 26 weeks after
completion of fractionated whole-brain irradiation. Data represent mean ± SEM; n = 6 rats/
group.
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