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Abstract

Testosterone has been shown to have dose-dependent effects on spatial memory in males, but the
effects of aging upon this relationship remain unclear. Additionally, the mechanism by which
testosterone regulates memory is unknown, but may involve changes in brain-derived neurotrophic
factor (BDNF) within specific brain regions. We tested the effects of age and testosterone on
spatial memory among male rats using two spatial memory tasks: an object-location memory task
(OLMT) and the radial-arm maze (RAM). Castration had minimal effect on performance on the
RAM, but young rats (2 months) performed significantly fewer working memory errors than aged
rats (20 months), and aged rats performed significantly fewer reference memory errors. Both age
and castration impaired performance on the OLMT, with only the young rats with intact gonads
successfully performing the task. Subsequent experiments involved daily injections of either drug
vehicle or one of four doses of testosterone propionate (0.125, 0.250, 0.500, and 1.00 mg/rat)
given to castrated aged males. On the RAM, a low physiological dose (0.125 mg) and high doses
(0.500-1.000 mg) of testosterone improved working memory, while an intermediate dose (0.250
mg) did not. On the OLMT, only the 0.250 mg T group showed a significant increase in
exploration ratios from the exposure trials to the testing trials, indicating that this group
remembered the position of the objects. Brain tissue (prefrontal cortex, hippocampus, and
striatum) was collected from all subjects to assay BDNF. We found no evidence that testosterone
influenced BDNF, indicating that it is unlikely that testosterone regulates spatial memory through
changes in BDNF levels.
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1. Introduction

Reduced endogenous testosterone may be an important contributor to age-related memory
loss in men (Handelsman et al., 2015). Testosterone decline begins as early as age 30, and
hypogonadism occurs in 20% of men 60-69 year olds and in 50% of men over 80 (Feldman
et al., 2002). Numerous studies have shown a positive correlation between testosterone
levels and cognitive ability in older men, including better spatial memory, suggesting that a
reduction in testosterone levels may be partially responsible for age-related memory deficits
in men (Barrett-Connor et al., 1999; Yaffe et al., 2002; Moffat et al., 2002). Additionally,
testosterone reduction through age-related hypogonadism or artificial androgen deprivation
has been identified as a risk factor for dementia (Lv et al., 2016; Nead et al., 2017).
Testosterone supplementation improved spatial memory among patients with Alzheimer’s
disease or mild cognitive impairment (Cherrier et al., 2005; Tan and Pu, 2003), but the
benefits of androgen replacement therapies have been inconsistent (Kenny et al., 2004; Lu et
al., 2006). Studies with healthy older men have also produced mixed results regarding the
effects of androgen supplementation on cognitive ability (Cherrier et al., 2001; Vaughan et
al., 2007; Wolf et al., 2000). These discrepancies may be due to differences among studies in
the duration of hormone exposure, doses of testosterone used, and the specific aspects of
spatial memory tested. Controlled experiments with animal models provide a useful way to
disentangle these variables.

Spatial memory is one cognitive process that seems to be particularly influenced by both
circulating testosterone and aging (Holland et al., 2011). Involving aspects of procedural,
declarative, as well as both short-term and long-term memory, spatial memory is the process
of recognizing, encoding, storing, and recalling spatial information about surroundings,
positions of objects, or specific routes (Moscovitch et al., 2006). Testosterone seems to
differentially influence the working and reference components of spatial memory. Working
memory is a form of short-term memory that involves storage of relevant information while
completing a specific task, whereas reference memory involves long-term storage of
information from one task to be used for the next task (Cowan, 2008). Using a rat model, we
recently demonstrated that testosterone enhances spatial working memory but has no effect
on spatial reference memory (Wagner et al., 2018), which corroborates previous findings
(Bimonte-Nelson et al., 2003; Gibbs and Johnson, 2008; Spritzer et al., 2011, 2008).
However, experiments using the object location memory task (OLMT) suggest that
testosterone influences some forms of long-term memory. Specifically, testosterone
replacement was shown to improve spatial memory among castrated young adult male rats
on the OLMT following both a 30 min retention period (McConnell et al., 2012) and a2 h
retention period (Jacome et al., 2016; Wagner et al., 2018). Thus, the length of the retention
period may be a critical variable influencing the memory-enhancing effects of testosterone.
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Considerable evidence from studies with humans and rodents suggests that the relationship
between circulating testosterone levels and spatial memory is non-linear (Muller et al., 2005;
Nowak et al., 2014). Testing male rats on the Morris Water Maze (MWM), we previously
demonstrated that certain doses of testosterone (0.250 and 1.00 mg/rat) impaired reversal
learning (Spritzer et al., 2011). Using other memory tasks (RAM and OLMT), we
demonstrated that high and low physiological doses of testosterone (0.125 and 0.500 mg/rat)
improved spatial memory, whereas an intermediate dose (0.250 mg/rat) did not (Wagner et
al., 2018). Another study with rats suggested a curvilinear relationship between testosterone
and spatial reference memory, with a high physiological dose (0.750 mg/rat) of testosterone
optimal for performance (Jia et al., 2013). Administering supra-physiological doses of
testosterone has either no effect on memory (Gibbs, 2005) or impairs spatial memory
(Emamian et al., 2010). Additionally, human studies suggest that the optimal level of
testosterone for spatial memory varies with age (Holland et al., 2011), but this hypothesis
has yet to be tested experimentally.

The physiological mechanism by which testosterone influences spatial memory remains
unknown. The hippocampus, striatum, and prefrontal cortex have all been implicated in
spatial memory (Compton et al., 1997; Liljeholm and O’Doherty, 2012), making them
potential direct targets for testosterone. The hippocampus is essential for place learning (i.e.,
the processing of information about the positions of environmental cues relative to a goal
and one’s own position), whereas the striatum is essential for response learning (i.e., the use
of stimulus-response relationships to locate a goal). Initially, both the hippocampus and
striatum are engaged in parallel to solve a spatial task, and then the striatum becomes more
important as the task becomes habitual (Chang and Gold, 2003; Jacobson et al., 2012;
Packard and McGaugh, 1996). The pre-frontal cortex seems to be more involved in response
learning, and is specifically engaged during spatial working memory tasks to plan the next
choice (de Bruin et al., 1997; Floresco et al., 1997). Evidence suggests that the pre-frontal
cortex is not essential for performance on the OLMT (Chao et al., 2016) but is employed in
parallel with other brain regions for solving RAM tasks (Floresco et al., 1997; Kolb et al.,
1994). Due to its critical role in neural plasticity in spatial cognition, brain-derived
neurotrophic factor (BDNF) could play a key role in the connection between and
testosterone cognitive processing in select brain regions (Egan et al., 2003; Tyler et al.,
2002). Some evidence indicates that male rats have higher hippocampal levels of BDNF than
do females (Franklin and Perrot-Sinal, 2006). Although BDNF levels have been found to
decrease with age in male rats, this decline does not seem to correlate with age-related
changes in testosterone (Bimonte-Nelson et al., 2008). Consequently, the relationship
between testosterone and BDNF remains unclear and, therefore, merits further investigation.

Few past studies have tested the effects of testosterone on spatial memory in aged rodents
(Bimonte-Nelson et al., 2003; Goudsmit et al., 1990), and none have used a broad dose
range. Building upon our past research with young rats (Wagner et al., 2018), the present
study tested the effects of both age and testosterone dose on spatial memory. Initial
experiments tested the effects of castration and age by comparing the performance of 20-
month-old and 2-month-old male rats on the RAM and OLMT. Subsequent experiments
used the same tasks to test the cognitive effects of testosterone replacement on aged males.
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We also quantified BDNF levels in the hippocampus, striatum, and prefrontal cortex to
assess a possible mechanistic link between testosterone and BDNF.

2. Materials and methods

2.1 Subjects

Young (2 months) and aged (20-22 months) Fischer 344 rats were obtained from the Aged
Rodent Colony within National Institute on Aging (Bethesda, MD, USA). Rats were either
pair housed or triple housed in opaque polypropylene cages (21 x 42 x 21 cm) filled with
Tek-Fresh bedding (Harlan Laboratories, Indianapolis, IN, USA). Animals had free access to
tap water from glass bottles and were fed a soy-protein-free rodent diet (Harlan Teklad Diet
2020X). Housing rooms and testing rooms were maintained at constant temperature (24+5
°C) and humidity (50% humidity) with a 12:12 hour light-dark cycle (lights on at 0700 h
EST). All animal procedures were approved by the Middlebury College Institutional Animal
Care and Use Committee (IACUC) and were carried out in accordance with the ethical
guidelines set by the National Institutes of Health.

Rats were operated on following aseptic technique under isoflurane anesthesia (3.5% in
oxygen during induction; 2.0-3.0% in oxygen during maintenance). Just prior to surgery,
animals were injected with analgesic (Ketofen, 5 mg/kg body mass, s.c.). For castration
surgeries, both testes were removed through a single incision at the posterior end of the
scrotum and then cauterized and ligated with chromic gut suture material. Sham castrations
involved incisions into the skin and muscular sheath without removal of the testes. For all
surgeries, the muscle and skin layers were closed with chromic gut sutures and nylon
sutures, respectively. Directly following surgeries, topical antibiotic was applied to the
surgical site and subjects were administered an injection of lactated Ringer’s solution (10
ml/kg, s.c.). An additional Ketofen injection (5 mg/kg) was administered within 24 h or
surgery.

2.2 Apparatus

Radial-arm maze (RAM) testing was conducted in a 250 x 280 cm room with dim lighting
(50 lux). The RAM consisted of eight polycarbonate arms (57 x 10 cm) radiating out of a
central platform (115 cm diameter) 54 cm above the floor. Reward cups (1.5 cm height) at
the end of each arm prevented rats from seeing the reward pellets until they reached the end
of an arm. Large, high-contrast posters were mounted on two adjacent walls as visual cues.
Following placement of the rat in the maze, the researcher remained in the same corner of
the room during all testing. To reduce intra-maze cues, the maze was rotated clockwise a
random number of arms (increments of 45°) each day before testing. The maze was wiped
with 70% ethanol between all trials.

The Object location memory task (OLMT) was conducted in a larger dimly lit room (85 lux)
in an open field arena that was an open-topped grey-painted polycarbonate box (100 x 100 x
46 cm) elevated 33 cm above the floor. A curtain separated the testing area (210 x 420 cm)
from the rest of the room. Two posters, used as visual cues, were mounted on two adjoining
walls. Immediately after placing animals in the arena for each trial, the researcher moved
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behind the curtain. The arena was wiped with 70% ethanol between all trials. All behavioral
data were recorded using a digital USB camera mounted on the ceiling above the arena and
interfaced with a video tracking program on a laptop computer (ANY-maze™ Video
Tracking System, 4.115; Stoelting Co., Wood Dale, IL, USA).

2.3 Experiment 1: RAM

Castrated (GDX) and Sham-castrated (Sham) rats were used for two sub-experiments
(Experiments 1A and 1B) on the RAM. For Experiment 1A, we tested the relative effects of
castration and age (2 months old vs. 20 months old) on spatial memory using four groups of
rats (7= 10-12/group): Old/Sham, Old/GDX, Young/Sham, and Young/GDX. For
Experiment 1B, we divided 20-month-old rats into six groups (/7= 12/group). Sham-
castrated and castrated control groups received daily s.c. injections of 0.1 ml sesame oil (QOil
Sham and Oil GDX). The other treatment groups were all castrated and received daily s.c.
injections of one of four doses (mg/rat) of testosterone propionate (Sigma-Aldrich, St. Louis,
MO) dissolved in 0.1 ml of sesame oil: 0.125, 0.250, 0.500, and 1.000 mg T. The rats used
for Experiment 1B had an average body mass of 435.7 + 3.43 g just prior to starting
injections, and there was no significant difference in mass among the treatment groups (p =
0.10). These doses produce serum testosterone concentrations ranging from physiological to
supra-physiological levels (Wagner et al., 2018). All injections were performed in the
morning (0800-1000 h), approximately 4 h before the start of each testing session.
Injections began 15-16 days after surgery and continued until the day of euthanasia (Table
1). Seven days of injections were given prior to the start of any behavioral testing (Spritzer et
al., 2011b).

Following a seven-day surgery recovery period, rats were handled for 4-5 min per day for
four days. Subjects were placed on food restriction (85% of free-feeding body mass) starting
7-8 days after surgery and continuing through the day of euthanasia. The first day of maze
habituation began after one week of food restriction (i.e., 15-16 days after castration
surgeries). Dustless reward pellets (45 mg; Bio-Serv, Frenchtown, NJ) were used to motivate
rats on the maze. Our protocol consisted of two habituation days, 4-5 shaping days, and 25
consecutive testing days. Each rat was tested in the afternoon (1200-1700 h) by first placing
it in the center of the maze. An arm entry was scored when the rat’s hind legs passed from
the center of the maze into an arm. During maze habituation, rats were allowed to explore
the maze for 5 min on the first day and 10 min on the second day. No reward pellets were
present on the maze during habituation. Subjects received 10 reward pellets in their home
cages during each day of habituation and shaping. During the first day of shaping, three
reward pellets were placed at equidistant intervals along all eight maze arms, and one pellet
was placed in each reward cup. On subsequent shaping days, the number of reward pellets
along each arm was reduced by one each day. If a rat had not entered every arm at least once
within the trial period (10 min maximum) by the end of the fourth shaping day, it was given
a fifth shaping day, and a rat was excluded from the experiment if it did not enter every arm
on the fifth shaping day. During testing days, rats were assigned a pseudo-random set of four
baited arms that remained consistent for all testing days, with no more than two adjacent
arms baited. At the beginning of each trial, a single reward pellet was placed in each of the

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jaeger et al.

Page 6

pre-determined goal cups, and the rat was placed in the center of the maze. A trial ended
when a rat had entered all four baited arms or 10 min had elapsed.

2.4 Experiment 2: OLMT

The OLMT measures an animal’s ability to remember the location of objects in space based
on exploration time. Two sub-experiments were run using the OLMT (Experiments 2A and
2B), involving groups identical to those described for Experiment 1. Experiment 2A tested
the effects of age and castration on spatial memory (7= 9-11/group), and Experiment 2B
tested the effects of testosterone dose on spatial memory using only aged rats (n = 9-13/
group). All injections were performed in the morning (0800-1000 h), and injections began 8
days after surgery and continued until the day of euthanasia (Table 1). The rats used for
Experiment 2B had an average body mass of 434.1 + 4.08 g just prior to starting injections,
and there was no significant difference in mass among the treatment groups (v = 0.62).

Rats were given a seven-day surgery recovery period and were handled for 4-5 min per day
during the last four days of recovery. Testing consisted of four habituation days, one OLMT
day, four more habituation days, and a second OLMT day. Habituation began between
0900-1300 h, while testing began between 1200-1300 h. Rats were placed in the center of
the box with the same orientation at the start of each trial. During habituation, rats were
allowed to explore the empty open field for 10 min. OLMT days involved an exposure trial
followed by a testing trial. For the two testing days, two separate pairs of identical objects
were used (weighted Nalgene containers of different shapes and colors). During each
exposure trial, one pair of identical objects was placed 20 cm from the back wall and nearest
side wall, and each rat was allowed to explore for 5 min. Once time expired, the rat was
removed and the box and objects were cleaned with the 70% ethanol. After an inter-trial
interval of 2 h, each rat was returned to the arena and allowed to explore the same objects
during a 3 min testing trial. For the testing trials, one of the two objects was moved to a
quadrant diagonal from the other object, with the location of the moved object (left or right
side) counterbalanced across treatments. A rat was considered to be exploring an object
when its nose was within 2 cm of the object for a least 1 s. Testing days were excluded for a
subject if: 1) the rat failed to explore both objects during the exposure trial, or 2) the rat
failed to explore at least one object during the testing trial. If a rat failed to meet these
criteria on both testing days, then it was eliminated from the experiment. If data from both
testing days were retained for a particular rat, then the data from the two days were
averaged.

2.5 Tissue assays

For Experiments 1B and 2B, testosterone injections were administered in the morning on the
day after the completion of behavioral testing, and tissue samples were collected in the
afternoon (1300-1600 h) for all experiments. Subjects were euthanized with a lethal i.p.
injection of Fatal-Plus (approximately 150 mg/kg of sodium pentobarbital; Vortech
Pharmaceuticals, Dearborn, MI). Blood was collected via heart puncture and placed in
Protein LoBind microcentrifuge tubes (Eppendorf, Hamburg, Germany) on ice. Immediately
following blood collection, brains were extracted and dissected into hippocampus, frontal
cortex, and striatum. For the cortex dissection, the olfactory bulbs were discarded and a
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section of cortex from approximately interaural 12.20 to the anterior tip of the brain was
collected (Paxinos and Watson, 1986). Samples were weighed, flash frozen in liquid
nitrogen, and stored at =80 °C. Blood was refrigerated overnight at 4 °C, centrifuged for 15
min at 2000 g, and serum was extracted and stored at —20 °C. To extract proteins from brain
tissue, samples were diluted with lysis buffer to 0.05 g/ml. The lysis buffer consisted of: 100
mM TrizmaHCI, 4 mM EDTA, 0.1% NaNs, 2% Triton X-100, 2% bovine serum albumin
(BSA), 0.1 mM phenylmethyl-sulphonyl fluoride (PMSF), and 2.5% by volume of a 10x
protease inhibitor cocktail (P-2714, Sigma-Aldrich). Final concentrations of protease
inhibitors from the cocktail were: 0.5 mM AEBSF, 0.075 pM aprotinin, 32.5 uM bestatin,
3.5 mM E-64, and 0.25 mM leupeptin. Tissue was fully homogenized in lysis buffer using a
hand-held homogenizer, centrifuged for 30 min at 14,000 g at 4 °C, and stored at —80 °C.

Serum testosterone was assayed in duplicate using a testosterone enzyme immunoassay
(EI1A) kit (MP Biomedicals Diagnostics Division, Solon, OH, USA). Absorbance was
measured at 450 nm by a microplate reader (Synergy HT; Biotek, Winooski, VT, USA). The
EIA kit detection limit was 0.05 ng/ml, and all samples below this limit were assigned a
concentration of 0 ng/ml. The testosterone antibody was noted to have minimal cross-
reactivity with other androgens (0.86-1.0%), and trace cross-reactivity with other steroids
(<0.05%). The mean intra-assay coefficient of variance for our samples was 12.6%, and the
inter-assay coefficient of variance reported by the manufacturer was < 8.4%.

Total brain-derived neurotrophic factor (BDNF) was assayed in duplicate using a
chromogenic ChemiKine™ BDNF sandwich enzyme-linked immunosorbent assay (ELISA)
kit (Millipore Corporation, Billerica, MA, USA). Extracts from the two hemispheres were
mixed 1:1 for each brain region (cortex, hippocampus, and striatum) and then diluted by half
using the kit’s diluent buffer. Absorbance was measured at 450 nm by a microplate reader
(Synergy HT). The mean intra-assay coefficient of variance for our samples was 5.47%, and
the inter-assay coefficient of variance reported by the manufacturer was < 8.5%.

2.6 Statistical analysis

Two types of memory errors were scored during testing trials on the RAM: reference
memory errors (RME), defined as first entries into non-baited arms, and working memory
errors (WME), defined as repeated entries into arms within a trial. We also scored working-
reference errors (WRE), a sub-set of WMEs defined as within-trial reentries into arms that
were never baited. The number of arm entries divided by the total amount of time a rat spent
on the maze per trial (arm entry rate) was used as an index of motivation and motor ability.
In general, the aged rats tended to reach the 10-min trial limit more frequently than what we
previously observed using young rats on the same testing protocol (Wagner et al., 2018).
Such trials are difficult to analyze because a rat that remained relatively immobile in the
maze for 10 min could make few errors, inaccurately suggesting that it had good memory.
Therefore, we developed exclusion criteria, which excluded data from relatively immobile
rats and retained data from mobile rats that reached the time limit due to poor memory.
Specifically, data from a particular trial were excluded from analyses if the entry rate
(entries/min) of a rat that reached the 10 min trial maximum was slower than one standard
deviation below the average entry rate of all rats on that day. A small number of such
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exclusions for a particular rat were unlikely to influence the results because the data were
analyzed in 5-day blocks. However, if a rat failed to meet entry rate criteria for 5 or more
days (20% of testing days), it was eliminated from the experiment entirely.

RAM data were divided into five 5-day testing blocks for analyses. The various types of
memory errors (WME, RME, and WRE) and entry rate (entries/min) were analyzed using
repeated measures analysis of variance (ANOVA), with trial block as the within-subjects
factor and treatment and age as the between-subjects factors. For each dependent variable,
all five blocks of trials were also analyzed individually using univariate ANOVAs.
Analyzing each block separately allowed us to detect subtle effects that may not have been
detected by the repeated-measures ANOVA.

For the OLMT experiments, the total distance traveled by rats during the first four
habituation trials was analyzed by repeated measures ANOVA, with habituation day as the
within-subjects factor and treatment as the between-subjects factor. Each day of habituation
was analyzed individually using a univariate ANOVA with treatment as the fixed factor.
Repeated measures ANOVA was used to compare the total exploration times of both objects,
with trial (exposure vs. testing) as a within-subjects effect and treatment and age as between-
subjects effects. An exploration ratio was calculated for each rat during both the exposure
trials (time exploring to-be-moved object/total time exploring both objects) and the testing
trials (time exploring moved object/total time exploring both objects). Paired t-tests were
used to compare the exploration ratios between the exposure and testing trials within each
group. The advantage of this analysis is that it takes into account any pre-existing bias by a
rat to investigate a particular object or particular side of the arena (Jablonski et al., 2013;
Wagner et al., 2018). We also compared the exploration ratios from the testing trials within
each group to a value of 0.5 (indicative of no preference for one object over the other) using
one-sample t-tests.

Serum testosterone concentrations were analyzed using the univariate ANOVAs. The Qil
GDX groups were not included in these analyses because most of the samples for all
experiments had testosterone levels below the detection limit of the assays. BDNF
concentrations were analyzed using repeated measures ANOVA, with brain region (cortex,
hippocampus, or striatum) as the within-subjects factor and treatment and age as the
between-subjects factors. Fisher’s LSD was used for all post-hoc comparisons, and all
statistical analyses were performed using SPSS 24.0 software (SPSS, Chicago, IL, USA)
with a = 0.05.

3. Results

3.1 Experiment 1A: Age and castration influenced RAM performance

Castration eliminated most of the circulating testosterone in rats used for Experiment 1A
(Table 2). Specifically, seven rats from the Old/GDX group had serum testosterone
concentrations below the detection limit of the assay (5 ng/ml), and the other five rats from
the group had relatively low testosterone concentrations (0.06—0.16 ng/ml). Similarly, for the
Young/GDX group, only three of the ten rats had serum testosterone concentrations above
the detection limit (0.06-0.11 ng/ml). As expected, serum testosterone concentrations were
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significantly higher in the Young/Sham group than in the Old/Sham group (&g = 3.39, p=
0.003).

For arm entry rate, there was a significant block x age interaction (Fig. 1A; /4 160 =9.73, p
< 0.0005) and significant main effects of block (F, 160 = 48.89, p <0.0005) and age (1 40 =
37.13, p<0.0005). There were no other significant main or interaction effects for entry rate
(all p>0.20). Analyses within blocks indicated that the two old groups had significantly
slower entry rates than the two young groups during every testing block (Fisher’s LSD, all p
< 0.02), but castration had no effect on entry rate within each age group (Fisher’s LSD, both
p>0.30).

Overall, older age impaired working memory on the RAM, while the effects of castration
were subtle. Specifically, there was a significant block x age interaction for WMEs (Fig. 1B;
F4 160 = 7.84, p=0.020). There was also a significant main effect of block, with rats
performing fewer errors on later days of testing (£, 160 = 2.62, p = 0.037), and aged rats
performed significantly more WMEs than young rats (£ 49 = 60.08, p < 0.005). There was
no main effect of castration (= 0.56), or significant interaction effects involving castration
for WMEs (all p> 0.19). Analyses within blocks indicated that the two old groups
performed more WMEsS than the young groups on every testing block except the first one
(all p<0.01). On the final block of testing (days 21-25), the Old/GDX group performed
significantly more errors than all other groups (/3 40 = 8.91, p < 0.0005; Fisher’s LSD, all p
<0.04).

Old rats performed significantly fewer RMEs than young rats (Fig. 1C; F1 40 =7.04, p=
0.011). There were no other significant main effects or interactions for RMEs (all p> 0.30).
Analyses within blocks showed no significant differences among the groups for any of the 5-
day blocks (all p> 0.15).

For WREs, there was a significant block effect, with rats generally performing fewer WREs
on later testing blocks (Fig. 1D; Fs, 160 = 4.16, p= 0.003). Aged rats performed significantly
more WREs than young rats (£ 40 = 29.60, p < 0.0005). No other main effects or
interactions were significant (all p> 0.07). Analyses within blocks indicated that the two old
groups performed more WRES than the young groups on every testing block except the first
and last blocks (all p< 0.05). On the first block (days 1-5), there was no difference between
the groups (p=0.33). On the final block (days 21-25), the Old/GDX group performed more
WREs than the young groups (both p < 0.02), but the Old/Sham group was not significantly
different from any of the other groups (all p>0.1).

3.2 Experiment 1B: Testosterone had dose-dependent effects on RAM performance in

aged males

Among the Oil GDX group, only three of the 12 subjects had serum testosterone levels
above the detection limit (Table 2; 0.11-0.17 ng/ml). Serum testosterone concentrations
differed significantly among the other groups (£, 55 = 60.92, p < 0.0005). Post-hoc
comparisons showed that each group had significantly different serum testosterone
concentrations than all other groups (all p < 0.01), with the exception that the 0.125mg T
group did not differ from the Oil Sham group (p=0.14).
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Arm entry rate increased significantly over the five testing blocks (Fig 2A; £, 264 = 177.37,
p < 0.0005). There was no main effect of treatment (p = 0.87) or significant block x
treatment interaction for entry rate (p = 0.15). Analyses within blocks indicated no
significant effects of treatment for arm entry rate (all p> 0.65).

Testosterone injections caused dose-dependent enhancement of spatial working memory
among aged male rats (Fig. 2B). For WMEs, there was no significant block x treatment
interaction (p = 0.82) and there was no significant effect of block (p = 0.52). However,
treatment had a significant main effect on WMEs (55, 66 = 2.98, p= 0.017). Post-hoc
analysis indicated that the Oil GDX and Oil Sham groups performed significantly more
WMEs than did the 0.125 mg T, 0.500 mg T and 1.000 mg T groups (all p< 0.05).
Additionally, the 0.250 mg T group performed significantly more WMEs than did the 0.500
mg T group (p = 0.037). No other pairwise comparisons were significant (all p> 0.10).
Analyzing each 5-day block separately revealed no significant effects of treatment (all p>
0.14).

For RMEs (Fig. 2C), there was no significant block x treatment interaction (p = 0.088) and
there was no significant main effect of block (p= 0.67) or treatment (o = 0.13). Analyses
within blocks indicated a significant effect of treatment on days 6-10 (/5 g6 = 3.35, p=
0.009) but not for any of the other four testing blocks (all p> 0.12). Post-hoc analyses within
the day 6-10 testing block showed that the 1.00 mg T group performed significantly fewer
RMEs than the 0.125 mg T, Oil GDX, and Oil Sham groups (all p < 0.04). None of the other
pairwise comparisons for the 6-10 day testing block were significant (all p> 0.06).

The results for WREs paralleled those obtained for WMEs (Fig. 2D). There was no
significant block x treatment interaction (p = 0.88) and there was no significant effect of
block (o= 0.49) on WREs. Treatment did, however, have a significant effect on WREs (£ g6
=3.75, p=0.005). Post-hoc comparisons indicated that the Oil GDX and Qil Sham groups
performed significantly more WRESs than did the 0.125 mg T, 0.500 mg T, and 1.000 mg T
groups (all p < 0.05). The 0.250 mg T group performed significantly more WMEs than the
0.500 mg T and 1.00 mg T groups (both p < 0.05). No other pairwise comparisons were
significant (all p> 0.11). Analyses within blocks indicated a significant effect of treatment
during the final testing block (/5 g6 = 2.89, p= 0.02), but not for the other four testing
blocks (all p> 0.11). Post-hoc analyses within the 20-25 day testing block showed that both
the Oil Sham and the 0.250 mg T groups performed significantly more RMEs than the 0.125
mg T and the 0.500 mg T groups (both p < 0.04). None of the other pairwise comparisons
for the 20-25 day testing block were significant (all p> 0.06).

3.3 Experiment 2A: Age and castration influenced OLMT performance

Castration eliminated most of the circulating testosterone in rats used for Experiment 2B
(Table 2). Four of the 11 rats in the Old/GDX group had serum testosterone concentrations
below the detection limit, while the other seven rats had very low testosterone concentrations
(0.07-0.26 ng/ml). Similarly, four of the ten rats in the Young/GDX group had serum
testosterone concentrations below the detection limit, while the other six rats had low
testosterone concentrations (0.08-0.32 ng/ml). Serum testosterone concentrations were
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significantly higher in the Young/Sham group than in the Old/Sham group (&, = 2.68, p=
0.014).

Over the first four days of habituation in the open field, rats showed a significant decrease in
path length (Fig. 3A; /3 108 = 10.04, p < 0.0005). Old rats had significantly shorter path
lengths during habituation (£ 36 = 18.7, p < 0.005), and there was a significant day x age
interaction effect (/3 108 = 5.55, p= 0.001). Castration did not have a significant main effect
on path length (p= 0.42) and there were no significant interaction effects with castration (all
p>0.35). Analyses within days showed significant differences in path length among groups
on habituation days 1, 2, and 4 (all p< 0.02), and pairwise comparisons within these days
showed that young rats had longer path lengths than old rats (Fig. 3A; all p < 0.0005), but no
other pairwise comparisons were significant (both p >0.45).

Rats explored the two objects significantly more during the exposure trials than during the
testing trials (Fig. 3B; £ 36 = 32.14, p< 0.0005), and the young rats explored the objects
significantly more than the old rats (£ 36 = 24.86, p < 0.0005). There was also a significant
age x trial interaction, with the difference based on age being less during the testing trails
(F136 = 14.63, p=0.001). Note that this analysis does not assess memory, but simply
indicates that the young rats were more exploratory than the old rats. There was no
significant effect of castration or interaction effects involving castration for the total
exploration times (all p> 0.23).

Young rats had a significantly higher exploration ratios than old rats during the testing trials
(Fig. 3C; £ 36 = 8.20, p=0.007), indicating better memory of the location of the two
objects. During testing trials, there was no main effect of castration or an age x castration
interaction effect for the exploration ratios (both p> 0.35). The Young/Sham group showed
significantly higher exploration ratios during the testing trials than during the exposure trials
(Fig. 3C; &5 =6.06, p< 0.0005), and the difference in exploration ratios between the
exposure and testing trials was nearly significant for the Young/GDX group (p = 0.053). The
two old groups showed no significant difference in their exploration ratios between the
exposure and testing trials (both p > 0.60). The exploration ratio for the Young/Sham group
was significantly greater than chance level (0.5) during the testing trials (& = 5.50, p=
0.001), indicating a strong preference for exploring the moved object. None of the other
groups had exploration ratios significantly greater than 0.5 during the testing trials (all p>
0.19).

3.4 Experiment 2B: Testosterone had dose-dependent effects on OLMT performance

Within the Oil GDX group, seven of the 13 subjects had serum testosterone levels above the
detection limit (Table 2; 0.05-0.20 ng/ml). Serum testosterone concentrations differed
significantly among the other groups (£, 45 = 26.30, p < 0.0005). Post-hoc comparisons
showed that each group had significantly different serum testosterone concentrations than all
of the other groups (all p < 0.05), with the Sham GDX group having the lowest serum
testosterone concentration.

Rats showed a significant decrease in path length during the first four days of habituation in
the open field, (Fig. 4A,; A3 174 = 22.47, p< 0.0005). There was no significant effect of
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treatment on path length d (o = 0.94) and there was no significant day x treatment
interaction (p = 0.89). Analyses within each day revealed no significant effect of treatment
on path length (all p>0.77).

Rats explored the two objects significantly more during the exposure trials than during the
testing trials (Fig. 4B; £y 55 = 26.39, p < 0.0005). There was no significant main effect of
treatment (p = 0.31) or a trial x treatment interaction (p = 0.73). Treatment had no
significant effect on the exploration ratios during testing trials (Fig. 4C; p=0.32). The 0.250
mg T group had a significantly higher exploration ratio during testing than during exposure
(Fig. 4C; 5= 2.37, p=0.046). None of the other groups showed significant differences in
their exploration ratios between the two phases of testing (all p > 0.18). Additionally, none
of the groups had exploration ratios that were significantly greater than the chance level
(0.5) during the testing trials (all p> 0.09).

3.5 Testosterone treatment had no effect on BDNF concentrations

For all four experiments, there were significant differences in BDNF concentrations among
the brain regions (Table 3; all p< 0.0005). Post-hoc analyses showed that BDNF
concentrations were significantly higher in the hippocampus than in both the striatum and
the frontal cortex for all of the experiments (all p < 0.0005). BDNF concentrations did not
differ significantly between the striatum and the frontal cortex (all p> 0.060).

For Experiment 2A, old males had significantly higher overall BDNF concentrations in the
brain than did young males (Table 3; /36 = 7.66, p= 0.009). There was a significant age x
castration interaction for Experiment 2A (£ 36 = 9.55, p= 0.004), with castration decreasing
BDNF concentration in all brain regions among the old males, while slightly increasing
BDNF concentrations in all brain regions among young males. However, castration had no
significant main effect on BDNF concentrations for Experiment 2A (p = 0.70) and there
were no other significant interaction effects for this experiment (all p> 0.22). Although old
rats tended to have higher BDNF concentrations than young rats for Experiment 1A, in this
case there was neither a significant main effect of age (p = 0.10) nor a significant age x
castration interaction (all p> 0.09). No other main effects of interactions effects were
significant for Experiment 1A (all p> 0.08).

With regards to the two experiments involving testosterone propionate injections (Table 3),
there was no effect of treatment for either experiment (Experiment 1B, p = 0.34; Experiment
2B, p=0.84). There was also no significant region x treatment interaction for either of these
experiments (both p> .78).

4. Discussion

Clinical studies have produced mixed results regarding the potential benefits of testosterone
for the prevention and treatment of age-related memory loss and dementia (Fuller et al.,
2007; Holland et al., 2011). Our results showed that testosterone replacement can improve
spatial memory in an aged rat model, but the effects are dose-dependent and vary with the
assessed form of memory (i.e., working memory or long-term memory). Old rats (20 months
old) showed significant impairments in spatial memory relative to young rats (2 months old).
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On the RAM (Experiment 1A), castration had no effect on spatial working memory among
young males and caused a minor impairment among old males (significant difference only
on the final 5-day testing block). On the OLMT (Experiment 2A), castration impaired long-
term memory in the young rats, while both castrated and sham-castrated old males failed to
recognize the moved object. Testosterone injections had dose-dependent effects on spatial
working memory in old male rats. Specifically, a low physiological dose (0.125 mg) and
high doses (0.500-1.000 mg) of testosterone improved working memory on the RAM, while
an intermediate dose (0.250 mg) did not improve working memory relative to that observed
in the Oil GDX group. In contrast, the intermediate dose of testosterone (0.250 mg) was the
only dose that improved long-term memory on the OLMT.

4.1 Aging impairs spatial memory and testosterone production

In support of past results, Experiment 1A demonstrated that age impairs spatial working
memory among rats. A number of past studies have shown that increased age impairs
performance by male rats on the MWM (Begega et al., 2001; Bizon et al., 2009; Frick et al.,
1995; Goudsmit et al., 1990). Increased age also impaired working memory on the water-
escape RAM (Bimonte-Nelson et al., 2003), a water-reward version of the RAM (Barnes,
1980), and on a food-reward versions of the RAM similar to our protocol (Oler and Markus,
1998; Stewart et al., 1989).

Contrasting the effects of age on working memory, we observed that aged males performed
significantly fewer RMEs than young males on the RAM. The aged rats also had
significantly slower entry rates, so they may have been slower and less impulsive than young
rats when choosing which arm to enter, leading to the observed difference in RMEs (Simon
et al., 2010). However, WREs have both a working memory and reference memory
component, and aged rats performed significantly more WRESs than did the young rats in
Experiment 1A. Bimonte-Nelson et al. (2003) observed an age-related impairment in both
working memory and reference memory on the water-escape RAM, where all rats were
likely motivated to make their first choice quickly. Additionally, Experiment 2A
demonstrated that aged rats were impaired on the OLMT with a 2 h inter-trial interval. One
potential confound is the fact that the aged rats explored the objects significantly less overall
than did the young rats. Analysis of the exploration ratios partially accounts for this, because
this analysis involved comparing relative interest in the two objects during the exposure and
testing phases rather than relying upon comparisons of absolute time exploring the objects.
Some past work with rats indicates that age-related deficits in spatial memory correlate with
age-related deficits in attention (Guidi et al., 2015), and it is especially difficult to
disentangle the effects of age on attention vs. spatial memory with the OLMT. However,
Bizon et al. (2009) demonstrated that the impairing effect of age increased as the retention
period between exposure and testing increased on a water maze task that relies less on
attention. In summary, current evidence suggests that increased age impairs both spatial
working memory and long-term memory, but future experiments should assess how
increasing age impacts the length of memory retention.

The old male rats had significantly lower serum testosterone levels than did the young rats.
The fact that the aged rats showed both decreased testosterone and impaired spatial memory
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provides correlational support for a mechanistic connection between testosterone and
memory. Past studies have demonstrated a similar age-related decline in testosterone in male
rats (Chen et al., 1994; Wang et al., 1993). Chen et al. (1994) found that while cultured
Leydig cells from aged rats responded to an LH pulse, they produced significantly less
testosterone than cultured Leydig cells from young rats. This suggests that the inability of
aged rats to produce testosterone is due to testicular dysfunction.

4.2 Testosterone replacement improves spatial memory in aged males

Our results using the RAM demonstrated that daily testosterone injections reduced the
number of WMEs among castrated aged males. These results support past findings with
young male rats that castration impairs spatial working memory (Bimonte-Nelson et al.,
2008; Daniel et al., 2003; Gibbs and Johnson, 2008; Spritzer et al., 2008; Wagner et al.,
2018) and that testosterone treatment improves working memory relative to castrated
animals (Locklear and Kritzer, 2014; Spritzer et al., 2011; Wagner et al., 2018). We observed
minimal effects of castration alone on the RAM, but castration did increase WME’s among
the aged rats on the RAM during the final testing block in Experiment 1A. This effect of
castration was not replicated in Experiment 1B, possibly due to the higher testosterone levels
in the Old/Sham group in Experiment 1A compared to the Oil Sham group in Experiment
1B (Table 2). In general, castration may have had minimal effect on RAM performance
among the aged rats because even without castration, circulating testosterone levels were
quite low. Contradicting our past results (Spritzer et al., 2008; Wagner et al., 2018), we
found that castration had no effect on WMEs among young rats, with both groups learning
the task at the same rate. This may be due to subtle differences in experimental design,
including differences in rat strain (Fischer 344 vs Sprague-Dawley). A direct comparison to
the results of Wagner et al. (2018) shows that during each block of testing on the RAM their
group of young sham-castrated rats were performing about half as many WMEs compared to
the Young Sham group in our Experiment 1A. Past work indicates that these two strains
perform comparably on the MWM (Harker, 2002), but perhaps Fisher 344 rats have
cognitive deficits that prevent them from performing as well as the Sprague-Dawley rats on
the working memory component of the RAM. Such a floor effect could obscure subtle
effects of castration among Fisher 344 rats. Another important consideration is that we had
no control over the daily testosterone levels of the Young/Sham group, and testosterone was
assayed only at the end of our experiment, so perhaps relatively low testosterone levels in
that group during the early trials prevented them from out-performing the Young/GDX
group. Past studies using the RAM have shown main effects of castration to occur during the
early testing blocks (Gibbs and Johnson, 2008; Spritzer et al., 2008; Wagner et al., 2018).

During the RAM experiments, we found that testosterone injections had little effect on
RMEs, with the only significant finding being that the highest dose of testosterone (1.00 mg/
rat) reduced RMEs on just one 5-day testing block (days 6—10). This result suggests a
possible benefit of supra-physiological doses of testosterone, but the transient nature of the
effect (i.e., only one early testing block) suggests that the effect of testosterone on reference
memory is minimal. Our past work with young rats using an identical RAM task showed no
effect of testosterone injections on RMEs during any block of testing (Spritzer et al., 2011;
Wagner et al., 2018). Testosterone injections also reduced WMEs but had no effect on RMEs
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for aged male rats tested on a water-escape RAM (Bimonte-Nelson et al., 2008). We
previously demonstrated that testosterone injections can cause small improvements in
reference memory on the MWM (Spritzer et al., 2011), but there are also numerous studies
showing that castration has no effect on MWM performance (Hodosy et al., 2010;
Sandstrom et al., 2006; Spritzer et al., 2008). Reference memory, as assessed by most RAM
and MWM protocols, can be considered a form of long-term memory with a 24 h delay
period (Cowan, 2008). Thus, there is considerable evidence from rat studies indicating that
testosterone has no effect on long-term memory. However, the duration of memory retention
should be considered, and our OLMT protocol allowed us to assess long-term memory with
a 2 h delay rather than a 24 h delay. Our results from the OLMT showed that castration
impaired long-term memory and testosterone replacement restored memory. This supports
past OLMT experiments indicating that testosterone improves long-term memory when
there is a 30 min delay (McConnell et al., 2012) or 2 h delay between exposure and testing
(Jacome et al., 2016; Wagner et al., 2018). Perhaps the benefits of testosterone for spatial
memory decline as the period of memory retention increases—this would reconcile our
observation that that the 0.250 mg T group performed well on the OLMT (2 h delay) but had
no apparent advantage in terms of reference memory on the RAM (24 h delay).

We observed dose-dependent effects of testosterone on memory for both the RAM and
OLMT. On the RAM, we found that low (0.125 mg/rat) and high (0.500-1.00 mg/rat) doses
of testosterone reduced WMEs relative to the Oil GDX and Oil Sham groups, while an
intermediate dose of testosterone (0.250 mg/rat) did not. This interesting pattern is
remarkably similar to the dose-dependent effects that we observed with young rats (Wagner
et al., 2018). In spite of this similarity, the young rats in our previous experiment performed
about half as many WMESs per trial compared to the aged rats in the current study, indicating
that even with testosterone injections, the spatial memory of aged males was impaired. A
low dose of testosterone (0.125 mg) biases male rats toward using a striatum-dependent
response strategy to solve spatial tasks and a high dose (0.500 mg) of testosterone biases rats
toward using a hippocampus-dependent place strategy (Spritzer et al., 2013). The poor
performance of the 0.250 mg T group on the RAM may be due to their inability to generate
either a response or a place strategy effectively. Comparable to the effects of estradiol on
memory in female rats (Zurkovsky et al., 2007), we hypothesize that low physiological doses
of testosterone improve response learning through maintained striatal activity, whereas high
physiological doses of testosterone improve place learning through enhanced hippocampal
activity and suppressed striatal activity. It is also noteworthy that male rats and humans shift
to increased reliance on a response strategy over a place strategy with increasing age
(Begega et al., 2001; Oler and Markus, 1998; Wiener et al., 2013). In males, this shift could
be partially due to declining testosterone levels.

In our previous work, we observed a dose-response relationship on the OLMT very similar
to that observed on the RAM, with the 0.250 mg dose having no restorative effects on long-
term memory (Wagner et al., 2018). In contrast, the current results with aged males
(Experiment 2B) showed that the 0.250 mg T group was the only group that recognized the
moved object on the OLMT. This suggests that the effects of age on spatial working memory
differ from its effects on long-term memory. Perhaps neurological damage associated with
increased age necessitates a higher dose of testosterone to improve long-term memory. Thus,
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the long-term memory-enhancing effects of the 0.125 mg dose of testosterone observed in 2-
month-old rats may correspond with the memory-enhancing effects of the 0.250 mg dose
among 20-month-old rats. Why such a shift in the necessary dose was not apparent for
working memory on the RAM is unclear, but this difference may be due to differential
effects of aging on brain regions that encode separate components of spatial memory
(Floresco et al., 1997). Rats received more than twice as many days of injections in
Experiment 1B than in Experiment 2B (Table 1), but it seems unlikely that this would be the
cause of the difference in the optimal dose between the two experiments given that no such
difference in the optimal dose was observed when identical behavioral protocols were used
with young rats (Wagner et al., 2018). Another methodological concern is the fact that all of
our drug dosing was per rat rather than per unit body mass, and the rats in Experiment 2B
weighed approximately 100 g more on average than those used by Wagner et al. (2018). This
difference seems fairly unimportant, however, as the serum testosterone concentrations at the
end of the experiments were very similar for rats receiving the same doses in the two
experiments (Wagner et al., 2018). Thus, increased age is the most plausible explanation for
the increased dosing needed for older rats to perform well on the OLMT relative to younger
rats. Finally, it should be noted that even the optimal dose of testosterone from the current
study (0.250 mg/rat) did not increase the exploration ratio significantly above chance levels,
contrasting the strong performance for the Young/Sham group from Experiment 1A. Thus,
as for working memory on the RAM, testosterone injections were not sufficient to restore
long-term memory levels on the OLMT to that which is observed in young rats with natural
testosterone levels.

4.3 Testosterone replacement did not influence BDNF concentrations

As expected, BDNF levels were significantly higher in the hippocampus than in the striatum
and frontal cortex in all of our experiments, supporting the accuracy of our assay. However,
we observed no effect of testosterone injections on BDNF concentrations in any of the brain
regions analyzed. This suggests that BDNF is not the molecular mechanism by which
testosterone influences spatial memory in aged males. Similarly, Bimonte-Nelson et al.
(2003) observed no effects of testosterone injection on BDNF levels within the hippocampus
of young and aged male rats. Past evidence that testosterone influences BDNF in the
hippocampus suggests that the effects vary among the sub-regions of the hippocampus.
Castration increased BDNF levels within the mossy fibers extending from the dentate gyrus
to the CA3 layer of the hippocampus (Skucas et al., 2013) but decreased BDNF in the CAl
layer (Li et al., 2012). Thus, our assays of BDNF from the entire hippocampus may have
been too coarse to capture changes occurring at a smaller scale. Additionally, we measured
total BDNF levels, with no distinction between pro-BDNF and mature BDNF. Mature
BDNF and pro-BDNF have differential effects on cell survival and synaptic plasticity, so it
is possible that testosterone influences spatial memory by changing the ratio of mature
BDNF to pro-BDNF (Hill, 2012; Teng et al., 2005).

Rather than engaging neurotrophic pathways, testosterone may be acting primarily as a
neuroprotectant to improve memory. Cell culture studies have shown that androgens prevent
apoptosis (Hammond et al., 2001; Nguyen et al., 2010), and interestingly the effects of
androgens in activating the mitogen-activated protein kinase (MAPK) and phophoinositide
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3-kinase pathways were non-linear (Gatson et al., 2006), providing a possible mechanism
for the neuroprotective effects of testosterone at differing concentrations. Androgens have
also been shown to activate cAMP response element binding protein (CREB), likely
downstream of the MAPK activation (Nguyen et al., 2009), and CREB is known to activate
many aspects of neuroplasticity and neuroprotection. In rodent models, dihydrotestosterone
treatment reduced the impact of kainite lesions (Ramsden et al., 2003) and ischemic damage
to brain tissue (Uchida et al., 2009). An indirect mechanism by which testosterone may be
acting as a neuroprotectant is through its negative feedback effects upon luteinizing hormone
(LH), which has neurodegenerative properties (Barron et al., 2006). Injections of an LH
agonist impaired spatial memory among female rats (Berry et al., 2008), and an LH
antagonist was effective in improving spatial memory among castrated male rats on the
OLMT (McConnell et al., 2012). Thus, testosterone may improve memory by blocking the
neurodegenerative effects of LH, but is seems unlikely that this mechanism would fully
explain the complex dose-response relationship that we observed on the RAM.

Unexpectedly, the old rats had significantly higher BDNF concentrations than did the young
rats in Experiment 2A. Bimonte-Nelson et al. (2008) observed a similar increase in BDNF
levels in the hippocampus of 20-month-old male rats relative to 7-month-old males. Another
study with male rats found that increased age caused BDNF levels to increase in the
hippocampus and decrease in the cortex and striatum (Katoh-Semba et al., 1998). Apparent
age-related increases in BDNF, at least in the hippocampus, may be due to transient
increases in BDNF associated with neuronal damage brought on by aging (Ballarin et al.,
1991).

4.4 Conclusion

We demonstrated that 20-month-old rats exhibit decreased testosterone and impaired spatial
memory, suggesting a connection between declining testosterone in age-related memory
loss. We found that low and high doses of testosterone restored spatial working memory,
while an intermediate dose did not, replicating our previous findings with young male rats
(Wagner et al., 2018). The physiological cause of this unusual dose-response relationship
remains untested, but may involve differential effects of the high and low doses of
testosterone on different memory systems (Gold et al., 2013). We found no evidence that
testosterone replacement enhanced BDNF levels, making it unlikely that BDNF is the
molecular link between testosterone and memory. However, future work should assess
whether testosterone induces differences in the relative levels of pro-BDNF and mature
BDNF or acts in a more selective manner on specific cells layers within the hippocampus.
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Research Highlights

. Aged rats had impaired spatial working memory relative to young rats.

. Aging and castration impaired performance on an object location memory
task.

. High and low, but not intermediate, doses of testosterone improved working
memory.

. An intermediate dose of testosterone improved long-term spatial memory.

. Testosterone manipulations had no effect on BDNF levels in the brains of
aged rats.
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(n = 10-12/group). Entry rates and memory errors (mean = SEM) are divided into 5-day
blocks in the left-hand graphs and averaged across blocks in the right-hand graphs. Letters
designate groups that differed significantly from each other within blocks (p < 0.05). (A)
Arm entry rate increased significantly over the testing blocks (p < 0.0005), and Young rats
entered arms at a significantly faster rate than Old rats (*p < 0.0005). There was no effect of

Performance by Young (2 months old) and OId (20 months old) male rats that were either
castrated (GDX) or sham castrated (Sham) during 25 days of testing in an 8-arm radial maze

Fig. 1.
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castration on arm entry rate. (B) Rats performed significantly fewer WMES on later testing
blocks (p = 0.037), and Young rats performed significantly fewer WMESs than Old rats (*p <
0.0005). There was no main effect of castration, but on the final testing block (days 21-25),
the Old/GDX group performed significantly more WMEs than all of the other groups. (C)
There was no effect of block or castration on RMEs, but the Old rats performed significantly
fewer RMEs than the Young rats (*p < 0.0005). (D) Rats performed significantly fewer
WREs on later testing blocks (p= 0.003), and Young rats performed significantly fewer
WREs than Old rats (*p < 0.0005). There was no main effect of castration for WRES, but on
the final testing block the Old/Sham group performed at a level intermediate between the
Old/GDX group and the Young groups.
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Performance by male rats injected daily with sesame oil (Sham and GDX) or one of four
doses of testosterone propionate during 25 days of testing in an 8-arm radial maze (n = 12/
group). All rats in the GDX and testosterone-injected groups were bilaterally castrated, and
the Sham group underwent sham castrations. Entry rates and memory errors (mean £ SEM)
are divided into 5-day blocks in the left-hand graphs and averaged across blocks in the right-
hand graphs. Letters designate groups that differed significantly from each other within
blocks (p < 0.05). (A) Arm entry rate increased significantly over the testing blocks (p <
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0.0005), but there were no effects of treatment on arm entry rates. (B) Treatment had a
significant effect on WMEs (p = 0.017), with the 0.500 mg T group performing the fewest
WMEs and the Oil GDX and Sham GDX groups performing the most WMEs. There was no
effect of testing block on WMEs. (C) There was no main effect of block or treatment on
RMEs, but during the second block of testing (days 6-10) the 1.000 mg T group performed
fewer RMEs than the Oil GDX and Sham GDX groups. (D) Treatment had a significant
effect on WREs (p = 0.005), with the 0.500 mg T and 1.000 mg T groups performing the
fewest WRESs and the Oil GDX and Sham GDX groups performing the most WMEs overall.
A significant effect of treatment on WREs was also observed during the final block of
testing, with differences between groups comparable to the effect of treatment averaged
across blocks.
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Fig. 3.

thavioral data (mean £ SEM) for Young (2 months old) and Old (20 months old) male rats
that were either castrated (GDX) or sham castrated (Sham) during habituation and testing on
the OLMT (n = 9-11/group). (A) Over the four days of habituation to the open field prior to
testing, all groups showed a significant decrease in the distance traveled (o < 0.0005). Old
rats had significantly shorter path lengths than young rats overall (p < 0.0005), and the effect
of age was significant within each day except day 3 of habituation. Letters designate groups
that differed significantly from each other within blocks (p < 0.05). (B) During OLMT
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testing, the total exploration time for both objects was significantly greater during the
exposure trials than during the testing trials (p < 0.0005) and the young rats engaged in
significantly more exploration of the two objects than did the old rats (*p < 0.0005). (C)
During OLMT testing, Young rats had a significantly higher exploration ratios than old rats
during the testing trials (*p = 0.007). Only the Young/Sham group showed a significant
increase in exploration ratios from the exposure trials to the testing trials (#p < 0.0005) and
was the only group to have a mean exploration ratio during the testing trials that was
significantly greater than the chance level of 0.5, indicated by the dashed line (p= 0.001).
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Fig. 4.

Beghavioral data (mean £ SEM) for male rats injected daily with sesame oil (Sham and
GDX) or one of four doses of testosterone propionate during habituation and testing on the
OLMT (n = 9-13/group). All rats in the GDX and testosterone-injected groups were
bilaterally castrated, and the Sham group underwent sham castrations. (A) Over the four
days of habituation to the open field prior to testing, all groups showed a significant decrease
in the distance traveled (p < 0.0005). There was no effect of treatment on path length during
habituation. (B) During OLMT testing, the total exploration time for both objects was
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significantly greater during the exposure trials than during the testing trials (p < 0.0005), but
there was no significant differences between the groups for total time exploring the objects.
(C) During OLMT testing, only the 0.250 mg T group showed a significant increase in
exploration ratios from the exposure trials to the testing trials (*p < 0.05). None of the
groups showed exploration ratios during the testing trials that were significantly greater than
the chance level of 0.5, indicated by the dashed line.
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Timelines for Experiments 1 and 2, with the sequential days shown during which each procedure was
conducted.

Experimenttask GDX Handle yapituate and shape* Testosterone injections ~ Testing  Euthanasia

1A RAM 12 10-13  16-22 NA 23-47 48

1B RAM -2 10-13  16-22 16-48 (33 days) 23-47 48

2A OLMT 1 9-12 11-14; 16-19 NA 15,20 21

2B OLMT 1 9-12 11-14; 16-19 8-21 (14 days) 15,20 21

NA (not applicable) refers to experiments in which no testosterone injections were used.

GDX (gonadectomy) refers to the days when castration surgeries were performed.

*
For Experiment 2 there was no shaping period and the two habituation periods were discontinuous.
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Testosterone concentrations (mean + SEM) in serum collected 4-6 h after testosterone or oil injections on the

day after the last day of memory testing for each experiment.

Experiment  Treatment

n

Serum testosterone (ng/ml)

1A Old/Sham
Old/GDX
Young/Sham
Young/GDX
1B Oil GDX
Oil Sham
0.125mg T
0.250mg T
0.500mg T
1.000mg T
2A Old/Sham
Old/GDX
Young/Sham
Young/GDX
2B Oil GDX
Oil Sham
0.125mg T
0.250mg T
0.500mg T

1.000mg T

10
12
12
12
12

12

12

10
11

10
13
11
11

11

0.43+£0.013
0.06 +0.02

415+131"
0.04 £ 0.01
0.04 0.02
0.24 +0.07
2.78£0.80
8.57 + 2.40%
13.79 +3.98%
23.91 % 6.90%
0.73+0.18
0.08 £ 0.03
2.06+0.62"
0.08 £ 0.03
0.06 £ 0.02
0.50 +0.18
3.96 +0.70%
7.36 + 1.49%
1134 +0.89%

14.60 + 1.99%

*
Significantly different from the Old/Sham group (p < 0.05).

*
*Significantly different from the Oil Sham group (p < 0.05).
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Mean + SEM BDNF concentrations (pg/mg wet mass) in brain tissue (hippocampus, frontal cortex, or

Table 3.
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striatum) collected 4-6 h after testosterone or oil injections on the day after the last day of memory testing for

each experiment.

Experiment  Treatment n  Hippocampus  Striatum  Frontal Cortex
1A Old/, sham 12 15.04 +1.38 576 +0.34 5.62+0.32
Old/GDX 12 16.05 + 1.42 5.54 +0.39 6.67 £ 0.85
Young/Sham 10 1438 +2.21 6.97 + 1.62 497 +0.39
Young/GDX 10 11.37+1.23 5.14 +0.63 3.89+0.58
1B Oil GDX 12 20.86 +1.89 5.44 +0.63 5.82+0.32
Oil Sham 12 19.85+2.03 6.04 + 0.65 5.63+0.63
0.125mg T 12 21.14+2.18 5.78 +0.40 6.21 +0.58
0.250mg T 12 18.27 £ 1.47 454 +1.47 4.53 +0.50
0.500mg T 12 21.69+2.21 559+0.74 5.41 +0.65
1.000mg T 12 16.89 +1.81 459 +0.63 4.65+0.62
2A Old/Sham® 10 2147+284 017+070  9.28+1.19
oldicDx* 11  1482+295 702125  6.32%106
Young/Sham 9 10.46 + 2.15 4.63+0.82 5.07+0.93
Young/GDX 10 14.75 + 2.59 6.90 +1.20 7.61+1.27
2B Oil GDX 13 27.66 +3.99 7.80+1.32 7.61+1.22
Oil Sham 11 23.76 £ 4.75 579+ 1.16 6.04 + 1.42
0.125mg T 11 26.75+3.18 8.09+1.25 8.22+1.43
0.250mg T 9 2721271 9.80 + 1.09 10.72 +1.38
0.500mg T 11 26.47 + 3.86 6.85 + 1.55 755+ 1.77
1.000mg T 9 27.58 +3.08 7.52+1.09 8.83+1.24

Old rats had significantly higher BDNF concentrations in the brain than young rats in Experiment 2A.
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