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a  b  s  t  r  a  c  t

Several  lines  of  evidence  point  to a role  for the  hippocampal  formation  and  contiguous  temporal  lobe
structures  in  a variety  of  learning  and  memory  paradigms.  Presumably,  these  cognitive  phenomena
are  mediated  (and  accompanied)  by  dynamic  changes  in neurochemical  transmission  that  may  differ
between  learning  and  recall  phases.  However,  the  neurotransmitter  correlates  of  most  memory-related
tasks  have  not  been  thoroughly  investigated.  Here  we  used  a one-trial  object  recognition  paradigm  paired
with in  vivo  microdialysis  to  assess  hippocampal  acetylcholine  (ACh),  glutamate  and  GABA efflux  when
rats  were  exposed  to  familiar  objects,  and  when  given  the  option  to  explore  familiar  and  novel objects.
cetylcholine
lutamate
ABA
emory

Rats preferentially  explored  the  novel  object  over  the  familiar  one  when  presented  with  the  option.
Regardless  of  object  familiarity,  object  exploration  was  accompanied  by  an  increase  in  hippocampal  ACh
efflux,  while  GABA  efflux  was  unaffected.  However,  glutamate  efflux  was  not  increased  above  baseline
levels  by  presentation  of  familiar  objects,  but was  significantly  enhanced  in  the  presence  of  the  novel
object.  These  data  suggest  that  the  hippocampus,  and  in  particular,  hippocampal  glutamate,  may  be

esses
involved  in  memory  proc

. Introduction

The hippocampal formation mediates several aspects of cog-
itive function, including spatial learning, the formation of new
emories and retrieval of stored memories [16]. Novel object

ecognition is a commonly employed test of memory that relies
n rodents’ inherent preference for exploration of new versus pre-
iously exposed stimuli [1] and requires very little training [11]
ther than habituation to the testing arena. The relative contribu-
ion of the hippocampal formation itself versus other adjacent and
nterconnected temporal lobe structures is not without controversy
6,10,17,25]. Clark et al. for example, showed that selective hip-
ocampal lesions impair performance in a visual recognition task
f spontaneous novelty preference when delays were longer than

 min  [8].  Moreover, studies have shown that when lesions encom-
ass greater than 75–90% of the hippocampus, one-trial object

ecognition is significantly impaired [5],  further supporting the
tance that the hippocampus plays a crucial role in object recog-
ition. Mumby  and colleagues, however, found that hippocampal

Abbreviations: ACh, acetylcholine; DNMS, delayed non-match to sample; glu,
lutamate.
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lesions disrupted novelty preference only in place or context trials,
and not for the object itself [18], and others have suggested that
impairments following total hippocampal lesions reflect deficits in
object exploration during the sample phase (and hence, encoding),
rather than object recognition memory [2].  Thus, the precise role of
the hippocampus in object recognition memory remains to be elu-
cidated but may  be facilitated by a better understanding of phasic
neurotransmitter release during different aspects of this memory
task.

Dynamic, activity-dependent alterations in various neuro-
transmitters within the hippocampal formation are necessary
facilitators of learning and memory processes. Glutamate, GABA
and acetylcholine (ACh) play important roles in hippocampal mem-
ory formation, as is evidenced by the impairment of learning
following antagonist administration for their respective receptors
[4,7,10,19,23]. With regard specifically to novel object recogni-
tion, a number of studies (summarized in review by Dere et al.,
2007) [10] suggest a role for hippocampal NMDA- and AMPA
receptor-mediated transmission in object recognition at longer
delays, indicating the importance of glutamatergic transmission
within this behavioral paradigm.

While the spatial constraints of in vivo microdialysis limit
the feasibility of combining this technique with certain behav-

ioral paradigms, novel environment/object recognition tasks paired
with simultaneous neurochemical assessment [9,13,14] have pro-
vided beneficial insights on the neurochemical correlates of
exploratory and attentional activities linked to hippocampal

dx.doi.org/10.1016/j.neulet.2012.01.033
http://www.sciencedirect.com/science/journal/03043940
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Fig. 1. Objects used for novel object recognition during in vivo microdialysis sam-
pling consisted of intercrossed nylon chew bones (left) and rubber and plastic bottle
E.M. Stanley et al. / Neuros

earning and memory processes. Many of the studies looking at
ehavior paired with microdialysis focus on the cholinergic sys-
em, but relatively little is known about the dynamic changes in
ippocampal glutamate and GABA during object recognition. Here,
e paired one-trial novel object recognition using an extended

90 min) delay, with in vivo microdialysis sampling in the hip-
ocampus. The aim of this study was to determine the hippocampal
eurochemical correlates of novel object recognition in a rodent
odel by simultaneous assessment of ACh, glutamate and GABA

fflux in area CA1 of the ventral hippocampus.

. Materials and methods

.1. Animals

All animal care and use procedures were carried out in accor-
ance with protocols written under the guidelines of the National

nstitutes of Health Guide for the Care and Use of Laboratory
nimals and approved by the Institutional Animal Care and Use
ommittee at the University of South Carolina. Nine young adult
3–5 months) male Fisher 344 Brown Norway F1 hybrid rats
National Institute of Aging breeding colony; Baltimore, MD,  USA)
ere fed standard rat chow ad libitum and pair-housed on a 12:12

ight–dark cycle (lights on at 0600 h) in a climate-controlled facil-
ty (temperature range 20–26 ◦C; relative humidity 30–70%). All
xperiments were conducted during the light cycle.

.2. Novel object recognition during microdialysis

Under sodium pentobarbital anesthesia (60–70 mg/kg) all rats
eceived unilateral implantation of guide cannulae (Bioanalyti-
al Systems, Inc. (BAS); West Lafayette, IN, USA) in the dorsal
ippocampus in the following coordinates relative to Bregma: –
osterior −5.2 mm,  lateral +3.8 mm  at 10◦ angle, ventral −3.6 mm
20]. After a two day recovery period following stereotaxic surgery,
ats were habituated to the microdialysis bowls for four consec-
tive days prior to the onset of microdialysis sampling. During
abituation periods, each rat was exposed to two  identical objects.
hese objects were adhered by Velcro approximately 180◦ from
ne another on the inside of the circular microdialysis bowl walls
nd approximately 2 inches from the base of the bowl. There was
o barrier between the rats and the objects; thus, rats were able
o approach and touch the objects during the entire presentation
eriod. Rats were exposed to the same identical objects for one,
5 min  period during each habituation day. Familiar objects were
ounterbalanced between subjects to account for any unforeseen
nherent preference (Fig. 1), and consisted of a black rubber and
lastic bottle stopper (2.5′′ diameter, 1.5′′ deep) or two  intercrossed
hite nylon chew toys (4.5′′ long, 1′′ wide, 0.5′′ deep). Following

 days of habituation to the now familiar objects, rats under-
ent in vivo microdialysis in which 15 dialysates were collected

n 15 min  fractions. Following four baseline collections, rats were
resented with the two familiar objects they had been habituated to
n the previous four days. To insert the objects into the microdial-
sis bowl each rat was picked up while the objects were adhered
identically to the placement procedure during the 4 habituation
ays), and placed back in the microdialysis bowl equidistant from
oth objects with its head positioned 90◦ from both objects. At the
essation of the fifth collection, the objects were removed. Ninety
inutes later (during collection 12), objects were placed back into

he microdialysis bowls, but this time one familiar and one novel

bject were presented to each rat. Object recognition behaviors
ere recorded using a video camera for 15 min  during collections

 and 12. The amount of time each animal spent exploring each
bject was recorded (seconds), and the number of approaches to
stoppers (right); scale bar = 1 inch. The assignment of each object as novel or familiar
was  counterbalanced across subjects to control for the possibility of innate prefer-
ences.

each object was  later scored by two  investigators from the video
tapes and the results averaged. An active approach or investiga-
tion was  defined as any exploratory behavior oriented toward, and
occurring in close proximity (approximately two centimeters or
less) to, either object.

At the conclusion of dialysis sessions animals were eutha-
nized, and brains were removed. Probe placement was assessed
on coronal sections through the hippocampus using an acetyl-
cholinesterase background stain (see Supplemental Data). Animals
with probe tracts outside of the target region were excluded from
results. Microdialysis samples were stored at −80 ◦C until analysis
by liquid chromatography with electrochemical detection as pre-
viously described for ACh [12] and amino acids [22]. Two animals
were excluded from amino acid sampling due to uncontrollable
bleeding at the probe site.

2.3. Statistics

All in vivo microdialysis data were expressed as a percentage of
mean baseline values for each animal. Data were analyzed using a
repeated measures ANOVA. Significant main effects were followed
by paired samples t-tests between collection four (the final base-
line) and all subsequent collections, and between collections five
and 12. Behavioral data was  analyzed using paired samples t-tests.
Pearson coefficients were calculated to determine correlative rela-
tionships between neurotransmitter efflux and object exploration
time. Significant main effects were defined by P < 0.05 and all sta-
tistical analyses were performed using SPSS for windows (V.17.0,
SPSS Inc.; Chicago, IL).

3. Results

3.1. Exploratory behavior indicates a preference for novel object
exploration

The analysis of time spent examining (Fig. 2A), and number of
approaches to (Fig. 2B), novel and familiar objects during microdial-
ysis sampling revealed a significant preference for the investigation
of the novel object during collection 12. During exposure to
two  familiar objects in collection 5, rats spent 32.5 ± 5.1 s over
5.1 ± 0.1 separate approaches, exploring both objects. Following
introduction of the novel object paired with the familiar object at

collection 12 there was a significant preference for the exploration
of the novel object in both approaches and time spent actively
exploring the object (t8 = 5.487 for time, t8 = 5.367 for approaches;
both P = 0.001). Rats spent 19.6 ± 4.1 s over 2.0 ± 0.1 approaches
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Fig. 2. Behavioral assessment of novel object recognition. (A) The total amount of time each animal spent exploring both objects was similar between collections 5 and 12.
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uring  presentation of both the novel and familiar objects during collection 12, rat
he  number of approaches made towards objects, which indicated that rats prefere
P ≤ 0.001; n = 9.

xploring the novel object while only exploring the familiar object
or 3.9 ± 3.1 s over 1.0 ± 0.1 approaches. Importantly, the total
ime and approaches spent exploring the objects in collection 12
23.5 ± 6.6 s over 3.1 ± 1.3 approaches) were not significantly dif-
erent from total exploratory behavior in collection 5 when only
amiliar objects were present (P’s for both time and approaches
0.3).

.2. Novel object recognition differentially impacts hippocampal
Ch, glutamate and GABA efflux

Hippocampal neurotransmitter efflux (Fig. 3) was  assessed dur-
ng presentation of familiar objects (collection 5), and subsequent
ntroduction of one novel object paired with the familiar object (col-
ection 12) 90 min  later. Presentation of both the novel and familiar
bjects significantly increased CA1 ACh efflux (Fig. 3A) during the
ourse of microdialysis sampling as indicated by a significant effect
f TIME in the repeated measures ANOVA (F14,126 = 5.950; P < 0.001).
ost hoc analysis indicated that ACh efflux was increased at the
nset of familiar object presentation at collection 5, and remained
levated until collection 9. When the novel object was  presented
longside the familiar object, a similar increase in ACh efflux was

bserved from collection 12 to 13, and again at collection 15. Fur-
hermore, ACh efflux during the collection immediately following
ovel + familiar object presentation (collection 13) was  signifi-
antly correlated with novel object exploration time (r = 0.731;

ig. 3. Neurochemical analysis of novel object recognition behavior. (A) ACh efflux was  

resentation, while glutamate (glu) efflux (B) was  increased compared to baseline and fam
C)  GABA levels were not significantly altered during either familiar or novel object intro
resentation; *P ≤ 0.05, ˆP ≤ 0.005, #P ≤ 0.001, %P ≤ 0.0001 compared to collection 4; &P ≤ 0
t significantly longer exploring the novel object. (B) Similar results were found in
 approached novel objects more readily than familiar objects during collection 12.

n = 9; P = 0.025). The magnitude of ACh efflux was  not different
when comparing time point 5 (familiar object) to time point 12
(novel + familiar object).

Similar to ACh efflux, the repeated measures ANOVA for glu-
tamate (Fig. 3B) indicated a significant effect of TIME during the
course of dialysis sampling (F14,84 = 3.744; P < 0.001). Post hoc anal-
ysis revealed a gradual increase in glutamate efflux that reached
statistical significance at collection 11, plus a significant enhance-
ment in glutamate efflux following introduction of the novel object
at collection 12, which persisted throughout the remainder of
microdialysis sampling. Importantly, the magnitude of glutamate
efflux was  significantly greater following novel object introduction
at collection 12 compared to familiar object association at collection
5. There were also strong trends for correlations between glutamate
efflux during collections 12 and 13 (during and immediately after
novel + familiar object presentation) and novel object exploration
time (both r’s > 0.61; both P’s < 0.08).

Unlike ACh and glutamate efflux, hippocampal GABA efflux did
not change during presentation of either familiar or novel objects
(Fig. 3C).

4. Discussion
We  have shown here that object exploration is associated with
increased hippocampal ACh efflux regardless of the familiarity of
the stimulus, whereas hippocampal glutamate is increased only in

significantly increased from baseline levels during both familiar and novel object
iliar object paradigms at the presentation of the novel object during collection 12.
duction. Solid arrows = familiar object presentation, dashed arrows = novel object
.05 compared to collection 5; n = 9 (ACh), n = 7 (amino acids).
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esponse to novel object presentation. As anticipated, rats spent
ignificantly longer investigating the novel object in comparison
o the familiar when given the choice between the two. This pref-
rential increase in glutamate efflux following exposure to novel,
ut not familiar objects, may  indicate a role of for hippocampal
lutamate in novelty signaling, particularly in a familiar context.

Previous literature has indicated that hippocampal ACh efflux
s stimulated by exploration of a novel environment [13] and pre-
entation of a novel object [9].  Our findings reinforce these reports,
howing a similar degree of elevated ACh efflux following examina-
ion of both familiar and novel objects in a familiar context. The total
mount of exploration time was similar during the initial (familiar)
nd subsequent (familiar plus novel) object presentations, suggest-
ng that enhanced hippocampal ACh efflux in response to these
timuli reflects a cholinergic role in arousal and attentional aspects
f object exploration [15,24]. However, only the immediate post-
ovel object period (collection 13) revealed a correlation between
Ch efflux and novel object exploration time, suggesting that hip-
ocampal ACh remains elevated in animals that had spent more
ime investigating the novel object during the previous 15 min
eriod. This may  reflect a cholinergic role in consolidational aspects
f novel object memory formation [21]. Importantly, previous stud-
es have shown cholinergic antagonists impair performance during
ne-trial object recognition tasks, while agonists produce a marked
mprovement (see [10] for review), indicating dynamic alterations
n cholinergic efflux are in fact necessary for object recognition.
hus, increased ACh efflux likely does not signal novelty, itself, but
ay  be a necessary component of novel object recognition when

levated in concert with other hippocampal neurotransmitters,
uch as glutamate (see below).

While ACh efflux appeared to correlate with general exploratory
ehavior of objects, glutamate efflux more closely paralleled pre-
entation of the novel object versus the familiar object during the
wo object presentation trials. When given the choice between the
wo, all rats explored the novel object to a higher degree than the
amiliar object, and this increased preference for the novel object
as accompanied by a significant increase in hippocampal glu-

amate efflux. Interestingly, this effect appears to be specific for
ovel object recognition, as exploration of a novel environment has
een shown to produce no alterations in hippocampal or cortical
lutamate neurotransmission [13], suggesting that glutamate may
e involved in discriminative choice aspects (novel vs. familiar) of
bject exploration, rather than simply a response to any novel con-
ext or environment. Consistent with this hypothesis, glutamate
fflux during collections 12 and 13 tended (statistical significance
ay  have been achieved with more animals) to correlate with novel

bject exploration time. This finding also reinforces studies show-
ng impaired performance in one-trial object recognition following
he administration of AMPA and NMDA receptor antagonists (see
10] for review).

Like glutamate, hippocampal GABA release has been shown to
e unaltered by exposure to a novel environment [13]. However,
ur results show that unlike ACh and glutamate efflux, GABA efflux
as unchanged following presentation of familiar and novel objects
uring in vivo microdialysis sampling. This finding, however, does
ot imply that hippocampal GABAergic transmission is not crucial

n the evaluation of familiar and novel objects. Rather, it may  be
hat the spatiotemporal characteristics of microdialysis sampling
re unable to detect rapid transient changes in GABA efflux or that
ifferent sources of GABA (e.g. septohippocampal inputs vs. local

nterneurons) are changing in opposite directions, resulting in no
et effect.
Due to the nature of the experimental paradigm, rats were sub-
ected to brief handling (<15 s) during the placement and removal
f objects in the microdialysis bowls. While this simple act of han-
ling may  account for the elevations in ACh efflux (which was
 Letters 511 (2012) 38– 42 41

the only neurotransmitter evaluated to show significant increases
in both object trials), Degroot and colleagues [9] used a similar
protocol and found that increased ACh efflux was  only observed
in rats that actively manipulated the novel object. In our experi-
ment all rats actively explored objects during both trials; therefore
we  speculate that the alterations in cholinergic transmission are
more likely the result of object exploration than the brief handling
episodes. Similarly, although no studies have looked at the effects
of handling on hippocampal glutamate neurotransmission, a mild
stressful (10 min) handling event produced no alteration in the pre-
frontal cortex, ventral tegmental area, or locus coeruleus during
in vivo microdialysis sampling [26]. Moreover, the brief handling
event required for object placement appeared to have no significant
effect on glutamate efflux as no obvious effects were seen in the first
exploration trial during collection 5. Therefore, it is unlikely that
the brief handling event had any confounding effects on glutamate
assessment during object recognition.

Previous experiments indicated that acute exposure to a novel
object enhances performance on a radial arm maze task [9],  which
the authors attributed to increases in hippocampal ACh following
object introduction. While that study used object recognition as an
environmental enrichment factor, and our focus was on one-trial
object recognition, we  speculate that glutamate (possibly in con-
cert with ACh) may  be the key neuromodulator in the enhancement
in cognitive performance, since the cholinergic system responds to
any salient stimulus regardless of familiarity. Another recent study
used a delayed non-match to sample (DMNS) object recognition
task during microdialysis to assess hippocampal ACh [14], but to
our knowledge, this is one of the first studies to assess hippocampal
glutamate and GABA efflux during a one-trial novel object recog-
nition paradigm. Unlike the DMNS task, the one-trial novel object
recognition paradigm used here does not require spatial learning,
stress-inducing food or water deprivation, or the acquisition and
recall of response-reward associations. Furthermore, the relative
simplicity of the one-trial schematic is proposed to be more tightly
connected to normal human memory processes [11] and is a partic-
ularly quick and useful assessment of pharmacotherapies targeted
at cognitive performance [10].

Our data provides the first reported finding where the hip-
pocampal neurochemistry coincides with the accurate distinction
in novel from familiar objects during behavioral assessment. The
distinct nature of glutamate efflux in the recognition of novel
objects suggests that the hippocampus does, in fact, play a role
in object recognition. In particular, the implications of these data
are reinforced by reports of increased hippocampal c-Fos expres-
sion following exposure to novel, but not familiar objects [3],  and
implies that glutamatergic efflux within the hippocampus plays an
important role in one-trial object recognition memory.

In conclusion, we  propose that one-trial novel object recog-
nition screening in tandem with in vivo microdialysis sampling
represents a feasible approach to delineating the neurochemical
correlates of hippocampal-dependent cognition, and thus could be
a useful tool in gaining a better understanding of the neurochemi-
cal basis of cognitive decline associated with various disorders and
neurodegenerative states.
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