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Abstract
GABAergic neurons of the medial septum of the basal forebrain make up a substantial portion of
the septo-hippocampal pathway fibers, and are known to modulate hippocampal amino acid
neurotransmission and support cognitive function. Importantly, these neurons are also implicated
in age-related cognitive decline. Hypothalamic orexin/hypocretin neurons innervate and modulate
the activity of these basal forebrain neurons and also provide direct inputs to the hippocampus.
However, the precise role of orexin inputs in modulating hippocampal amino acid
neurotransmission—as well as how these interactions are altered in aging—has not been defined.
Here, orexin A (OxA) was administered to CA1 and the medial septum of young (3–4 months)
and aged (27–29 months) Fisher 344 Brown Norway rats, and hippocampal GABA and glutamate
efflux was analyzed by in vivo microdialysis. Following CA1 infusion of OxA, extracellular
GABA and glutamate efflux was increased, but the magnitude of orexin-mediated efflux was not
altered as a function of age. However, medial septum infusion of OxA did not impact hippocampal
efflux in young rats, while aged rats exhibited a significant enhancement in GABA and glutamate
efflux compared to young counterparts. Furthermore, immunohistochemical characterization of
the medial septum revealed a significant decrease in parvalbumin (PV)-positive cell bodies in aged
animals, and a significant reduction in orexin fiber innervation to the remaining GABAergic cells
within the septum, while orexin innervation to the hippocampus was unaltered by the aging
process. These findings indicate that: 1) OxA directly modulates hippocampal amino acid
neurotransmission in young animals, 2) Aged animals show enhanced responsivity to exogenous
OxA activation of the septo-hippocampal pathway, and, 3) Aged animals undergo an intrinsic
reduction in medial septum PV-immunoreactivity, and a decrease in orexin innervation to
remaining septal PV neurons. Alterations in orexin regulation of septo-hippocampal activity may
contribute to age-related dysfunctions in arousal, learning and memory.
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The hippocampal formation is crucially involved the execution of learning and memory
processes. Alterations in hippocampal function and anatomy are likely contributors to age-
related cognitive dysfunction (Rosenzweig and Barnes, 2003). In human patients, normal
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aging is associated with significant volumetric reductions in the hippocampal formation (Du
et al., 2001), and rodent studies indicate population specific neuronal loss in animal models
of aging (Shetty and Turner, 1998, Vela et al., 2003, Stanley and Shetty, 2004, Gavilán et
al., 2007, Stanley et al., 2011).

While numerous studies have examined the effects of aging on intra-hippocampal function,
alterations in extra-hippocampal input may also contribute to aging-induced hippocampal
dysfunction. The septo-hippocampal pathway is comprised of cholinergic, GABAergic and
glutamatergic projections from the medial septum of the basal forebrain to the hippocampus,
(Frotscher and Leranth, 1985, Freund and Antal, 1988, Leranth and Frotscher, 1989, Sotty et
al., 2003), and is instrumental to learning and memory as well as the maintenance of sleep-
wake cycles (Lee et al., 1994, Bassant et al., 1995). Moreover, the medial septum is
classically viewed as the hippocampal theta rhythm generator (Buzsaki, 2002). Theta
activity is a 4–10 Hz rhythmic neuronal oscillation that occurs in the hippocampus during
exploratory behavior and REM sleep, and is important for encoding of information by
hippocampal place cells in learning and memory processes (Winson, 1978, Buzsaki, 2005).

Appropriately, lesion of the medial septum or septo-hippocampal fibers results in impaired
performance on hippocampally mediated tasks (Becker et al., 1980, Hagan et al., 1988,
Numan and Quaranta, 1990) and reductions in hippocampal theta power (Green and
Arduini, 1954, Yoder and Pang, 2005). Many of the effects observed following disruption of
the septo-hippocampal transduction are similar to age-related alterations in cognitive and
homeostatic processes. For instance, alongside decreased performance on cognitive tasks,
aging is also associated with alterations in rhythmic sleep-wake cycles and reductions in
hippocampal theta power (Lamour et al., 1989, Abe and Toyosawa, 1999). Sleep cycles in
the elderly are characterized by an increase in fragmented daytime naps, earlier times of
sleep onset, and alterations in the timing and frequency of nighttime rapid eye movement
(REM) and slow wave sleep (Miles and Dement, 1980, Bliwise, 1993, Dijk et al., 1999)
compared to young counterparts.

Age-related alterations in homeostatic mechanisms, such as the disturbance in states of
arousal and sleep are suggestive of hypothalamic dysfunction. Indeed, numerous studies
have indicated a significant reduction in the pro-arousal peptide orexin (hypocretin) over the
aging spectrum (Porkka-Heiskanen et al., 2004, Zhang et al., 2005, Brownell and Conti,
2010, Kessler et al., 2011). Orexin cell bodies are localized to the perifornical lateral
hypothalamus yet influence a vast number of homeostatic and physiological behaviors, such
as feeding, attention, arousal, addiction and cognition (de Lecea et al., 1998, Sakurai et al.,
1998, Date et al., 1999, Jaeger et al., 2002, Telegdy and Adamik, 2002, Deadwyler et al.,
2007, Aston-Jones et al., 2010, Sakurai et al., 2010), through widespread neuronal
projections to regions that mediate these phenomena (Peyron et al., 1998, Date et al., 1999,
Nambu et al., 1999).

Both cholinergic and GABAergic cells of the medial septum receive a dense afferent input
from hypothalamic orexin projections (Eggermann et al., 2001, Wu et al., 2002, Wu et al.,
2004), and orexin modulation of these projection cells is speculated to modulate arousal and
hippocampal theta rhythm (España et al., 2001, Gerashchenko et al., 2001). While direct
orexin projections to the hippocampus are not as robust as those to medial septum, previous
studies support a significant role for orexin in performance on tasks of hippocampal-
dependent cognition (Akbari et al., 2006, Akbari et al., 2007, Akbari et al., 2008) and the
induction of long term potentiation [LTP;(Selbach et al., 2004, Selbach et al., 2010, Akbari
et al., 2011)]. Orexin may control hippocampal neurotransmission through direct as well as
transsynaptic modulation of various pathways, including the septo-hippocampal pathway,
and these effects are largely undefined. Furthermore, age-related alterations in the orexin
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system may contribute to hippocampal dysfunction via both direct and transsynaptic
mechanisms.

These studies were designed to examine the anatomical and neurochemical impact of aging
on orexin modulation of hippocampal function, both directly, and by way of the medial
septum, using immunohistochemistry and in vivo microdialysis. The hypothalamic
neuropeptide orexin A (OxA) was infused into either CA1 or the medial septum while
simultaneously measuring extracellular levels of hippocampal glutamate and GABA efflux
in young and old rats. Moreover, orexin innervation of CA1 and the medial septum was
assessed as a function of age in order to determine the impact of orexin modulation of
hippocampal function over the course of normal aging.

Experimental procedures
Animals

All animal care and use procedures were carried out in accordance with protocols written
under the guidelines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use Committee at
the University of South Carolina. Young (3–5 month) and aged (26–30 month) male, Fisher
344 Brown Norway F1 hybrid rats (National Institute of Aging breeding colony; Baltimore,
MD, USA) were fed standard rat chow ad libitum and kept at a 12:12 light-dark cycle in a
climate controlled facility. All in vivo experiments were conducted during the light cycle.

In vivo microdialysis
Under sodium pentobarbital anesthesia (60–70 mg/kg) all rats received unilateral
implantation of guide cannulae (Bioanalytical Systems, Inc. (BAS); West Lafayette, IN,
USA) in the caudal hippocampus in the following coordinates relative to Bregma: Young –
anterior −5.2 mm, lateral +3.8 mm at 10° angle, ventral −3.6 mm; Aged – anterior −5.6 mm,
lateral +4.0 mm at 10° angle, ventral −3.8 mm. A subset of rats received a second guide
cannulae in the medial septum at the following coordinates relative to Bregma: Young, –
anterior +0.2 mm, lateral +1.0 mm at 8° angle, ventral −5.5 mm; Aged, – anterior +0.2 mm,
lateral +1.0 mm at 8° angle, ventral −5.6 mm. After a two day recovery period following
stereotaxic surgery, rats were habituated to the microdialysis bowls for three consecutive
days prior to the onset of microdialysis sampling. On the morning of each dialysis session,
stylets were removed and replaced with probes (BAS, 30kDa cutoff) extending 2 mm
beyond the ventral tip of guide cannulas. Probes were continuously perfused at 2 μl/min
with artificial cerebrospinal fluid (aCSF; [in mM] NaCl 150, KCl 3.0, CaCl2 1.7, MgCl2 0.9,
d-glucose 4.9, pH 6.9). Neostigmine (50 nM) was included in hippocampal aCSF (Fadel et
al., 2005). Microdialysate collection began 3 hr after probe insertion and consisted of 11
collections in 15 minute intervals. During collections 5 through 8 the microdialysis inlet line
in either the medial septum or hippocampus was switched to an aCSF solution containing
either vehicle (aCSF), low orexin A (OxA; 0.1 μM; Bachem Americas, Inc.; Torrance, CA;
product No. H-4172) or high OxA (10 μM). Most animals were tested under all three
conditions. Dialysates were stored at −80°C until analysis for amino acids could be carried
out by liquid chromatography. At the conclusion of dialysis sessions animals were
sacrificed, and brains were removed. Probe placement was assessed using an
acetylcholinesterase background stain. Animals with probe tracts outside of the target region
were excluded from results.

Microdialysis samples were analyzed by liquid chromatography with electrochemical
detection (Fadel et al., 2005, Reznikov et al., 2007). After pre-column o-phthaldidialdehyde/
beta-mercaptoethanol derivatization, glutamate and GABA were separated on a Unijet
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microbore 3 μm CI8 column (BAS) using a mobile phase consisting of 0.1 M NaH2PO and
28.5% methanol (pH 6.4) and detected at a glassy carbon electrode (+700 mV). Amino acid
quantification was accomplished by comparison of peak areas with a daily three-point
standard curve defining the expected range of glutamate and GABA values. Following
quantification of glutamate and GABA, basal values of neurotransmitter release were
defined by averaging values during pre-drug collections (microdialysis fractions 1–4).
Values were then expressed as percent baseline to account for variability in basal efflux
across sessions and between subjects. Microdialysis data were uncorrected for probe
recovery.

Immunohistochemistry
All tissue was processed according to previously described protocols (Frederick-Duus et al.,
2007, Reznikov et al., 2008). Briefly, a separate group of experimentally-naïve rats were
deeply anesthetized using isoflurane and transcardially perfused with 0.1M phosphate
buffered saline and 4% paraformaldehyde. Whole brains were removed and post fixed
overnight followed by cryoprotection in a 30% sucrose/0.1 M phosphate buffer solution.
Tissue was coronally sectioned (45 μm thickness) on a cryostat using a 1:5 serial sectioning
method (yielding 5 sets of tissue with adjacent sections 225 μm apart).

Free floating medial septum or hippocampal sections were incubated with a rabbit anti-OxA
antibody (1:1000; Calbiochem; Darmstadt, Germany; product No. PC 362) for 24 hours at
room temperature (RT). This step was followed by incubation in biotinylated donkey anti-
rabbit secondary (Jackson ImmunoReasearch Inc.; product No. 7111-065-152) for 1.5 hours
at RT, and horseradish peroxidase conjugated streptavidin (1:1,600; Jackson
ImmunoResearch Laboratories Inc.; product No. 016-030-084) for 1 hour at RT.
Immunoreactivity was developed using nickel sulfate-cobalt chloride intensified
diaminobenzidine with hydrogen peroxide, yielding blue-black immunopositive cells. Tissue
was then incubated in mouse anti-GAD67, mouse anti-Ca2+/calmodulin-dependent protein
kinase II (CaMKII; 1:750; Upstate; Lake Placid, NY; Product No. 05-532), or mouse anti-
PV overnight at RT followed by incubation in unlabeled donkey anti-mouse (1:200; Jackson
ImmunoResearch Inc.; product No. 715-005-150; 2 hrs RT) and mouse peroxidase anti-
peroxidase (1:500; Covance; Berkeley, CA; product Nos. SMI-450L; 1.5 hrs RT). Nickel-
cobalt was omitted to yield a brown immunopositive cytoplasmic staining for PV+, CaMKII
+ and GAD67+ cells.

Cell counts
Using Neurolucida software (MicroBrightField Inc.; Williston, VT), medial septum neurons
and appositional counts were confined to an approximately 5 mm2 area and counted in 3
serial sections [approximately 0.7–0.2 mm anterior to Bregma (Paxinos and Watson, 1998)]
and cell counts conducted at 20x magnification. Results were averaged to form a
representative sample of all cell bodies and appositions within a single slice and a total of 8
young and 8 aged rats were included in data sets. Medial septum appositions were counted
by randomly selecting 10 PV neurons positively labeled for the brown cytoplasmic stain at
10x magnification in an unfocused plane in order to obscure fiber apposition labeling, and
refocusing at 40x to count apparent appositions of OxA fibers onto selected cells. For
hippocampal studies of orexin appositions onto pyramidal cells and interneurons, CaMKII
counts were conducted similar to medial septum counts, while GAD67+ neurons were
categorized by layer [stratum oriens (SO), stratum pyramidale (SP), stratum radiatum (SR),
stratum lacunosum moleculare (SLM)]. Sections containing dorsal hippocampus
[approximately 3.14-3.6 mm caudal to Bregma, (Paxinos and Watson, 1998)] were selected
for analysis, and counts were restricted to CA1b and CA1c. Each selected neuron was
analyzed through the entire z-axis of the cytoplasmic labeling to determine the number of
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orexin appositions onto medial septum and hippocampal neurons. A point was counted as an
apparent apposition if the overlapping brown cytoplasmic stain and black fiber labeling were
in the same field of focus.

Statistical analysis
All cell counts were analyzed using an independent samples t-test for significant main
effects. All in vivo microdialysis data were expressed as a percentage of mean baseline
values for each animal. Because some animals were not able to complete all 3 microdialysis
sessions in which the different doses of OxA were tested (due to issues such as bleeding in
the vicinity of the probe tip during microdialysis sampling) data were analyzed using 2
separate ANOVAs—a TIME × DOSE repeated measures ANOVA for each age group,
followed by a one way ANOVA post hoc on the means contributing to significance, and a
TIME × AGE repeated measures ANOVA for each dose, with an independent samples t-test
post hoc on the means contributing to the significance of the ANOVAs. Significant main
effects were defined by P < 0.05 and all statistical analysis was performed in SPSS for
windows (V.17.0, SPSS Inc.; Chicago, IL).

Results
Orexin innervation to CA1 is unaltered by aging

Double-labeled immunohistochemical techniques were employed to investigate orexin
innervation of the two major cell types in CA1; GAD67+ cells, which encompass all
subtypes of GABAergic inhibitory interneurons in this area, and CaMKII+ excitatory
pyramidal cells (Fig. 1). Appositional counts for each marker revealed a decrease in OxA
fiber innervation in the aged population that did not reach levels of statistical significance
(Fig. 1). Specifically, GAD67 neurons in the pyramidal layer of aged rats displayed a trend
for a decrease (t13 = 1.985, P = 0.069) with young animals receiving approximately 7.6 ±
1.2 orexin appositions/interneuron compared to the 4.9 ± 0.8 orexin appositions/neuron
observed in aged rats. All other layers failed to exhibit any trends (P > 0.1) for reduced
orexin innervation to interneurons within that lamina.

Numbers, and orexin innervation, of medial septum PV-IR cells is decreased in aging
Parvalbumin (PV) is a calcium-binding protein that marks GABAergic septohippocampal
projection neurons. Double labeled immunohistochemical techniques were utilized to
determine the effects of aging on the overall number of PV-IR, GABAergic projection cells,
as well as orexin innervation to PV-containing neurons in the medial septum (Fig. 2A).
Analysis of PV+ cells indicated a significant decrease (t14 = 3.125, P = 0.007) in
immunoreactivity in aged rats (Fig. 2B), with young rats averaging 213 ± 16 cells per slice
compared to the aged rat average of 154 ± 9 cells per slice. In addition to this decrease in the
number of PV-IR neurons, aged animals showed significant reductions in apparent
appositions formed by OxA varicosities onto PV- immunopositive medial septum cells (Fig.
2C; t14 = 2.587, P = 0.022). Young rats received approximately 14.4 ± 1.4 orexin
appositions per PV+ cell versus the 9.6 ± 1.2 orexin appositions per PV+ cell observed in
aged rats.

Direct infusion of OxA differentially affects GABA efflux across the aging spectrum
Local infusion of exogenous OxA via reverse microdialysis increased hippocampal GABA
release in CA1 in both young and aged rats (Fig. 3). At both ages, DOSE × TIME ANOVAs
revealed a significant effect of TIME (young: F(10,250) = 3.428, P = 0.001; aged: F(10,210) =
4.024 P ≤ 0.0001), indicating that hippocampal GABA was changing over the course of the
dialysis session. A DOSE × TIME effect was evident in the aged group (Fig. 3B; F(20,210) =
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2.245; P = 0.002) with collections 6, 7 and 10 exhibiting significant increases in GABA
efflux (F(2,24) ≥5.685; P ≤ 0.039). Additionally, a strong trend for a DOSE × TIME
interaction was observed in the young group (Fig. 3A; F(20,250) = 1.527; P = 0.073), but the
oscillatory effects of the 10 μM dose of OxA on GABAergic efflux, which were not
observed in aged rats, likely prevented this effect from reaching statistical significance.

TIME × AGE ANOVAs comparing OxA doses indicated an effect of TIME in both low and
high OxA groups (low OxA: F(20,250) = 1.527, P = 0.073; high OxA: F(10,140) = 4.679, P ≤
0.0001), while no TIME × AGE effects were observed. This finding indicates that both
groups maintained similar responsivity to exogenous OxA following direct infusion into
CA1.

Direct CA1 infusion of OxA modulates glutamate efflux regardless of age
Infusion of exogenous OxA increased hippocampal glutamate release upon direct infusion
into CA1 in both young and aged rats (Fig. 4). At both ages, DOSE × TIME ANOVAs
revealed a significant effect of TIME (young: F(10,250) = 8.719, P ≤ 0.0001; aged F(10,210) =
6.146; P ≤ 0.0001), indicating that hippocampal glutamate efflux was changing over the
course of the dialysis session. Conversely, no significance was found in DOSE × TIME
analysis. Analysis of TIME × AGE ANOVAs revealed a significant effect of TIME at all
three doses (vehicle: F(10,130) = 2.136, P = 0.026; low OxA: F(10,180) = 6.249, P ≤ 0.0001;
high OxA: F(10,150) = 6.366, P ≤ 0.0001), indicating alterations in glutamate efflux over the
duration of the dialysis session at all doses. Additionally, a TIME × AGE interaction was
observed in the low OxA group (Fig. 4D; F(10,182) = 3.293; P < 0.0001), but post hoc
analysis failed to reveal the point(s) of significance in the mean(s) contributing to the
significance of the ANOVA.

Medial septum OxA infusion increases hippocampal GABA in aged, but not young rats
Septal infusion of OxA produced differential effects on hippocampal GABA efflux as a
function of age. At both ages, DOSE × TIME ANOVAs revealed a significant effect of
TIME (young: F(10,160) = 6.502, P ≤ 0.0001; aged F(10,210) = 2.168; P = 0.021), indicating
that GABA efflux was changing over the course of the dialysis session (Fig. 5). The changes
observed in young animals (Fig. 5A) were likely the result of the steady depression of
extracellular GABA efflux over the duration of the dialysis session, which was unaffected
by OxA infusion. Conversely, in aged animals (Fig. 5B), the 10 μM OxA dose elicited an
oscillatory GABA pattern similar to that observed in the young group following CA1
infusion of OxA (Fig. 5A). This oscillatory pattern started at the onset of infusion and
continued across the duration of the dialysis session. Comparison of the high dose of OxA in
young and aged groups (Fig. 5C) revealed a significant TIME × AGE interaction (F(10,130) =
2.032; P = 0.035). Post hoc evaluation of the points contributing to the significance of the
ANOVA indicated a significant increase in GABA efflux in the aged group at the initial
onset of OxA infusion (collection 5; t13 = 2.697; P = 0.018).

Medial septum OxA infusion increases hippocampal glutamate in aged, but not young rats
Septal infusion of OxA produced alterations in hippocampal glutamate efflux as a function
of age. Medial septum infusion of OxA had no effect on hippocampal glutamate release in
the young group (Fig. 6A). Conversely, the 2-way TIME × DOSE ANOVA revealed a
significant effect of TIME in the aged population (Fig. 6B; F(10,220) = 3.144; P = 0.001),
indicating differential glutamate efflux as a function of age. Analysis of the dose-specific
effects of medial septum OxA infusion on hippocampal glutamate using a TIME × AGE
ANOVA showed a significant effect of TIME (F(10,140) = 2.811; P =0.003) at the high dose
(Fig. 6C).
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Although the ANOVA yielded no signs of a TIME × AGE interaction at the high dose of
OxA (F(10,140) = 1.092; P =0.373), a trend for a main effect of AGE was observed (F(1,14) =
4.388; P = 0.055). 10 μM OxA to the medial septum induced significant increases in
hippocampal glutamate efflux in aged rats (Fig. 6C; t14 ≥ 2.261, P ≤ 0.04) starting at the
initial onset of OxA application and continuing throughout the microdialysis session.

Basal efflux
Aged animals exhibited significant decreases in basal hippocampal GABA efflux (aged,
0.032 ± 0.005 μM vs. young, 0.081 ± 0.013 μM; t38 = 3.477; P = 0.001; data not shown).
Aging was not associated with differences in basal hippocampal glutamate levels (0.592 ±
0.085 μM and 0.555 ± 0.067 μM in young and aged rats, respectively).

Discussion
We found that aging is associated with a reduction in PV projection cells of the septo-
hippocampal pathway and a further reduction in orexin innervation to the remaining
GABAergic projection neurons of the medial septum. Moreover, glutamate and GABA
efflux were enhanced by medial septum administration of OxA in aged rats compared to
young rats, while local infusion of the peptide was unaltered as a function of age. Taken
together, these data implicate alterations in orexin signaling as a contributor toward age-
related hippocampal dysfunction.

The orexin system is crucial for regulating vigilance (Nishino, 2007) and cognitive
performance on attentional tasks (Boschen et al., 2009, Fadel and Burk, 2010). While the
role of orexins in the hippocampal formation remains to be fully defined, prior work
suggests a modulatory influence of this neuropeptide on hippocampal synaptic plasticity. In
a study conducted by Selbach et al. (2004) bath application of OxA induced stimulus-
independent LTP of Schaffer collateral synapses (LTPox) that required activation of
glutamatergic and GABAergic receptors. Accordingly, in vivo electrophysiological
recordings have demonstrated an enhancement of LTP in the dentate gyrus following OxA
treatment (Wayner et al., 2004), which can be abolished by pretreatment with the orexin 1
receptor (Ox1R) antagonist, SB-334867 (Wayner et al., 2004, Akbari et al., 2011).
Furthermore, blockade of Ox1R signaling in the hippocampus results in impaired
performance on tests of spatial learning and memory and passive avoidance (Akbari et al.,
2006, Akbari et al., 2007, Akbari et al., 2008). These studies suggest that direct (local)
modulation of hippocampal function by orexin is primarily mediated by Ox1R, and the
alterations in orexin regulation of hippocampal glutamate and GABA release that we
observed in aged animals are likely to have functional behavioral correlates.

While local infusion of orexin tended to increase GABA and glutamate efflux in area CA1,
we did not observe any effect of medial septum administration of OxA on hippocampal
amino acid efflux. Importantly, this finding does not imply that OxA does not activate the
GABAergic component of the septo-hippocampal pathway. Prior work has shown that OxA
directly activates PV cells in septal slices (Wu et al., 2002), and hippocampal theta rhythms
are completely ablated following Ox2R-saporin lesions of the medial septum (Gerashchenko
et al., 2001), observations which predict that medial septum orexin administration should
increase septo-hippocampal GABA release. However, GABAergic projections from the
medial septum tend to synapse preferentially on GABAergic interneurons in the
hippocampus (Freund, 1992). Thus, orexin activation of septo-hippocampal GABAergic
neurons may produce a “zero-sum” net effect on hippocampal GABA efflux in young
animals as measured by in vivo microdialysis. In this case, the significant increase in
hippocampal GABA efflux following medial septum OxA application in old rats may reflect
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the significant age-related reduction in hippocampal GABAergic interneurons (Stanley et
al., 2011).

An interesting oscillatory fluctuation in GABA release was noted in young animals
following exposure to the 10 μM OxA dose directly into CA1. While the relatively poor
temporal resolution of microdialysis negates the correlation of this phenomenon with better-
characterized electrophysiological oscillations (e.g. theta or delta rhythms), it may reflect a
type of long-term phase-locking neuronal firing pattern. Interestingly, the aging
hippocampus was devoid of this oscillatory GABAergic pattern elicited by high OxA
infusion. This could be the result of neuronal loss in both regions since the medial septum
and hippocampus are reciprocally connected via the septo-hippocampal axis (Toth and
Freund, 1992, Gulyas et al., 2003). It has also been suggested that age-related decreases in
rhythmic bursting activity by septohippocampal neurons may stem from the loss of external
synchronizing inputs (Apartis et al., 2000). The functional contribution of orexin to such as
phenomenon is unestablished but may be significant given its role in arousal and cognitive
function. GABAergic interneurons in stratum oriens (SO) project both locally within the
hippocampal formation, and send inhibitory long-range efferents to the basal forebrain
where they synapse preferentially on GABAergic neurons (Toth et al., 1993). In a recent
study from our lab, SO interneurons were found to be particularly vulnerable to aging-
induced neurodegeneration, with losses of 20% relative to young animals (Stanley et al.,
2011). Thus, the significant reduction in both PV-containing medial septum projection cells
and SO interneurons likely disrupts normal connectivity of the septo-hippocampal axis.

While the oscillatory producing effects of hippocampal OxA peptide infusion were absent in
old rats, the magnitude of orexin-mediated GABA and glutamate efflux was unaffected as a
function of age. This finding was unexpected due to the reports of decreased Ox1- and
Ox2R mRNA in the hippocampus of old C57BL/6 mice (Terao et al., 2002), which would
predict reductions in orexin-mediated hippocampal neurotransmitter efflux. Alongside
reductions in orexin receptor mRNA, stereological assessment of orexin neurons conducted
in our laboratory in the same strain and age of rats have indicated a greater than 40%
reduction in orexin neuron number (Kessler et al., 2011). The similarity in magnitude
between the loss of orexin neurons and the reduction in innervation of the medial septum
reported here suggests a lack of compensatory sprouting from residual orexin neurons that
project to this region. This finding is reinforced by reports of reduced peptide expression, as
well as neuron and fiber immunoreactivity across the course of normal aging (Porkka-
Heiskanen et al., 2004, Zhang et al., 2005, Brownell and Conti, 2010). Within the current
studies, orexin fiber innervation to the medial septum was reduced in aged rats, while orexin
innervation to the hippocampus was largely unaffected by the aging process. Anatomical
analysis of orexin populations has indicated dense interconnectivity between the basal
forebrain and hypothalamus, while orexin fibers directed to the hippocampus are much less
dense (Peyron et al., 1998, Date et al., 1999, Nambu et al., 1999). Regardless of the degree
of fiber innervation, infusion of OxA directly into CA1 effectively altered extracellular
hippocampal amino acid concentrations, providing a functional implication for a pathway
that is largely undefined.

The significant enhancement in extracellular amino acid efflux following OxA activation of
the septo-hippocampal pathway in aged rats is likely a reflection of anatomical changes in
both the medial septum and hippocampus described above. A decrease in both PV-
projection cells in the medial septum (Han et al., 2002), and CA1 interneurons has been a
well-documented aspect of normal aging (Shetty and Turner, 1998, Vela et al., 2003,
Stanley and Shetty, 2004, Stanley et al., 2011). Since the net effect of PV projections of the
septo-hippocampal pathway is to disinhibit the hippocampus (Freund and Antal, 1988, Toth
et al., 1997, Wu et al., 2002), reductions in both GABAergic medial septum projection cells
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and hippocampal targets (hippocampal interneurons) may result in loss of disinhibition, and
cause overall increases in inhibition. Moreover, GABAergic neurons of the medial septum
project locally (Borhegyi et al., 2004) and modulate the firing of cholinergic cells. Since
cholinergic cells of the medial septum project to hippocampal interneurons and pyramidal
cells indiscriminately (Frotscher and Leranth, 1985, Leranth and Frotscher, 1989), the
projections of the septo-hippocampal pathway that mediate both excitation and inhibition of
the hippocampus are left unchecked.

Importantly, in the current study, basal levels of extracellular GABA are significantly
reduced in aged rats. Thus, even when OxA produced maximal effects of GABA release in
aged animals, the concentration of extracellular GABA did not exceed basal levels of young
animals. Basal levels of glutamate, however, remained constant over the aging spectrum.
Therefore, the increase in glutamate efflux observed following OxA to the medial septum of
aged animals reflects an overall trend toward enhancement of excitatory neurotransmission.

The septo-hippocampal pathway is instrumental in normal learning and memory processes,
and in the maintenance of normal sleep-wake cycles. Disruptions in cognition, hippocampal
theta frequency (Lamour et al., 1989, Abe and Toyosawa, 1999), and sleep-wake cycles
(Miles and Dement, 1980, Bliwise, 1993, Dijk et al., 1999) are evident over the course of
normal aging, possibly on account of septo-hippocampal pathway disruption. Our data
provide neurochemical evidence for both a direct and transsynaptic role in the modulation of
hippocampal neurochemistry by the hypothalamic neuropeptide OxA.

Conclusion
Collectively, these studies show a pharmacologically-induced increase in hippocampal
GABA and glutamate in young rats by the neuropeptide OxA through direct, but not
transsynaptic mechanisms. Moreover, within aged animals, this orexin mediated
hippocampal neurotransmission is significantly enhanced following OxA to the medial
septum, presumably through alterations in GABAergic cells within the septo-hippocampal
pathway and CA1. These data implicate a dysregulation in orexin modulation of GABA and
glutamate tone in the aged hippocampus as a potential contributor to age-related disruptions
in sleep-wake patterns and hippocampal theta rhythms. These mechanisms may serve as
contributing factors in the manifestation of age-related deficits in cognitive and homeostatic
processes.

Acknowledgments
This work was supported in part by National Institutes of Health R01AG030646 (JF).

Abbreviations

aCSF artificial cerebrospinal fluid

ANOVA analysis of variance

CA1 cornu ammonis 1

CaMKII calcium calmodulin kinase

GABA gamma-aminobutyric acid

GAD67 glutamic acid decarboxylase 67

LTP long term potentiation

Ox1R orexin 1 receptor
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Ox2R orexin 2 receptor

OxA orexin A

PV parvalbumin

REM rapid eye movement

RT room temperature

SLM stratum lacunosum moleculare

SO stratum oriens

SP stratum pyramidale

SR stratum radiatum
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Highlights

• Orexin/hypocretin inputs to the medial septum and hippocampus modulate
behavioral arousal and performance on hippocampal-dependent cognitive tasks

• Aging is associated with reduced orexin/hypocretin innervation of medial
septum and hippocampus

• Aged rats showed alterations in orexin/hypocretin modulation of hippocampal
glutamate and GABA efflux

• Changes in orexin/hypocretin signaling may contribute to age-related
impairments in arousal and memory consolidation
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Figure 1. Orexin innervation of CA1 is unaltered as a function of age
A,B) Double-label immunohistochemistry reveals orexin fibers (black) spanning all layers
of the hippocampus and making apparent appositional contacts with GAD67+ interneurons
(brown cell bodies) in both young (A) and aged (B) rats. C) A trend toward reduced orexin
innervation of GAD67+ interneurons in stratum pyramidale (SP) was observed in aged rats,
while interneurons in the remaining lamina were unaffected by age. D,E) Double-label
immunohistochemistry for orexin fibers (black) and CaMKII+ pyramidal cells (brown) in
young (D) and aged (E) rats. F) Orexin innervation of CaMKII+ pyramidal cells was
unaffected by age. n = 8 young, 7 aged (SO-stratum oriens; SP- stratum pyramidale; SR-
stratum radiatum; SLM-stratum lacunosum moleculare). Scale bars = approximately 100 μm
(A,B) and 10 μm (D,E).
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Figure 2. The number of parvalbumin-positive cells and orexin appositions in medial septum
decreases as a function of age
A) Double-label immunohistochemistry for orexin fiber innervation (black fibers) of PV+
neurons (brown cells) in the medial septum in young (top) and aged (bottom) tissue. B,C)
PV+ cells were significantly reduced with aging process, as were orexin appositions onto
PV+ cells (indicated black arrows in panel A). Black boxes in figure A indicate areas
corresponding to inset images. Scale bar = approximately 100 μm. * P < 0.05, ** P < 0.01; n
= 8 young, 8 aged.
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Figure 3. Effects of hippocampal OxA administration on local GABA efflux
CA1 infusion of OxA via reverse microdialysis (black bar over collections 5–8) dose-
dependently increased GABA efflux in aged rats (B), while young rats (A) displayed only a
dose-dependent trend (P = 0.073) for increased GABA efflux. Importantly, OxA-mediated
GABA efflux following CA1 infusion was not altered as a function of age. * P < 0.05 vs.
vehicle; ** P ≤ 0.01 vs. vehicle; n = 8–11 (young), 7–9 (aged).
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Figure 4. Effects of hippocampal OxA administration on local glutamate efflux
CA1 infusion of OxA via reverse microdialysis (black bar over collections 5–8) to young
(A) and aged (B) rats produced a general trend for increased glutamate efflux, but this effect
did not achieve statistical significance. The magnitude of OxA induced glutamate efflux was
not altered as a function of age. n = 8–11 (young), 7–9 (aged).
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Figure 5. Delivery of OxA to medial septum differentially affects CA1 GABA efflux in young and
aged rats
OxA infusion (black bar over collections 5–8) into the medial septum via reverse
microdialysis in young (A) and aged (B) rats did not alter hippocampal GABA efflux. C)
However, infusion of the high (10 μM) dose of OxA yielded a significantly greater degree of
GABA efflux in aged (open diamonds, ◇) compared to young rats (closed circles, ●) at the
onset of OxA infusion (collection 5). * P < 0.05; n = 6–7 (young), 8 (aged).
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Figure 6. Delivery of OxA to medial septum differentially affects CA1 glutamate efflux in young
and aged rats
OxA infusion (black bar over collections 5–8) into the medial septum via reverse
microdialysis in young (A) and aged (B) rats did not alter hippocampal glutamate efflux. C)
Infusion of the high (10 μM) dose of OxA generated a significantly greater degree of
glutamate efflux in aged (open diamonds, ◇) compared to young rats (closed circles, ●)
during collections 5 and 7. * P < 0.05, ** P < 0.01. n = 6–7 (young), 8 (aged).
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