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Abstract

The novel object recognition (NOR) task has emerged as a popular method for testing the
neurobiology of nonspatial memory in rodents. This task exploits the natural tendency of rodents
to explore novel items and depending on the amount of time that rodents spend exploring the
presented objects, inferences about memory can be established. Despite its wide use, the
underlying neural circuitry and mechanisms supporting NOR have not been clearly defined. In
particular, considerable debate has focused on whether the hippocampus plays a significant role in
the object memory that is encoded, consolidated and then retrieved during discrete stages of the
NOR task. Here we analyzed the results of all published reports in which the role of the rodent
hippocampus in object memory was inferred from performance in the task with restricted
parameters. We note that the remarkable variability in NOR methods across studies complicates
the ability to draw meaningful conclusions from the work. Focusing on twelve reports in which a
minimum criterion of sample session object exploration was imposed, we find that temporary or
permanent lesion of the hippocampus consistently disrupts object memory when a delay of 10 min
or greater is imposed between the sample and test sessions. We discuss the significance of a delay-
dependent role of the hippocampus in NOR within the framework of the medial temporal lobe. We
assert that standardization of the NOR protocol is essential for obtaining reliable data that can then
be compared across studies to build consensus as to the specific contribution of the rodent
hippocampus to object memory.
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1. Introduction

We can all recall a time when walking down a crowded corridor, we happen upon a person
who looks familiar. While we are confident that we have encountered this person before, we
are unable to remember how or when we previously met. It is only through the information
gathered during interactive conversation that we are able to recall who this person is and
where we encountered them for the first time. This uncomfortable, yet common, scenario
depicts our ability to subjectively recall previous information through distinct memory
processes.

Memory can be divided into two distinct categories, declarative and non-declarative forms.
Declarative memory, or explicit memory, is the ability to recall personal history, facts and
events, and is dependent on the interconnected structures of the medial temporal lobe.
Recognition, a subtype of declarative memory, reflects that of people, objects, and
experiences. Clearly, the example stated above illustrates the two forms of recognition
memory that are commonly experienced during a test of information retrieval, that is,
familiarity and recollection. Familiarity is the immediate feeling that an event, individual, or
item was previously encountered. This experience, referred to as ‘knowing’, does not
involve the conscious recollection of details from the prior experience. For example, “/ know
1 have seen that person (or item) before, I just don’t remember where or when”.
Recollection, or ‘remembering’ on the other hand, involves a slower process whereby full
attention to the present stimuli (if any) induces an intended or conscious recall of the
contextual details of the prior event or experience — that is, specific information as to where
and when the original experience occurred [1, 2]. For example, “/ remember you. We met at
the 2012 Society for Neuroscience meeting; our posters were next to one another on the
second aday of that conference, and you commented on how well I coordinated my outfit
with the color scheme of my poster”. Originally defined by Tulving [3], the remember/know
distinction is considered by many to reflect separate underlying behavioral processes of
recognition memory. Although the processes of recollection and familiarity are distinct in
the manner that they are experienced, it remains unclear whether different neurobiological
mechanisms support them. Dual-process models of recognition memory state that
recollection and familiarity are functionally separate systems [4-8]. Studies of human
amnesiacs have revealed selective impairment of recollection, while sparing familiarity, and
numerous functional imaging studies have identified that the separate processes are
associated with region-specific activation patterns. These findings are largely considered
support for the view that familiarity and recollection utilize different underlying systems [9-
11]. On the other hand, single-process models view the two declarative memory forms as a
part of one distinct category of recognition memory [7, 10, 12]. Here, memories are
represented along a scale that ranges from weak to strong. Studies have demonstrated that
these two processes have a significant structural commonality that would point to a single
process model. Similar structural activation is observed with both familiarity and
recollection [11]. Regardless of how these forms of memory are thought to function, the
fundamental concepts derived from the distinction between familiarity and recollection are
useful for improving understanding of recognition memory mechanisms in both humans and
laboratory animals.
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The medial temporal lobe is organized in a manner that supports memory. Various
subregions have been identified as the structures critical in supporting memory in a variety
of species [13]. The perirhinal cortex, parahippocampal cortex, and entorhinal cortex are
anatomical structures identified as components of the “what” and “where” streams of
experience-dependent sensory inputs that converge within the hippocampus. Traditionally, it
is believed that the “what”information is conveyed through the perirhinal cortex, while the
“where” information is transmitted through the parahippocampal and entorhinal cortices. It
is only in the hippocampus that the “what”and “where” information is associated [1].
However, in recent years, debate over whether the hippocampus is directly involved in
encoding memories of the “what”information has increased. Similarly, many studies claim
that familiarity is structurally distinct from that of recollection, with familiarity attributed to
the perirhinal cortex and recollection to the hippocampus [14]. Nevertheless, it is apparent
that during recollection, it is the “what”and “where” associations that are being recovered.

In general, memories are formed and stabilized through three distinct processes. Encoding
refers to the initial acquisition of the memory. Then, through phases of consolidation, the
memory is preserved and stored for later recall. Finally, retrieval is the process by which the
previously stored memories are reactivated. Many different tasks have been developed to
investigate the neural basis of memory and its distinct stages. However, it is important to
note that all methodologies have limitations, which should be considered when analyzing
outcomes. Human recognition memory is commonly tested in the visual paired comparisons
task [15, see review 16], while a modified version of the task has been implemented for
rodents [17]. Functional imaging studies, in humans, have identified patterns of region-
specific neural activation associated with recollection and familiarity; however, animal
models enable investigation of the neurobiological circuitry and cellular mechanisms of
recognition memory, which are not possible in humans.

2. Novel Object Recognition

2.1. Task Procedures and Behavior Quantification

Implicit to the animal model approach is the necessity that the behavioral constructs that are
modeled in rodents match to a large extent, human recognition memory. To this end, the
spontaneous novel object recognition (NOR) task has emerged as the most popular test for
assessing a rodent’s ability to recognize a previously presented stimulus [18]. Describing the
task as such is misleading since it is not theoretically possible to recognize a novel object
since recognition reflects prior exposure. While some have begun to adopt the more accurate
phrase, spontaneous object recognition (SOR), most investigators continue to use nove/
object recognition or NOR in referring to the task. For the purposes of this review, we will
refer to the aforementioned task as NOR; however, we assert that this designation does not
adequately describe the object recognition memory that it can be inferred from it.
Regardless, the NOR task has become the hallmark method used in assessing non-spatial
object memory in rodents. Although there is considerable variability across labs in the NOR
procedures used, most conduct the test in a familiar square or rectangular high-walled arena
lacking polarizing spatial cues (see schematic in Fig 1 for a depiction of the most commonly
applied variation of the NOR task). In an effort to further reduce contextual and spatial
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information, a Y-maze arena has been used in several influential studies [19-22]. Although
this novel design reduces contextual information, reports using square or rectangular arenas
limit spatial cues by minimizing all visual, textural, and odor stimuli. During what is
referred to as the training or sample session, the rodent explores two identical novel objects
encountered in a familiar arena. Object memory encoding is operationally defined as
occurring during the sample session. Upon completion of the sample session the animal is
removed from the arena for some specified amount of time (i.e., retention delay), during
which the object memory is consolidated. For the subsequent zest session, the rodent is
returned to the same arena, which now contains an exact replica of the familiar object and a
novel object, as a test of object memory retrieval. Rodents are self-motivated to
spontaneously approach items and explore using multiple senses. Object exploration
behavior is easily quantifiable and allows for the study of episodic-like memories in rodents.
Rodents exhibit a natural proclivity to explore novel, non-threatening objects, and therefore,
during the test session rodents exhibit a preference for exploring the novel object
significantly more than the familiar one. Thus, sample object memory strength is inferred
from the preference of the rodent to explore the novel object over the familiar object during
the test session. Object memory is quantified by computing discrimination measures from
scores of the amount of time during the test session that each animal explores the respective
objects. Preference for the novel object, demonstrated by an increase in exploration time for
that item, indicates that a memory trace for the familiar object was properly encoded,
consolidated and then retrieved to guide the rodent’s behavior during the test session [23—
28]. There are two quantitative measures that are commonly used in assessing test session
exploration performance. The novel object preference ratio is determined by dividing the
total object exploration time from the exploration time of the novel object. A value above 0.5
suggests preference for the novel object, while a value below 0.5 is indicative of familiar
object preference. Chance performance is represented by a preference ratio of 0.5 [28].
Alternatively, the discrimination ratio is calculated by determining the difference in
exploration time between the novel and familiar objects and dividing it by the total object
exploration time. Discrimination ratio ranges from—-1 to +1, with negative scores indicating
preference for the familiar object and positive scores signifying preference for the novel
object. Chance performance, or null preference, is represented by a score of 0 [23-26]. By
factoring in total object exploration time, discrimination ratio has emerged as the preferred
measure of object memory in studies of NOR. Regardless of the measurement strategy
employed, deciphering object memory is dependent on the rodent exploring each presented
object, in both the sample and test sessions, for at least a minimal amount of time.

2.2. Advantages of NOR Task

The NOR task offers advantages over other object memory tests for assessing recognition
memory because it does not require any external motivation, reward or punishment [29],
such as that required by the delayed non-match to sample task, in which a reward is
administered when the subject correctly chooses a novel item over one that is familiar.
Additionally, while rodents tend to require extensive training to accurately perform the
delayed non-match to sample task [30], no training other than arena habituation is necessary
to elicit object exploratory behavior in the NOR task. Finally, the NOR task procedures do
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not generate stressful conditions, while offering a robust test of nonspatial memory in
rodents [31, 32].

2.3. Variability in Sample Session Exploration Criteria

During the sample session, the rodent is placed into the familiar arena that typically contains
two identical novel objects, which the animal is then permitted to freely explore. The
duration of the sample session tends to vary considerably across published papers (from 2 —
15 min). Many studies have implemented a procedure in which the sample session is
terminated once the rodent accumulates a specific criterion amount of object exploration.
Rodents that do not meet this sample session criterion are excluded from further analyses.
Although there is considerable variability with respect to this criterion (at least 20 — 30 s of
total sample object exploration), it has been a common practice to allot mice a longer
exploration criterion over rat counterparts. On average, mice are required to explore the
sample objects for about 38 s while rats are generally allotted around 30 s of total object
exploration (see Table 1). However, this may be a factor that contributes to differences in
experimental outcomes, given that the amount of time spent exploring an object may be
directly proportional to the strength and detail of the memory formed. Imposing a criterion
on sample object exploration is advantageous because all of the subjects, regardless of time
in the arena, are matched for the amount of object exploration or degree of object training
experienced. In fact, we have previously reported preliminary data demonstrating that the
amount of object exploration during the sample session directly relates to the recruitment of
different brain structures [33]; these results will be discussed in a later section. Therefore, it
is extremely important that each experimental parameter, like exploration criteria, be
explicitly considered when designing a specific task, as varying results are bound to occur.
For those studies in which a fixed length sample session was imposed without the
requirement of a sample object exploration criterion, one can only assume that the subjects
had sufficiently explored the objects. Nevertheless, during the sample session of the NOR
task, the animal is expected to devote equal time to exploring each of the presented objects
since they should all be novel. During the test session, one of the familiar objects, from
training, is replaced with a novel item. The presented familiar item is typically an exact
replica of those explored during the sample session. However, in some cases the test session
familiar object is one of the previously explored objects chosen at random for test session
exploration. It is expected that rodents will preferentially explore the novel object, if the
memory of the familiar object was successfully encoded, consolidated and then retrieved.
Failure to exhibit novel object preference during the test session would be expected if object
exploration during the sample session was minimal; a memory that was never encoded
cannot be retrieved. Furthermore, weak novel object preference during the test session is
widely considered to be indicative of impaired object memory; however, it could also reflect
insufficient exploration of sample objects, which would go unnoticed if a sample session
object exploration criterion was not required. Alternatively, the weak preference for the
novel object can be interpreted as the retrieval of a weak memory for the sample objects.
Although without sufficient information about the amount of object exploration during the
sample session, test session performance is difficult to assess. Therefore, we contend that
imposing a sample session object exploration criterion is essential for properly interpreting
test session behavior.
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Given that object exploration is spontaneous, and variable from experiment to experiment
and across labs, we suggest that it is important to determine whether the observed mean
discrimination ratio or preference ratio score of each respective group of rodents differs
significantly from chance. For example, it is expected that untreated, or sham lesioned
rodents, should demonstrate significant novel object preference, during the test session, for
the reasons described above. This analysis provides a good determinant of a failure of
memory retrieval vs. retrieval of a weak memory for the sample objects. Moreover, in
interpreting an observed lack of significant difference in discrimination ratios between sham
and hippocampal lesioned rodents, one should consider whether performance of both groups
is above chance (i.e., by comparing each group’s discrimination ratio scores to chance). Our
review of the literature reveals that this additional analysis of performance compared to
chance is not always pursued, and thereby one’s view of a particular result might be limited.
For example, one might report a significant difference in mean discrimination ratio between
two groups of rats (e.g., sham and lesion of region A) and interpret the result as the lesion
leading to a failure of object recognition memory. However, if subsequent analyses against
chance were to reveal that the mean discrimination ratios of both groups were significantly
above chance, then one would have to have to consider that the lesion of region A merely
attenuated object recognition memory, or that another region (e.g., region B) may also
contribute to task performance. As this scenario suggests, analysis of test session
performance against chance can provide a more thorough appreciation of a manipulation’s
influence on object memory in the NOR task.

2.4. Protocol Modifications

To date, there have been numerous reports in which permanent or temporary manipulations
are made to discrete brain structures in order to define the exact neural substrates of object
memory. The results of these studies have been largely inconclusive, and one goal of the
present review is to determine similarities and differences within the studies to bring about
some clarity to the role of the rodent hippocampus in object memory.

Although the NOR task has been widely applied to the neurobiological study of memory,
and in particular, to the analysis of the neural circuitry that subserves object memory, there
appears to be little consistency in task procedures. There are vast differences in the
characteristics of the objects used, the type of arena, lesion technique, lesion size, degree of
lesion specificity, duration of the delay imposed and sample session training criterion (i.e.,
whether one was imposed or not, and if so, then the specific criterion also varies). In
addition, the effects of rodent hippocampal lesions on object recognition memory could be
influenced by the species used. Typically mice are allotted a longer sample session
exploration time [34, 35] over their rat counterparts; however, this difference in required
object exploration could contribute to a stronger vs. weaker memory formed. The significant
number of variations across NOR protocols represents a considerable challenge to any effort
to compare and contrast studies of object memory based on NOR performance. Clearly, any
change in the protocol, whether minor or major, can influence the results. This problem was
potently demonstrated in studies in which an identical set of behaviors were assessed in
several strains of inbred mice simultaneously in three distinct geographic locations, with all
other experimental features (i.e., experimenters, arenas, objects, exploration parameters and
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mouse strains) held consistent. Inconclusive findings are evidence that even when
standardizations to the protocols are attempted, slight differences are still possible, which
can lead to even greater alterations in data outcomes and interpretations [36]. Similarly,
changes to experimental protocols that lead to differences in result outcome have been
demonstrated with other behavioral tasks. It was found that monkeys with hippocampal
lesions show a more profound impairment in a visual paired-comparisons task over the
delayed nonmatching-to-sample test [37]. This finding was attributed to the fact that the
encoding time used for the former task was longer than that of the latter. However, it was
later discovered that in addition to the encoding times being different, the object stimuli also
varied in terms of shape, color, size, brightness and texture. In turn, the reported findings
may be confounded by the differences in procedure, leading to inconclusive data [37].
Regardless of the behavioral task employed, experimental parameters require consistency to
elicit reliable and definitive findings. The NOR test may have significant advantages;
however, it is the uniqueness and modifications of each experimental design, from lab to lab
that make it hard to evaluate the growing amount of data.

Therefore, this review will stress the need for consistency among NOR protocol parameters
to ensure accurate findings. We are not asserting that there is one “correct” method in which
NOR should be performed, we are primarily attempting to demonstrate that the vast
contradictory findings in the literature may be merely due to variations in NOR task
parameters employed. Specifically, we will highlight two specific parameters that when
varied seem to elicit different structural involvement in the rodent brain.

3. Effects of Permanent vs. Temporary Lesion of the Rodent Hippocampus

3.1. Effects by Size of Permanent Lesion

The NOR task has been applied extensively to decipher the differential contributions of
rodent medial temporal lobe structures to object recognition memory. Permanent lesions
have been traditionally used to investigate the role of a brain structure in a given behavior, or
to establish brain region-behavioral relationships. The functions impaired, or the differences
in behavior observed between sham and lesioned rodents, are then interpreted as those
dependent upon the damaged or absent region. To take this position is to assume that all
other brain regions are intact and functioning normally in the absence of the damaged region
- even those regions deafferented from the lesioned structure. However, as others have
argued in the past, this lesion followed by test approach is best suited for studying the degree
of compensation the CNS can achieve after the lesion, or simply, what the brain-damaged
rodent can learn and remember. The large majority of published studies have compared the
NOR performance of rodents after sham or permanent brain lesions. The present review
focuses solely on the effects of permanent or temporary lesions of the hippocampus on
object memory in the NOR task. The permanent lesion studies tend to follow a common plan
in which the anterograde effects of hippocampal lesions are examined on object memory.
Specifically, rodents receive a partial or complete lesion of the hippocampus and after a
recovery period of ~14 days, are habituated to the testing arena. During the subsequent
sample and test sessions, hippocampal-lesioned rodents generally exhibit object exploration
behavior consistent with that of sham-lesioned rodents. However, the majority of studies
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(72% of experiments in multi-study papers) find that novel object preference is spared in the
hippocampal-lesioned rodents during the test session, while the remaining 28% of
experiments report impaired novel object preference during the test session (see
supplementary table S1). It has been suggested that this discrepancy in lesion outcome
depends upon the relative completeness of the hippocampal lesion. Further, a few studies
have examined retrograde effects of hippocampal lesions on object memory, by presenting
the sample session, and then following some interval, lesions are made to the hippocampus
of a subset of the rodents. Differences in test session performance between the sham and
lesioned groups are interpreted as evidence that consolidation or retrieval of object memory
is or is not dependent upon the hippocampus. Of the six studies that have examined
retrograde effects of hippocampal lesions on NOR, two find that the hippocampal lesion
impair retrieval of object memory encoded before the lesion. Such results provide support
for the view that the hippocampus participates in the encoding and consolidation of object
memory; the post-training lesion likely disrupts ongoing memory consolidation processes or
interferes with the object memory retrieval. In one case [38], rats were found to exhibit
impaired novel object preference when the hippocampus was lesioned post-training, an
effect consistent with the view that object memory depends upon the hippocampus.
However, these rats were later presented with a sample session of new objects and exhibited
intact object memory during the subsequent test session. These results are consistent with
our contention that object memory normally depends upon the hippocampus [34], and
Gaskin et al. [38] interpreted their observed lack of lesion effects on anterograde object
memory as evidence that when the hippocampus is not available, then other
extrahippocampal regions compensate for the lost structure and support the ability of the
animals to discriminate the objects. We completely agree with this interpretation. However,
we contest that the lesion-induced compensatory role for extrahippocampal structures to
support object memory likely also explains the spared object memory performance of
hippocampal-lesioned rodents observed in so many experiments (see supplementary table
S1). Itis unclear why such an interpretation is largely ignored — our analyses of the
permanent lesion of rodent hippocampus/NOR literature found remarkably little attention
given to the possibility that spared hippocampal tissue or lesion-induced plasticity or covert
pathology could influence the behavior expressed by rodents with permanent hippocampal
lesions. Aggleton and colleagues have provided some of the most compelling evidence that
permanent lesions of the rat hippocampus causes a marked decrease in immediate early gene
expression in the retrosplenial cortex [39—41]. Such pathology is considered ‘covert’ since
the authors found no detectable cell loss in the retrosplenial cortex. Similar covert pathology
in retrosplenial cortex has also been reported after lesions of the anterior thalamic nuclei [42,
43]. Thus, it is imperative that interpretations of behaviors spared or impaired in rodents
after permanent hippocampal lesions account for possible covert or overt pathology.

The notion that neural circuitry undergoes reorganization after peripheral or central damage
has been fundamental to the explanation for partial or complete recovery of motor and
cognitive functions after stroke or traumatic brain injury [44-46], and reorganization of the
human sensory and motor cortices is a well accepted consequence of practiced use [47, 48].
The phenomenon of phantom limb pain is considered to be one of the most compelling (and
accepted) models of deafferentation-induced plasticity or reorganization of the somatotopic
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body surface map in human primary somatosensory cortex [49-52]. In each of these
conditions, experience-dependent reorganization of neural circuitry enables recovery of
function or new abilities. One could apply this notion to the spared object memory observed
in hippocampal lesioned rodents. That is, spared object memory reflects the emerging
significant participation of extrahippocampal regions, as the ‘phantom hippocampus’.

The availability of excitotoxins [53] and higher resolution stereotaxic manipulators [54]
have greatly improved the specificity and accuracy of the permanent lesion technique.
However, this approach is not appropriate for testing specific time-dependent processes, and
the differential role of given brain structures in distinct stages of memory processing.
Therefore, understanding the anatomical basis of the discrete steps in memory encoding,
consolidation and retrieval cannot be sufficiently addressed with a permanent lesion. Further,
as discussed above, potential compensatory mechanisms can govern the restructuring of the
memory circuit in the post-lesion animal. Newly developed temporary pharmacological and
genetic inactivation techniques allow for more precise investigation of distinct stages of
memory and the brain structures involved.

3.2. Effects of Temporary Pharmacological Inactivation of the Hippocampus

There has been a steady increase in the application of neuropharmacological and genetic
tools, which do not impose permanent structural changes in hippocampal circuitry, to
investigate influences on distinct object memory processes (see Fig 2). The NOR task
permits a clear operational definition of memory encoding, consolidation and retrieval due to
its typical sample, then delay, then test sequence of a given trial. For example, administration
of a drug, with a short onset of effect, before the sample session would enable one to
examine effects of that treatment on the encoding of object memory; administration
immediately following the sample session would test the treatment’s effect on consolidation
of object memory; and, administration immediately before the test session would test the
treatment’s effect on the retrieval of object memory. In addition, unintentional effects of
experimental manipulations on task performance can be distinguished from those on
learning and memory. For example, if a given treatment increases anxiety as a side effect,
thigmotaxis and other mobility impairing or enhancing responses can be quantified; if the
treatment affects attention or motivation one can assess the time required for the subjects to
acquire some criterion amount of object exploration (although this measure is not always
taken into consideration and could affect the interpretation of findings, as previously stated).
Clearly, when determining the treatment or technique that will be employed in a study, it is
important to consider a variety of analytical measures to ensure that the treatment or method
is not causing any unintended effects that can alter the interpretation of the data.

Many studies have utilized the permanent lesion technique to test the role of the rodent
hippocampus in NOR, and most report that non-spatial object memory is spared. Such
results are then interpreted as evidence that object memory is independent of the rodent
hippocampus. However, the previously stated drawbacks of the permanent lesion method are
likely to have contributed to these findings (e.g., lesion-induced compensation). Therefore, it
is possible that this strategy of permanently silencing a brain region is not adequate for
addressing the underlying function of a structure, but rather, it is beneficial for studying the
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structures needed to support memory when the structures that normally support it are
missing. On the other hand, temporary pharmacological inactivation techniques have
emerged as an alternative method that may be better suited for understanding the roles of
specific brain regions. Drug administration directly into a discrete brain structure can
transiently inactivate the area of interest. For example, a variety of drugs are available to
inactivate the hippocampus via blockade of excitatory neurotransmission or increasing
inhibitory neurotransmission. The transient nature of these pharmacological approaches
circumvents some of the issues that arise from permanent lesion. However, the temporary
inactivation technique is not without limitations. Specifically, intracranial drug
administration is thought to lack regional specificity, although the same can be said about
lesions [55]. Many studies have used intracranial muscimol, a GABAA agonist, as the
inactivating pharmacological agent, because it can impair the function of a structure without
affecting fibers of passage [56, 57]. The precise distribution of muscimol or other drugs after
local infusion within the CNS appears to depend on a number of factors such as lipid
solubility, presence of fiber tracts, etc. [58, 59]. The development of a fluorophor-conjugated
muscimol has aided in relating observed behavioral effects to the drug’s distribution within
and beyond its intended target [34, 56, 60].

Taken collectively, the large majority of published results indicate that temporary
inactivation of the rodent hippocampus impairs object recognition memory (see Table 1).
Our lab reported that bilateral intrahippocampal microinfusion of lidocaine before the
sample session impaired novel object preference in mice during a test session 24 h later, but
spared novel object preference during a test session 5 min after the sample session [28].
These results were interpreted as support for the view that the hippocampus is critical for the
processes of object recognition memory encoding and consolidation. However, an influence
of intrahippocampal lidocaine on neural activity in fibers of passage cannot be ruled out in
interpreting these results. We recently reported the impairing effect that muscimol
microinfusion into the CAL region of the dorsal hippocampus has on the encoding,
consolidation and retrieval of object memory in mice [25]. Regardless of whether the
treatment was administered prior to the sample session, immediately following the sample
session, or before the test session, the mice that received intrahippocampal muscimol,
exhibited significantly lower discrimination ratios compared to controls. It is also important
to note that the behavior of the muscimol-treated or anisomycin-treated (0 and 2 hr post
sample) groups were not significantly different from chance performance [34]. These results
confirm our earlier conclusion based on our lidocaine results and support those of others [61,
62]. Furthermore, we reported that fluorophor-conjugated muscimol impaired retrieval of
object memory in mice after bilateral intrahippocampal infusion, a behavioral effect due to
the drug diffusing within, but not beyond, the CA1 region of the dorsal hippocampus [34].

Our finding that object memory processes depend on the dorsal hippocampus is in conflict
with the spared object memory reported in rodents after permanent hippocampal lesion. It is
noteworthy that inactivation of the hippocampus also impaired a form of object memory
encoded explicitly independent of the arena context using a modified NOR protocol in
which mice explored the same sample objects for three sessions (1/day) with each session in
a novel context [34]. Thus, temporary inactivation studies reveal that the rodent
hippocampus is necessary for distinct stages of object memory, and for an object memory
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independent of context. In this manner we have reduced the relevance of spatial and
contextual cues that some have argued define the hippocampal involvement in the NOR task.
Therefore, we have created task parameters that mirror those of Winters and Bussey’s
enclosed Y-maze [19, 20], yet we find that the hippocampus is involved in the object aspects
of the memory, while they report that only the perirhinal cortex is involved in object
recognition memory. Certainly a clear picture of the neural substrates of object memory is
difficult to determine from the conflicting findings that have arisen from the various
methodologies applied to the question of the hippocampal role in object memory.

3.3. Variability in Intersession Delay and Sample Session Object Exploration Criteria

The relative difficulty, or memory demand, of the NOR task can be adjusted by increasing or
decreasing the delay imposed between the sample and test sessions. In this way, NOR has
been used to study short-term and long-term object recognition memory, as well as the rate
of object memory degradation. With sufficiently long delays, the memory of the familiar
item becomes progressively more vulnerable to decay, and, in this case, during the test
session the animal will explore the familiar object and the novel object to an equal extent. It
is this delay variable that can be widely manipulated to achieve vastly different results. The
same holds true for sample session exploration criterion. Changes made to increase or
decrease the time required to explore sample session objects can affect test session
performance. Central to this review is our contention that the differential sensitivity of
rodent object memory to hippocampal compromise when delays of varying length are
imposed between sample and test sessions reveals a temporal specificity for hippocampal
involvement in object memory. Additionally, our analysis of previously reported data
indicates that the largest inconsistencies in results of hippocampal manipulation are found
amongst the training criterion imposed during the sample session. Based on our analysis of
the published reports, we suggest that the large variability of behavioral findings may be
related to differences in the inter-session delay and the sample session object exploration
criterion. However, it is important to note that even when efforts are made to reduce
variability across testing procedures, contradictory findings may still arise [36]. Due to the
large number of published studies, and the sizable variability between each study parameter,
determining the neural structures that are needed for object recognition memory has been
widely debated. As stated above, the predominant view is that the perirhinal cortex is
responsible for rodent object memory, while a few other groups have argued for the critical
contribution of the hippocampus. However, there is no indication in the literature that both
structures are needed. This seeming contradiction is hard to reconcile with the current
published studies, given all of the variations in task procedures that have been imposed. It is
likely that this type of episodic memory depends upon both the perirhinal cortex and
hippocampus, with each structure holding a specific unique contribution, irrespective of
context.

The present review focuses on those reports in which the role of the mouse or rat
hippocampus on object memory was tested in the NOR task using traditional lesions (i.e.,
electrolytic, radiofrequency or excitotoxic means) or functional inactivations (i.e., local
microinfusion of lidocaine, muscimol, or AMPA receptor antagonist). For an extensive
review of the NOR task and its application to the neurobiological study of memory, see
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review by Dere et al. [63]. A more complete list of rodent object recognition experimental
findings can be found in the supplementary table (S1). Limiting our scope to the subset of
studies that imposed a specific sample session exploration criterion, we analyzed 12 peer-
reviewed reports — most of which were multi-experiment papers. Noticeable trends in the
patterns of results can be gleaned from Table 1, which summarizes a number of experiment
features and the results of the 132 experiments contained within those selected reports.

Over the last 20 years there has been a marked escalation in the total number of NOR
publications, with the largest increase over the last decade. It is interesting to note that the
number of studies using the temporary inactivation approach has progressively and
consistently increased in recent years (see Fig 2). Thus, the steady increase in total
publications likely reflects a converging acceptance of the NOR task as a method for
assessing object memory and the interest in whether object memory is hippocampal-
dependent. The increase in the number of temporary inactivation papers may reflect the
previously mentioned advantages of this technique over permanent lesions. Given the
aforementioned variations in NOR task procedures used by distinct labs to meet
experimental requirements, we assert that it is difficult to draw overall conclusions about
these techniques for assessing the neural basis of object memory. Therefore, no distinct
differences or trends could be made based on the specific lesion technique, species of rodent
studied, or on the type or extent of the lesion. However, interesting developments were
evident in terms of sample session object exploration criteria and intersession delay (Table
1). Across all experiments analyzed, in which a training criteria was imposed (63
experiments in total) and regardless of technique used to impair hippocampal function,
object memory was never found to be impaired when a delay of less than 10 min was
imposed between the sample and test sessions. However, when the delay was extended to 10
min or greater, the results of 25 of the 37 permanent hippocampal lesion experiments
indicated sparing of object memory, while 12 indicated significant impairment. The reasons
for this considerable discrepancy in the data are not clear.

A clearer picture emerges when one considers those studies in which temporary inactivation
was used to test the role of the rodent hippocampus in object memory using the NOR task.
Specifically, 6 of the 8 published experiments found a significant impairment in object
memory when a sample session exploration criteria and a delay greater than 10 min were
both imposed. The two remaining studies had been designed as control experiments, and as
such the functional inactivation method used was not anticipated to yield an impairment of
object memory. More specifically, these control experiments were designed to demonstrate
that in situations that are not expected to impair the hippocampus, hippocampal inactivation
would not elicit changes in overall behavior. First, when mice were administered
intrahippocampal anisomycin, a protein synthesis inhibitor, 2 h after the sample session, it
was expected that enough time had passed for protein translation to occur, such that object
memory consolidation would not be affected. Thus, the study was designed as a control
measure ensuring that the impairment found when anisomycin was given immediately and 2
hr post sample was truly a result of protein synthesis inhibition during a critical
consolidation time window. The second control study was performed to confirm that mice
explore familiar objects more when placed in a novel environment, as had been established
in rats [64]. Mice explored two sample objects in the same arena for 10 min over 3
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consecutive days. The test session was then conducted in a novel context. Indeed, as
expected in the novel context both intrahippocampal vehicle and muscimol treated mice
explored the familiar and novel objects equally. In contrast, when the 3 sample sessions were
each presented in different contexts, the intrahippocampal vehicle mice would show
preference for the novel object during the test session, while the muscimol mice did not [34].

In light of the motivation for these control studies, it is reasonable to assert that 100% of the
hippocampal inactivation experiments found that object memory was impaired when a
sample exploration criterion was imposed and a delay of 10 min or greater was defined
between sample and test. This pattern of results suggests that the involvement of the rodent
hippocampus in object memory depends upon the interval between training and testing.
Given that the hippocampus is not informed a priori as to the retention interval to be
imposed (i.e., that it will be less than or greater than 10 min), it is more parsimonious to
suggest that the delay-dependent involvement of the hippocampus reflects a delay in the
hippocampus receiving and processing object information from the sample session, or that
sufficient training or exploration of the sample objects is required before the hippocampus is
engaged. Our interpretation of the discrepancy in results of the inactivation experiments with
those of permanent lesion experiments is multi-faceted. It is clear from both permanent and
temporary lesion experiments that the hippocampus is not required if the delay between
sample and test is less than 10 min. In this case we infer that the test session is presented
before the hippocampus has received the object information, or the episodic memory of the
sample session object exploration has been encoded by the hippocampus. It is possible that
for a short time, extrahippocampal structures (e.g., the perirhinal cortex) are responsible for
the temporary maintenance of the object memory. This explanation fits the observed lack of
behavioral impairment when the intersession delay was less than 10 min. However, when
longer delays are imposed, our analysis reveals that hippocampal inactivation is more likely
to impair object memory, while permanent hippocampal lesions are not. This inconsistency
is possibly due to the aforementioned drawbacks of the permanent lesion technique.

As a corollary, the other trend that emerged from our analysis was the notion that imposing a
sample session object exploration criterion affected the experimental outcome after
hippocampal inactivation or lesion. Based on the studies examined, when analyzing delay,
exploration times during the sample session seem to be important in determining if the test
session would reveal behavioral impairments. Since there does not appear to be any
consistency within the literature as to a standard and sufficient training criterion, the
interpretation of these data is much more difficult. It is reasonable to state that less time
spent exploring objects (e.g., less than 20 — 30 s of total object exploration) would lead to a
weaker object memory encoded, since only basic information about the items is learned in a
short time frame, and the opposite would hold true for longer exploration times (e.g., greater
than 20 — 30 s of total object exploration) [65]. The more information and details that can be
acquired about an item, the stronger that memory is expected to be. This notion lends
support to the theory that the perirhinal cortex is involved in object familiarity while the
hippocampus is needed for recollection of the object experience or event. As previously
mentioned, we recently reported preliminary evidence that object memory reflecting a low
level of sample object exploration is vulnerable to inactivation of the mouse perirhinal
cortex, but not hippocampus [33]. Specifically, mice that were required to accumulate a very
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short sample session object exploration criterion demonstrated weak object memory during
the test session, 24 h later. However, if the perirhinal cortex were temporarily inactivated
immediately after acquiring this shortened sample session criterion, then these mice were
impaired in the test session. Conversely, if the infusion was directed into the dorsal
hippocampus, then the mice performed equivalently to controls in the test session, indicating
retrieval of a weak object memory. Alternatively, if the mice were required to accumulate a
large sample session object exploration criterion, perirhinal cortex inactivation post-sample
did not impair test session performance, while direct infusion into dorsal hippocampus
elicited significant impairments [33]. Our interpretation is that imposing a low sample
session object exploration criterion probably yields an object memory that is weak, with
fewer details being encoded and retained. The perirhinal cortex would most likely support
memory of objects explored for a brief or limited amount of time, or in the absence of robust
contextual cues [20]. Conversely, object memories that reflect significantly greater time
spent exploring the sample session objects to reach a higher training criterion are more
vulnerable to inactivation of the hippocampus than the perirhinal cortex. This result implies
that stronger, more deeply encoded object memory is more likely to be supported by the
hippocampus. This theory reasonably justifies the seeming discrepancy in the literature
regarding the contributions of the hippocampus and perirhinal cortex to object memory.

of the Contributions of Perirhinal Cortex and Hippocampus to NOR

Although the hippocampus and perirhinal cortex often function as two parts of an interacting
memory system, their contributions are distinct and dissociable [10, 20, 66, 67]. Generally, it
is the belief that the hippocampus and perirhinal cortex are functionally distinct based on the
information they process. As previous stated we hold that the sample session exploration
criterion, or more specifically the amount of object information acquired, that is the deciding
factor in when the perirhinal cortex and hippocampus are playing their respective roles in
object recognition memory. Therefore, we assert that it is not the categorical information
that these regions process that separates them, but the strength of the memory formed. This
gradient of memory strength between the two structures may account for some of the
disagreements in the literature as to how these structures are involved in episodic memory.
The theory that these memaories can be formed along a continuum of memory strength lends
itself to the notion that these two structures could be storing information based on a level of
weak familiarity or strong recollection (for a schematic of the proposed theory, see Fig 3).
As the theoretical model depicts, at the start of the sample session, object information will
begin to “flow” into the perirhinal cortex. After a critical or threshold amount of object
information is acquired, a process by which the information is “transferred” to the
hippocampus commences. If this threshold is not reached, then the information will remain
perirhinal cortex dependent as a weak object memory. Conversely, if the threshold is
reached, then the information will become hippocampal dependent as a strong object
memory.

3.5. Alternative Explanations for Differences in Results and New Method Implementations

Although the interpretation of the emergent trends is plausible, there are other possible
explanations for the inconsistencies in the effects of hippocampal manipulation on object
memory. For example, an overwhelming majority of the studies we reviewed used rats,
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while very few have used mice. Thus, it is reasonable that some of the irregularities between
studies could be attributable to species differences. However, this does not seem likely, as
few other behavioral differences between species have been reported within these studies.
Beyond the NOR task, there are reports demonstrating that relative to rats, mice are impaired
in hippocampal-dependent place and matching-to-place learning in swimming pools [68,
69], and that mice demonstrate significantly more bouts of aggressive behavior to juvenile
counterparts compared to rats [70]. It is equally or even more plausible that the trends we
have identified in our analysis of the hippocampal involvement in NOR, are due to the
inconsistencies and variations in the NOR protocol itself. As previously stated, there is no
standard method by which the NOR task is conducted across labs. The overwhelmingly
large number of task variables and manipulations make comparing studies extremely
difficult. In turn, it is nearly impossible to gain definitive global insights about brain
structures from all of the data that has been previously collected. A standardization of the
NOR protocol is essential before one can equate findings across studies accurately. This is
especially true for sample session object exploration criterions imposed. Given that this is
the pivotal stage for which all subsequent results are based, consistency of training protocols
is paramount to accurate data interpretation. As stated above, the sheer amount of
information attained from the training session could be the deciding factor determining
which brain structure is responsible for maintaining that information. Additionally, due to
the number of disadvantages attributed to the permanent lesion and temporary inactivation
approaches, other techniques are now being explored. The lack of specificity and the
imposed duration of the lesion/inactivation are key shortcomings of current procedures.
Optogenetics and DREADDs are two new techniques that use viral vectors to infect discrete
types of neurons or brain regions with non-native channels or designer G-protein coupled
receptors, which permit subsequent exquisite temporal and regional control over the activity
of the infected neurons. Optogenetics permits near immediate and reversible silencing or
activation of neurons in a given brain region [71, 72], features that make the technique well
suited for defining the neuronal bases of discrete object memory processes. The DREADDS
approach permits one to silence or activate a given brain region via systemic injection of a
drug whose only target is the designer receptor [73]; by infecting all of the neurons in a
given brain region, this strategy is particularly well suited to determining the behavioral
roles of restricted brain regions of interest. These new methods prevail over the limitations
and criticisms of the currently utilized techniques. It is the hope that with these new
methods, investigating the roles of specific brain regions in the NOR task will provide
clearer evidence as to how the hippocampus, specifically, is functionally involved in object
memory.

4. Conclusions

In summary, the goal of our review was to evaluate the current literature regarding the role
of the rodent hippocampus in object recognition memory as assessed with the NOR task. As
discussed, this literature is divisive and replete with conflicting results. Our analysis of those
12 published reports that met our exclusion criteria and in which temporary or permanent
lesions were employed, revealed remarkable differences in experimental outcomes
depending on the method of hippocampal lesion used. That is, the majority of experiments
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find object recognition memory to be unimpaired in rodents with permanent lesions of the
hippocampus, while a majority of experiments find object recognition memory processes to
be impaired after temporary inactivation of the hippocampus. The permanent lesion
approach has enjoyed a long history in behavioral neuroscience and is appropriate for
developing rodent models of human amnesia. However, we caution that the marked
differences in outcome of experiments using permanent vs. temporary hippocampal lesion
should call into question the appropriateness of the permanent lesion method for testing the
involvement of a given brain region in time-dependent behavioral processes. Moreover, that
behavior displayed by rodents after permanent hippocampal lesion reflects compensation of
neural circuitry that includes overt and covert pathology. In this light, we contend that spared
object recognition memory so often reported in rodents after permanent lesions of the
hippocampus is actually ‘phantom hippocampal-dependent object memory’; in the same
way that phantom limb pain arises after amputation-induced reorganization of the human
somatosensory cortex. The spared object recognition memory in the hippocampal-lesioned
rodent arises from extrahippocampal structures due to reorganization of the medial temporal
lobe circuit. Although temporary inactivation methods are better suited for defining the
neural substrates of such time-dependent memaory processes, the current techniques are not
free of limitations. The on-going development of optogenetic and chemogenetic tools
appears to hold strong promise as such approaches offer considerable advantages in terms of
regional specificity and temporal control over more traditional functional inactivation
methods. Our analysis also provides a theory that dictates two clear predictions as to the
precise NOR test conditions that engage the rodent hippocampus. First, that the
hippocampus is necessary for the retention of object recognition memory when a delay
greater than 10 min is imposed between the NOR sample and test sessions. If a delay less
than 10 min is imposed, then interrupting hippocampal function does not impair NOR
performance; however, under these conditions the object memory is sensitive to perirhinal
cortex inactivation. This theory suggests a partnership of sorts in which the perirhinal cortex
and the hippocampus both participate in object memory processing. Second to this
hypothesis is that the involvement of the hippocampus appears to depend upon the amount
of time the rodents spend exploring the objects during the sample session. That is, a
threshold amount of sample object exploration beyond ~30 s on each object appears to be a
condition required to engage the hippocampus or, more specifically, to “move” neural
control over the memory from the perirhinal cortex to the hippocampus. Interestingly, both
predictions hold the assertion that neither the hippocampus nor perirhinal cortex is solely
responsible for object memory as assessed by the NOR task. Instead, our interpretation is
that episodic memory for objects explored during the NOR sample session emerges from
interactions between the perirhinal cortex and the hippocampus. It will be of interest to test
these predictions more thoroughly in order to understand the neural circuit that subserves
object memory and to further identify the behavioral roles for the individual structures
within the medial temporal lobe memory system. We propose that the key to further
investigating the relationship between these structures, and the issues of memory strength,
and familiarity vs. recollection, requires that the NOR protocol be standardized in order to
enable meaningful interpretation across experiments. It is only in such a common-use
framework that meta-analyses of the sort attempted here, might reveal the definitive roles of
these structures in object memory.
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Highlights

. Recent papers on the role of hippocampus in NOR are reviewed

. Object recognition is a well accepted task for testing rodent nonspatial
memory

. Temporary and permanent hippocampal lesions inconsistently affect NOR
performance

. Differences in exploration criterion and delay confound interpretation of
results

. Need for the standardization of NOR procedures is stressed
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Novel Object Recognition Task

Sample Session Test Session
(Day 1) (Day 2)

o
Delay 3
(e &

Figure 1. The novel object recognition (NOR) task
The typical NOR protocol consists of a sample session (left) and a test session (right)

conducted within a familiar cylindrical, rectangular, or y-shaped arena. During the sample
session, the rodent is placed into the familiar arena to freely explore two presented novel
objects for a specified amount of time. Upon completion of the sample session, the rodent is
removed from the arena and is most often returned to its home cage. After a predetermined
delay, the rodent is returned to the familiar arena for a time-bound test session in which one
of the sample objects is replaced with a novel object. Task performance is assessed by
analyzing the differences in time spent exploring both test session objects. These
photographs depict an example of the arena and the objects our lab has used to test object
memory in mice [34]. Although our objects are placed into opposite corners of the arena;
others have placed the objects into the center of the arena. Our typical sample session
concludes once the mouse has accumulated 38 s of exploration on one object, or 30 s of
exploration of both objects; our sample session exploration criterion. During the test session
presented on Day 2, the arena includes a copy of the familiar object from the sample session
and a novel object. The relative positions of the novel and familiar objects during the test
session are counterbalanced to eliminate spatial bias in the task.
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Figure 2. Publication rate of permanent or temporary hippocampal lesion experiments in which
a sample session exploration criterion was imposed

The graph depicts the number of experiments testing the involvement of the hippocampus
appearing within multi-experiment peer-reviewed object recognition reports published over
the last 20 years (bars) and the specific number of hippocampal inactivation experiments
(line). The time bins are defined as 3 to 5-year intervals. It is noteworthy that the publication
rates of experiments that utilize the temporary inactivation technique have increased
considerable in the last decade.
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A. Prior to the sample B. During the sample C. Nearing the end of the ~ D. Sample session end and
session session sample session delay period

Figure 3. Qualitative model depicting how the perirhinal cortex and hippocampus contribute to
the object recognition memory

A. Prior to the start of the NOR sample session, both the perirhinal cortex and the
hippocampus (labeled as PRh and HPC, respectively) lack sample object information. B. As
object exploration commences during the sample session, the perirhinal cortex begins to
accumulate with information. C. Until a minimum amount of sample object exploration has
elapsed, the object information remains perirhinal cortex dependent. D. Once the critical
threshold of object exploration is reached (perhaps 30/38 s of sample object exploration), a
transfer of the object information to the hippocampus is initiated; this multi-synaptic transfer
requires some time delay to be completed.
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