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Social recognition is crucial for survival in social species, and necessary for group living, selective 
reproduction, pair bonding, and dominance hierarchies. Mice and rats are the most commonly used 
animal models in social memory research, however current paradigms do not account for the complex 
social dynamics they exhibit in the wild. To assess the range of social memories being studied, we 
conducted a systematic analysis of neuroscience articles testing the social memory of mice and rats 
published within the past two decades and analyzed their methods. Our results show that despite 
these rodent’s rich social memory capabilities, the majority of social recognition papers explore short‑
term memories and short‑term familiarity levels with minimal exposure between subject and familiar 
stimuli—a narrow type of social memory. We have identified several key areas currently understudied 
or underrepresented: kin relationships, mates, social ranks, sex variabilities, and the effects of aging. 
Additionally, reporting on social stimulus variables such as housing history, strain, and age, is limited, 
which may impede reproducibility. Overall, our data highlight large gaps in the diversity of social 
memories studied and the effects social variables have on social memory mechanisms.

Social memory is critical for individuals to adaptively navigate a social world. Social memory in humans has been 
a topic of study since the  1950s1,2, and in rodents, experimental exploration spans back to the  1970s3,4. Rodents 
naturally demonstrate the ability to use social memory to navigate their surroundings. Wild rodents outside of the 
laboratory form complex social groups that display the ability to discriminate between dozens of individuals. For 
example, wild house mice interact with dozens of individuals during a month’s time and form social structures to 
control territory and selectively mate with other high-ranking  individuals5. Similarly, rats outside the laboratory 
form complex and stable social structures that require distinguishing between large number of individuals for 
long periods of  time6,7. Laboratory and wild mice both demonstrate social recognition of  kin8. Furthermore, in 
captivity, both wild  mice9,10 and laboratory  mice11,12 form social hierarchies. In a large vivarium of 30 individu-
als, mice formed two distinct dominance subnetworks that were stable across weeks, showcasing their ability to 
show social preferences and distinguish among many familiar  individuals13. Laboratory mice and rats make up 
the bulk of all neuroscience research and thus the bulk of social memory  research14. Individuals of both species 
live in groups and show long-term relationships that matter for their behavior in their natural environment, thus 
making these long-term relationships ethologically relevant (Table 1). These rich long-term relationships suggest 
that the identity of individuals and types of relationships is encoded in the brain. Understanding how the brain 
encodes identity and distinct types of relationships is important for our fundamental understanding of social 
cognition. In addition, studying diverse and long-term social memories has strong clinical implications given that 
rodents are used as models to generate treatments for social and memory deficits associated with neurological 
and neuropsychiatric  disorders15,16.

Within the laboratory, a few paradigms are predominantly used to test social memory. In each paradigm there 
is a subject, the animal whose behavior is being measured, and a social stimulus, the animal being presented to 
the subject. Rats and mice have been shown to have both sociability preferences (preferring social interaction to 
no social interaction) and social novelty preferences (preferring interaction with a novel vs. familiar animal)17,18. 
Behavior such as less investigation time across repeated exposure to the same social stimulus or more investiga-
tion of a novel versus a familiar social stimulus suggests social recognition of the subject to the stimulus. The 
paradigms that have mainly been used, with various modifications, include: the habituation-dishabituation para-
digm, the five-trial social memory test (Fig. 1a), and the three-chamber social assay (Fig. 1b), all of which have 
been described in detail  elsewhere18–20. Time exploring the social stimuli decreases as familiarization increases 
in the habituation-dishabituation paradigm and time in the chamber with the novel stimulus is higher in the 
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three-chamber assay. More recently, given the limitations of the three-chamber  assay21, there have been smaller 
chambers used to present a familiar and novel stimulus reducing the need for spatial  navigation22,22–24 (Fig. 1c). 
In addition, a handful of studies have created operant-based tasks (Fig. 1d) to study social memories using two 
familiar  individuals17,25,26, as well as variations in the social recognition paradigm in order to present more social 
stimuli (Fig. 1e) and measure behavior in a more data-driven  way27.

Social interactions between individuals vary depending on social history and other biological factors (Table 2). 
For example, male mice and rats have been shown to have higher levels of baseline social stimulus investigation 
as compared to  females28,29, but female rats have been shown to retain social recognition for longer periods 
of  time30. Rodents can exhibit social recognition up to 3–7 days later after a two-minute exposure to a social 
 stimulus31–33 while, paternal male mice can remember their offspring 5–6 weeks after  separation34. Considering 
the many social relationships that mice and rats have and the wide use of rodent models, we quantified the types 
of memories studied and how they are being tested in the neuroscience field. To help shape future social memory 
research, we systematically quantified gaps that exist in the current literature and outline factors and suggestions 
to fill these gaps in future social memory studies.

Table 1.  Definitions relevant to this study.

Terms Definitions

Ethologically relevant relationship
A social relationship that plays specific roles based on the nature of a species. Short term social 
memories that could be ethologically relevant are recognizing intruders or predators. Social memories 
of kin, mate, or members of a social hierarchy are examples of long term ethologically relevant 
memories.

Familiarity level Amount of exposure time the subject has had with a particular individual or social stimulus.

Long-term familiarity Exposure between subject and social stimulus is more than 1 day.

Short-term familiarity Exposure between subject and social stimulus is less than 1 day.

Long-term memory Social memories that have at least 24 h since encoding began.

Short-term memory Social memories that have less than 24 h since encoding began. Of note some studies use even shorter 
windows of less than 6 h to define short-term memory.

Social stimuli Conspecifics used in social interactions with the subject. Stimuli can be novel or familiar animals 
depending on the experiment.

Figure 1.  Social memory paradigms. (a) Schematic showing standard trial-based social memory assays. (b) 
Schematic of classic 3-chamber social memory assay. (c) Modified chamber assay apparatus. (d) Operant task 
where subject learns to associate familiar social stimuli with a non-social outcome; social discrimination is 
judged based on subject’s learned behavioral output. (e) Sociobox apparatus designed to test social memory 
against multiple present familiar social stimuli. Left shows phase one for familiarization and right is social 
recognition phase.
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Methods
We searched four databases: Web of Science, Embase, PubMed, and PsycINFO, all on January 14, 2022. We 
focused our search on the abstract text, as such the scope of this review is limited by the terminology used by 
the primary research authors in the abstract (Fig. 2—search criteria). Our goal was to review those articles where 
social memory was at the center of the goal of the study, rather than those where social recognition experiments 
served as controls. Studies were selected by several parameters: (1) the term “social” was used to describe the 
type of memory, discrimination or recognition being investigated in the abstract, (2) we excluded purely behav-
ioral studies by requiring the use of the term “neuro” in the abstract. While this limited our search, we believe 
using these boundaries allowed us to focus on studies pertaining to the neural mechanisms of social memory 
without further author bias to categorize other memory studies. Each paper was reviewed to confirm whether 
the article satisfied all criteria to be included in this review (Fig. 2). After each paper was reviewed for criteria 
satisfaction, 672 qualified articles remained. Each article was analyzed and quantified for various methodologi-
cal variables. EndNote Online and Zotero were used as reference managers. Detailed results can be found in the 
supplemental materials.

To satisfy our criteria for testing social memory, an article must have included a behavioral experiment 
consisting of more than one exposure to the same social stimulus or social odor (e.g. bedding or urine from a 
conspecific). Additionally, the authors must have reported some behavioral metric that indicated social recogni-
tion. Any significant behavioral differences due to familiar or novel social stimuli exposure qualified. Sniffing 
time, exploration time, interaction time etc. were all recorded as social investigation time. If a subject was exposed 
multiple times to the same social stimulus but no behaviors were measured and compared across exposures to 

Table 2.  Evidence of social investigation metrics changing with social and biological variables.

Behavioral variable Subject Social stimulus

Sex
Males have higher levels of baseline  investigation28,29,74. Female rats retain 
recognition for  longer30.
Female mice have decreased differences between novel and familiar social 
stimuli investigation compared to male mice (Netser et al.70).

Male rats and mice both have sociability preference for female  stimuli23 and 
female rats will investigate familiar male stimuli at similar rates to novel 
 males29.

Age Mice and rats show deficits in social recognition and decrease in baseline 
investigation as they  age75–80. Juvenile stimuli reduce sexual and/or aggressive behaviors on  subject74.

Strain
Across mice and rat strains, sociability and social novelty preferences differ. 
Swiss mice have shorter recognition retention than C57BL6  mice36. SD rats 
and ICR mice show little social novelty  preferences23, while A/J mice show 
little sociability at baseline.

Mice do not retain long-term (24 h) recognition of different  strains39,40,81.

Housing history
Individually housed  mice82,83 and  rats20,58 show social recognition deficits, 
more acutely in long-term  recognition33,84,85. Living with larger groups can 
enhance social memory in  mice86.

Unknown

Figure 2.  Methodological flowchart. Databases searched with number (n) of articles found per site alongside 
key terms and search criteria, number of duplicates, and list of exclusion criteria with the number (n) of articles 
removed for each item.
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confirm recognition of an individual social stimulus by the subject, the experiment did not satisfy our criteria. 
Examples of paradigms that did not meet our social memory criteria were chronic social defeat studies (no behav-
ioral metric indicating recognition) and social transmission of food preference (single exposure to a conspecific).

All experimental conditions used in an article were analyzed and a single article can be represented multiple 
times in a figure if it used different subjects, social stimuli, intertrial intervals, etc. If no ovariectomy procedures 
were mentioned, female subjects and social stimuli were assumed to be intact. If ovariectomies were mentioned, 
but no age, female social stimuli were assumed to be adults. Housing conditions were divided into four groups: 
chronic isolation, acute isolation, group-housed, or not specified. Chronic isolation was defined as being sin-
gly housed for longer than a week. Familiarity levels for familiar social stimuli were either categorized by the 
ethologically relevant relationship to the subject, e.g., littermate, or were defined as the total time of exposure 
prior to a test trial.

To substantiate that any quantified methodological variable was used significantly more than any other, a 
two-sample chi-square test was done for the two most used conditions such that the second most used condition 
was the observed frequency, and the most used condition was the expected frequency. Other and not specified 
are not homogenous groups and therefore were not used in any chi-square tests.

Results
While social memory research has increased, the subjects remain adult male mice
Social memory, and its underlying neural mechanisms, has been growing as a research topic. The number of 
yearly published papers more than doubled between 2017 and 2021 (Fig. 3). We next investigated for each of 
these articles, what type of subjects, social stimuli and social memories were tested.

We defined the subject as the experimental animal whose social memory is being tested by recording their 
behavior. We found mouse models were more popular than rat models with 60% of articles using mice and 
41% using rats, and 1% of articles using both. Given the published work showing social behavior differences 
across strains of mice and  rats23,35,36, we quantified which strains dominate social memory experiments. Mouse 
research widely used the inbred C57BL6 strain (C57BL6 vs C57BL6 mix, two sample chi-square,  X2 = 492.97, 
n = 406, p = 3.22 ×  10–109; Fig. 4a). Amongst the rat studies, two outbred strains, Wistar and Sprague–Dawley, were 
predominant (Fig. 4b). When it came to the age of the subjects, very few articles (n = 14 out of 672) used aged 
subjects (72 weeks and older) for social memory experiments (Fig. 4c). Although the sex gap in social memory 
research is decreasing (Fig. 4e), males still have significantly greater representation than females (female vs male, 
two sample chi-square,  X2 = 2048.52, n = 672, p = 0; Fig. 4d). For housing conditions, group-housing has become 
the dominant practice since 2006 (Fig. 4g). Of the 169 articles utilizing chronic or acute isolation, 17% explicitly 
assessed the effects of social isolation on social memory. For the other studies, many used social isolation to 
increase social motivation, establish home-cage territory, or to allow surgical recovery. Despite the documented 
effects of social housing on many behavioral and neurophysiological  variables37, an average of 18% of articles in 
the past decade did not report housing conditions for subjects (Fig. 4f).

When described, social stimuli tend to be young males
Social interaction and social memory are modified by the identities or behavioral state of both the subject and the 
social  stimulus38–40. Therefore, it is important to consider what types of social stimuli have been used. Despite the 
potential effects that the identity of social stimulus can have on social interactions (Table 2), we found that most 
studies lacked information concerning social stimuli characteristics. The strain of social stimuli was often not 
reported (Fig. 5b, c) and unless clearly stated in the methods of a given article, we did not assume that the social 
stimulus was of the same strain as the subject. When information was reported, the most commonly used social 
stimulus was a male juvenile (Fig. 5a, e) with males being used considerably more than females (female vs male, 
two sample chi-square,  X2 = 333.95, n = 672, p = 1.32 ×  10–74; Fig. 4e). Of the adult female social stimuli, almost 
half were ovariectomized (Fig. 5f). We encountered a one article that used ovariectomized juvenile  females41. Of 
note, it has been shown that estrogen disruptions in subjects, as is caused by ovariectomies, can cause disruptions 
in social  memory42–44. As social interactions are dynamic, where the social stimulus can affect the behavior of 

Figure 3.  Social Memory Articles Published in the 2000’s. Articles that satisfied our inclusion criteria and were 
included in this studied plotted by the year they were published.
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the  subject23, it may be possible that using ovariectomized social stimuli affects the social memory of the subject, 
but this remains unknown. The most common variable not reported was the housing condition of the social 
stimulus (Fig. 5d). Overall, we found that social stimuli characteristics are less reported than those of the subject.

Few studies measure long‑term, ethologically relevant relationships
Levels of familiarity between the familiar social stimulus and subject being tested were typically five minutes 
or less (6–120 min vs 5 min or less, two sample chi-square,  X2 = 230.68, n = 672, p = 4.25 ×  10–52; Fig. 6a, b) with 
most subjects spending at most 2 h with the social stimulus prior to being tested for social recognition. Of the 
few articles (n = 25 out of 672) that tested longer-term relationships for social recognition, most studied social 
recognition of littermates (Fig. 6c). For parent offspring relationships, 3 studies tested an infant’s ability to rec-
ognize the odor or presence of their mother vs. a novel  dam45–47. Yang et al., tested the offspring’s recognition of 
its mother in adulthood as well. These studies demonstrate that the capacity for social memory develops early 
in life and recruits the hippocampal CA2, demonstrating that the role of CA2 in social memory starts early 
in development and spans both short and long-term social memories. Additionally, by using a foster mother, 
Laham et al., confirms that offspring’s maternal preferences are not innate genetic preferences but require experi-
ence for social recognition. One study demonstrated the ability of a male parent to recognize its offspring after 
5–6 weeks of  separation34. Only one paper tested the memory of a female subject for its mate by measuring 
pregnancy blocking, a female’s ability to terminate pregnancy in the presence of a novel  male48 (Fig. 6c). In this 
study the authors showed that the memory for the mate is dependent on oxytocin action, demonstrating some 
potential overlap with social memory mechanisms and pregnancy blocking. Studies that use ethologically relevant 
long-term relationships enrich our fundamental knowledge of social memory and could facilitate identifying 
mechanisms that are distinct for short vs long-term familiarity. Despite the importance of social hierarchies and 
of the effects of social rank in behavior and brain function, most social memory studies do not consider social 
rank. Given the literature of the increased attention subordinates give towards dominant  animals49, it is likely that 
the neural mechanisms of long-term social memory are modulated by social rank to facilitate quick behavioral 

Figure 4.  Subject Identity in social memory studies. (a) Number of articles using different strains of mice 
(n = 406 from 672 articles). Other strains for mice included: BALB/c, BTBR, A/J, C3H, FVB/NJ, ICR, OF1, 
NMRI, DBA, CF-1, and wild mice. C57BL/6 mix vs C57BL6 two sample chi-square,  X2 = 492.96, p = 3.22 ×  10–109. 
(b) Number of articles using different strains of rats (n = 275 from 672). Other strains for rats included Lewis, 
SHR, and WAG/Rjj. Sprague Dawley vs Wistar two sample chi-square,  X2 = 110.53, p = 7.50 ×  10–26. Note that the 
1% articles that included both rats and mice and are represented in both (a)  and (b). (c) Ages of subjects across 
all articles reviewed. Infant < 3 weeks, juvenile 3–7 weeks, adult > 7 & < 72 weeks, aged > 72 weeks. Juveniles vs 
adults two sample chi-square,  X2 = 3,637.64, p = 0. (d) Pie chart showing the percentage of all articles (n = 672) 
from years 2000–2022 that use one, both or unspecified sex of mice or rats. (e) Percent of articles from years 
2000–2021 (n = 665) that use one, both, or unspecified sexes of mice or rats. If no sexes were stated, we marked 
papers as “sex not specified”. (f) Number of articles from years 2000–2021 (n = 665) that use group-housing, 
acute isolation (over a day—less than a week), chronic isolation (over a week), or do not specify the housing 
history of the subjects. Chronic isolation vs group housed two sample chi-square,  X2 = 310.09, p = 2.09 ×  10–69. 
(g) Number of articles from 2000 to 2022 reporting each type of housing history.
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discrimination of social rank. Of all the articles that used group-housed adult rodents, only one article (Fig. 6c) 
studied the interplay between social rank and social memory. Cordero and Sandi found that stress potentiates 
long-term maintenance, or memory, of a social  hierarchy50. Our results highlight the lack of inclusion and con-
sideration in the past literature for long-term ethologically relevant social memory mechanisms.

Few studies investigate long‑term social memories
In addition to quantifying the familiarity levels between subject and social stimulus, we quantified the length of 
the social memory at the time of testing. Some studies have demonstrated that the neural mechanisms of short 
vs long term social memory are  distinct51,52. In addition, there is a vast literature demonstrating that for non-
social memories the neural mechanisms and circuits underlying short- and long-term memories can  differ53–55. 
Therefore, we asked whether social memory studies represented these equally. We found that most of the studies 
tested very short-term memories (see Table 1 for definitions). The intertrial intervals used (ITI; the time between 
learning, encoding, or familiarization with a social stimulus, and the memory test trial) were short. Short ITI’s 
and low levels of familiarity result in those experiments testing short-term memories. Less than 2% of articles 
tested social memories that had more than 24 h since encoding began, and almost half of the articles tested social 
memories shorter than an hour (Fig. 6d). Thus, for most neuroscience research probing social memory, only 
short-term memories of short-term familiarity have been investigated. In addition to the implications of this 
gap for our fundamental understanding of the brain, filling this gap is important for understanding how to treat 
brain diseases that affect long- and short-term memories differently, such as Alzheimer’s and other  dementias56,57.

Social memory metrics focus on single variables
Investigation time generally decreases upon repeated exposures to a social stimulus and increases upon expo-
sure to a novel social stimulus. We found that this change in investigation time is homogenously used as the 
readout of social memory. Of the 672 articles reviewed, only 2% quantified behaviors beyond time or frequency 
of investigation of the social stimulus (i.e., sniffing time, time spent in proximity, number of interactions etc.) 
as the behavioral metric to measure social memory (Fig. 6e). Two studies had specific additional interaction 
qualifications such as latency to approach or time spent  following58,59. Quantifying and comparing the ways 
in which subjects interact with social stimuli could provide insight that total investigation time may not. For 
example, Netser et al., quantified a variety of behavioral metrics during a social discrimination paradigm using 
rats. Between novel and familiar social stimuli investigation, the most significant difference was found when 
analyzing long bouts of investigation (> 19 s) as opposed to the insignificant difference amongst short bouts of 
investigation (< 6 s). Four articles compared ultrasonic vocalizations across social stimulus  exposures60–63, one 
quantified urine markings in response to a novel vs familiar  stimulus64, and one measured the rate of pregnancy 
termination in the presence of an unfamiliar vs. a familiar  mate48. Kavaliers measured the effects of familiarity 

Figure 5.  Social stimulus identities in social memory studies. (a) Age of social stimuli across all articles, adult 
vs juveniles two sample chi-square,  X2 = 154.76, n = 672, p = 1.58 ×  10–35. (b) For 406 mouse articles that included 
social stimuli, mouse strains that were used for social stimuli. Other mouse strains include BALB/c, BTBR, A/J, 
C3H, FVB/NJ, ICR, OF1, NMRI, DBA, and wild mice. Swiss vs C57BL/6 two sample chi-square,  X2 = 239.51, 
p = 5.02 ×  10–54. (c) For 279 rat articles that included social stimuli, rat strains that were used for social stimuli. 
Other rat strains include Lewis, Lister Hooded, WAG/Rij and F344. Sprague Dawley vs Wistar two sample 
chi-square,  X2 = 83.64, p = 5.95 ×  10–20. (d) Number of articles that used group-housing, acute isolation (over a 
day—less than a week), chronic isolation (over a week), or do not specify the housing history for social stimuli. 
Chronic isolation vs group housed two sample chi-square,  X2 = 241.70, n = 672, p = 1.67 ×  10–54. (e) Percent of all 
articles (n = 672) that use one, both, or unspecified sexes of mice or rats for social stimuli. (f) Of those articles 
that used female social stimuli (n = 220), percentage of those that used juvenile, ovariectomized, adult intact or 
unspecified age females.
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with social odors on risk taking behavior and mate  preference65,66. Finally, Cordero and Sandi used maintenance 
of social hierarchies through competition outcomes as a measure of social recognition.

Social recognition between two familiar conspecifics and social identity are understudied
The limitation in assays and behavioral metrics have led to the social memory field almost exclusively studying 
social memory via discrimination of a single familiar animal from a novel animal. We found only one study that 
measured social memory mechanisms during the discrimination of two familiar animals. This article tested the 
discrimination between two familiar stimuli by different behavioral outputs from the subject; van Wingerden 
and van den Bos used rate of risk-taking behavior to distinguish between a “trustworthy” vs “untrustworthy” 
stimulus (defined as conspecifics associated with different reward  probabilities26). Since we performed our meta-
analysis, a new study was published showcasing a novel go/no-go task where subject mice discriminate between 
two familiar mice to obtain a  reward25. This design allowed the authors to study the neural dynamics of social 
identity encoding. We foresee that creative assays, such as these, will propel the field forward in our mechanistic 
understanding of social memory by dissociating mechanisms of novelty preferences from social identity encod-
ing and recalling social memories of familiar individuals.

Figure 6.  Types of social memories studied and how they were measured. (a) Number (No.) of articles that 
use various levels of familiarity. 6–120 min vs 5 min or less, two sample chi-square,  X2 = 230.68, n = 672, 
p = 4.25 ×  10–52. (b) Histogram showing all familiarity levels used from 6 to 120 min. (c) A breakdown of all the 
types of ethologically relevant relationships tested in a social memory paradigm in n = 25 articles. (d) Number 
of articles that use various intertrial interval (ITI) lengths; ITI being the time in between trials, both learning 
and test trials. 1–6 h vs 6–59 min two sample chi-square,  X2 = 99.00, n = 672, p = 2.53 ×  10–23. (e) Metrics cited 
across all articles. Investigation time refers to interaction time, sniffing time, and contact time while number of 
interactions refers to a unit of interaction bouts rather than a cumulative time metric; time in region of interest 
(ROI) includes time spent near or in a chamber or other target area. Time in ROI vs investigation time two 
sample chi-square,  X2 = 3025.27, n = 672, p = 0.
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Discussion
Our results indicate that social memories studies in the past two decades are biased towards short-term memories 
of short-term familiarity. This bias has led to underrepresentation of long-term relationships that are relevant 
across animal models such as kin, cagemates, members of their hierarchies and mates. Our results also show that 
there is little research on the neural mechanisms of long-term social memories. This is of particular importance, 
given that neuropathologies that affect memories, such as Alzheimer’s, tend to disrupt short-term and long-term 
memory in different stages of the  disease56,57. Understanding the circuits underlying short vs long-term social 
memory may design and inform therapies for distinct deficits. We recognize that the exact design of a study and 
which social factors are included as a variable will depend on the goal of the scientific study and more behavioral 
testing is not always better. The goal of the study must be considered to choose the experimental design, but 
awareness of gaps, biases and factors that affect social behavior will help optimize future experiments in social 
memory. Below we detail potential directions and metrics to increase our understanding of social memories and 
what information we can gain in future studies.

Incorporating long‑term familiarity memories
Our results show that most social memory studies focus on short-term familiarity, with few studies involving 
long-term social memory. Using classical social recognition assays, limited exposure to social stimuli (15 min 
or less), results in social recognition that can last up to an hour in individually housed  rodents19,67 and up to 
7 days for group-housed  rodents33. These studies suggest that it may take long-term familiarity to facilitate the 
long-term encoding of social identity. These differences in how long the social memories last based on exposure 
time suggest the possibility of differences in mechanisms for social memories of short- vs long-term familiarity. A 
large body of literature shows mechanistic differences between short- and long-term non-social  memories54,68,69. 
There are also some reported differences in the neural mechanisms of short and long-term social  memories51,52. 
Importantly, a social memory with short-term familiarity (e.g. 10 min) could be studied as a short or a long-
term memory by simply varying the interval between the acquisition vs recall. On the other hand, long-term 
familiarity social memories, such as memories of cagemate identity, are long-term memories that get updated 
as new interactions occur. For improving our fundamental knowledge of the mechanisms of social memory, the 
field would benefit from future studies comparing the neural mechanisms of short vs long-term social memo-
ries, as well as the comparison of short vs long-term familiarity. Incorporating the use of social stimuli with 
long-term ethologically-relevant relationships can facilitate the study of long-term social memory. In addition, 
to combat the challenges of short-term familiarity memories being forgotten, operant-based  assays17,25,26 could 
make social memories of individuals with short-term familiarity more salient by pairing them with rewarding 
or aversive outcomes.

Operant‑based social memory assays to study social identity
Our results show that there is little work to investigate how social identity memories may be represented. Relying 
only on investigation time, the most common behavior metric used, limits research to novelty discrimination 
(e.g. discrimination between a novel vs familiar animal). If social recognition is not detected with a novelty 
preference-based assay, is there a failure to discern and/or prefer the novelty of an animal or a failure to recognize 
the familiarity of a familiar one? With classical novelty-based social memory assays it is not possible to distin-
guish between these two possibilities. Assays that do not rely on novelty preferences allow dissociating between 
individual recognition and novelty discrimination. In particular, operant-based assays allow studying behavioral 
discrimination between multiple familiar individuals and social identity encoding (see Table 3 and Fig. 1).

Additional metrics of social memory
A recent review discusses the limitations of the three-chamber social assays and a potential integrative, multi-
modal approach with simultaneous behavioral and physiological measurements at high temporal  resolution21. 
In addition, recent studies have shown that short vs long bouts of social investigation are of relevance for social 
recognition for both mice and  rats23,70. Both species have longer bouts of investigation with the novel stimuli, 
providing an additional metric beyond total investigation time. Our systematic review identified four studies that 
used ultrasonic vocalizations (USV) as a metric for social memory in female mice of different  strains60–63. In these 
studies, USV rate decreased when interacting with familiar same-sex individuals. Another study identified in our 
systematic review used a data-driven approach to determining regions of interest in a social recognition test, and 
using this approach compared to the traditional user-defined region of interest improved the signal to noise in 
social recognition  indices27. Using diverse social memory metrics could be important for identifying potential 
treatments for social deficits in mouse models for disease. It is possible that only some metrics may be differ-
entially affected by disease states and thus those metrics could serve for studying potential rescue mechanisms. 
On the other hand, interventions that affect multiple metrics of social memory, rather than just one, could have 
more potential for translation. We summarize potential benefits of using additional behavioral metrics in Table 3.

Considering biological factors in subject and social stimuli that may affect social memory
Our data also demonstrates a chronic lack of reporting of information regarding social stimuli utilized, which 
poses challenges for reproducibility. The omission of these details prevents the understanding of any potential 
differences in behavior elicited by the specifics of social stimulus identity such as sex, strain, and housing. Recent 
studies have shown that social stimuli state and behavior affect subject behavior. Active behavior by the social 
stimulus is necessary for social  recognition38, stimuli movement can either enhance or deter social investiga-
tion from the  subject23, and even drug administration to a constrained stimuli can affect sociability of a freely 
moving  subject71, all of which highlight the importance of the two-way interaction. These studies suggest that 
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the behavioral state (isolation, stress, age, etc.) of the social stimulus could affect the behavior of the subject and 
potentially the social memory metrics.

Other important factors that can impact the ethological and biological relevance of social relationships are 
housing condition, sex, and age. Our data demonstrate that these factors are often not reported or considered, 
yet they can be crucial for interpretation of results as they affect social interactions in rodents (see Table 2). 
Our results also show that adult male subjects dominate the social memory literature. A recent study showed 
that the neural mechanisms of social recognition differ between adults and adolescent  rats72, demonstrating 
the importance of studying social memory at different developmental stages. Although there is ample evidence 
that aging affects memory, only 2% of our surveyed articles studied social memory in aged rodents. Studying 
aging and how it impacts social memory mechanisms is relevant for translating basic research to treat dementia 
and other aging related memory problems in humans. In addition, studying both male and female animals is 
important for translating pre-clinical research since it has been shown that many brain disorders have different 
rates in women and men and symptomology can differ across  sexes73. Lastly, we also found that very few stud-
ies considered social rank in their group housed animals. Given the reports of subordinates increased attention 
towards dominant  animals49, the neural mechanisms of long-term social memory may be modulated by social 
rank to facilitate quick behavioral discrimination of social rank.

In summary, we have quantified the volume of social memory literature utilizing different methodologies, 
outlined how different social and biological factors affect social memory, and the limitations with which social 
memory has been measured. We hope to provide context for considerations for future research design to better 
understand the neural mechanisms of social memory.

Data availability
All raw data utilized for this article is available in the supplementary file provided.
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Table 3.  Diverse social memory metrics and their potential benefits for future studies.

Additional metrics for social memory Potential benefits in social memory studies

Long vs short bouts of social investigation

Long bouts of investigation are more common with novel social 
stimuli, compared to short bouts (Netser et al.23). This distinction 
could improve signal to noise in social recognition measurements.
This metric could help in rodent models of neuropsychiatric social 
deficits to identify interventions that could improve social recogni-
tion.

Operant-based tasks

Allows studying social identity and the social discrimination between 
two familiar individuals (Gheusi et al.17, Kong et al.25, van Wingerden 
and van den  Bos26). This is currently not possible to do with assays 
that rely on discrimination of familiar and novel animals.
May facilitate the study of long-term social memories as pairing 
rewards or aversive stimuli with social stimuli increases salience of 
the social stimuli.
Operant-based metrics could help in our fundamental understand-
ing of social identity and how its mechanisms differ from novelty 
preference. In addition, these tasks can be helpful to model disrupted 
discrimination among multiple familiar individuals in diseases that 
affect memory, such as Alzheimer’s and other dementias.

Combining social investigation of familiar and novel social stimuli with neurophysiological recordings

Allows potentially decoding social identity or novelty vs familiar-
ity from neural activity measurements. This approach was recently 
used to describe how the hippocampal CA2 encodes social identity 
differently in novel vs familiar  individuals87. Overall, this approach 
may facilitate identifying brain regions involved in social identity 
encoding and long-term social memory to improve our fundamental 
knowledge of social memory.

Heat-map based analysis of investigation of multiple familiar stimuli vs novel agent in SocioBox

The SocioBox assay requires subjects to discriminate a novel stimulus 
from 4 familiar mice which increases the social memory load on the 
assay, as compared to other traditional assays. Social recognition is 
measured using a heat map-based comparison of location and creat-
ing data-driven regions of interest which improves the signal to noise 
in social recognition  indices27. Therefore, this assay may be more 
sensitive in identifying disease-related changes when studying rodent 
models for diseases.

Ultrasonic vocalizations (USV)

USV rate decreased in female mice when interacting with familiar 
same-sex individuals (D’Amato and  Moles60, Gracceva et al.61, 
Moles et al.62). Measuring USV can be a good alternative metric in 
female rodents considering they have lower baseline levels of social 
investigation.
Rodent models with genetic disruptions linked to autism spectrum 
disorder (ASD) show decrease  USVs88,89. Future studies focused 
on ASD rodent models could measure social memory associated 
USVs for additional metrics to study multiple social memory related 
variables in search of potential treatments and disease related 
mechanisms.
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