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Abstract  
 
Social interaction plays a pivotal role in psychological development. From birth, parent-infant interactions 
and socializing with peers shape fundamental nervous system processes, including cognition and 
emotion. Given the global rise in autism and other developmental disorders, we suggest a key role for 
critical periods of social learning in peer-interactive environment. Here, we examine the hypothesis of 
susceptible period of peer interaction in common marmosets (Callithrix jacchus) by comparing two 
groups of animals which experienced social interactions with the same-aged peers either early as infants 
(Early group) or later, as juveniles (Late group). To assess developmental differences between these 
two groups as adults, we measured their bodyweight and the blood glucose concentration, as common 
and sensitive general physiological markers of health. We further examined the differences in the 
subjects’ adaptability and metabolic modulation under the influence of various environmental ‘climatic’ 
modifiers, such as indoor/outdoor temperature and humidity. The results of multivariate correlation 
analysis showed that bodyweight changes in the Early group decreased at lower outdoor humidity, 
whereas the Late group showed rather unaltered or increased measures. This pilot report, as part of our 
ongoing longitudinal monitoring of marmosets’ development, suggests a susceptible period for 
peer/social learning, which may affect their nervous system’s adjusting to climatic adaptations.  
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1. Introduction 

 

Transitioning from infants to adults, the human 

nervous system development is modulated by endogenous 

biological mechanisms and exogenous surrounding 

environments. Both the biological mechanisms and the 

dynamically changing environment are complex and 

diverse. Addressing the problem of rapidly increasing 
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prevalence of neurodevelopmental psychiatric disorders 

worldwide (often with severe communicational and 

emotional disabilities, such as autism spectrum disorder), 

we need to consider not only genetic background but also 

biological responses to both physical and psychological 

environmental factors. Indeed, various experiences in 

early-life environments may strongly affect developmental 

CNS trajectories, and eventually lead to stress vulnerability 

http://www.stressbrainbehavior.com/
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and/or resilience later in life, in response to physical (e.g., 

nutrition status1, temperature2-4, humidity2,4, photoperiods5-

7) and social determinants (e.g., interaction with 

conspecifics)8-11.  

In biological systems, the interplay between social 

learning and environment, such as ‘imprinting’ and ‘critical 

period learning’, have been well documented, especially in 

regard to susceptible abilities of developing animals to 

acquire and reinforce neuronal sensory and/or cognitive 

function12-14. During each specific period, appropriate 

interaction with social environment is necessary, as shown 

in numerous studies of mother-infant interaction15-18, 

learner-tutor interaction in singing birds15,19, mother 

language learning interaction20, representing a 

fundamental function of the nervous system development. 

Later during ontogenesis, social affiliation to peers21-28 

begins to play an important role, producing social 

experiences with siblings or non-family peers, which 

contribute to more complex neuropsychological 

development. It has also been suggested that certain 

susceptible learning systems exist for peer-social 

development9-19. Interaction between physical and social 

environment may also be important since seasonal 

affective disorder (SAD) has been well documented in the 

literature29-36. However, there are few preclinical studies on 

seasonal influences on psychiatric and neurological 

development because of the lack of good animal models for 

longitudinal observation over a full range of life history and 

the corresponding climatic data logging methods.  

However, in evolutionary ecology and studies of 

domestic animals, understanding phenotypic plasticity and 

coping to seasonal acclimatization is a central problem. The 

responses to climatic environmental stress involve changes 

in developmental plasticity as cued by different 

environments in pre-adult development, and the adjusting 

as adults to their environments2-5. For example, 

evolutionary ecology studies demonstrate the relationship 

between starvation resistance during dry or cold seasons 

and the longevity in adult. Interaction of environmental 

factors is, however, complex and difficult to investigate 

and/or model. Thus, it may be easier to use a carefully 

controlled manipulation of environmental conditions in a 

laboratory, in relation to ecological contexts mimicked2,5. 

We have recently developed a primate (common 

marmoset) model to examine a wide spectrum of 

developmental aspects and affective behaviors in neonate, 

adolescent, and adult (sexually mature) animals7,22,27,37-39 

for translational research of several developmental 

psychiatric disorders37-39. As an early-life social 

environment, we use two different groups which met with 

the same-aged peer monkey, either early as infants (Early 

group) or later, as juveniles (Late group). In order to 

establish putative sensitive periods of social learning in 

peer-social interactions, and to examine developmental 

differences between these two groups as adults, we 

focused on a representative well-validated marker of health 

and development, the adult bodyweight, and its changes 

during varying climatic environmental conditions. To 

explore metabolic effects on acclimatization, we paralleled  

animals’ bodyweight measures with blood glucose 

concentration analyses, in relation to climatic 

environmental indices, such as indoor/outdoor temperature 

and humidity. These indices were chosen here as well-

established physiological biomarkers, and because we 

have observed their sensitivity to various factors in our own 

breeding program, also consistent with well-documented 

literature (see further) on their dynamics in humans and 

animals. In addition, recording bodyweight data40 enabled  

longitudinal monitoring in our routine animal breeding and 

care, paralleled with systematic logging of indoor 

temperature and humidity. The venous blood glucose 

concentration at the end of the recording duration was also 

used in our normal breeding program, as an established 

low-stress metabolic check. All collected data were 

evaluated using uni- or multivariate correlation analysis.   

 

2. Materials and Methods 

 

2. 1. Animals and Measurements 

 

The experimental protocols were approved by the 

Animal Care and Use Committee of Saitama Medical 

University and Tokyo University of Agriculture and 

Technology (Japan). Subject animals included five male 

and six females common marmoset (Callithrix jacchus, 1.5-

4 years old), raised from neonatal infants to adults in the 

specialized experimental primate-rearing facility of our 

laboratory. The breeding room was located inside the 

external heat-insulating building. We set two developmental 

cohorts having social experience (in a separate cage) with 

the same-age peer for 10 min once a week. The Early group 

experienced social interactions as ‘infants’ (postnatal days 

41 (P41)-152) and consisted of two males and three 

females. The Late group experienced social interactions as 

‘juveniles’ (P174-244) and consisted of three males and 

three females; Fig. 1). Daily exchange of water, food pellets 

(CMS-1M, Clea, Japan), and cleaning of homecages, were 

performed between 10-11 am. The bodyweights were 

measured between 13-15 pm. The temperature inside of 

each home cage was regulated at 28 oC, and the 

temperature (Tin) and humidity (Hin) were measured every 

hour by dedicated loggers (CHINO, Japan). The outdoor 

temperature (Tout) and humidity (Hout) were collected using 

the public data (at the nearest point from laboratory) via 

online Japan Meteorological Agency database 

(www.data.jma.go.jp/obd/stats/etrn) between May-October 

2014. After this period, bodyweight and fasting blood 

glucose concentrations from caudal veins were measured 

utilizing ‘blood glucose meter’ (ARKRAY, Japan) between 

12-13 pm. 

 

2.2. Data analyses 

 

The difference (delta) of bodyweight, Tin, Hin, Tout, and 

Hout were collected and analyzed as follow: if Xt was defined 

as a measured value on date t, delta Xt was calculated as 

subtraction between Xt and Xt-1. The plots and linear 

regressions were visualized in a pair of parametric 

dimensions round-robin (Fig. 3). To evaluate the correlation 

between bodyweight and environmental data, a multivariate 

analysis based on principal component analysis (PCA) by 

correlation matrix, the Behavior Output analysis for 

Quantitative Emotional State Translation (BOUQUET)8,9,11-

20 was performed with PCA score plots, ellipse regressions 

with PCA by variance-covariance matrix, as described 

previously. After acquiring potential parameters correlated 

with bodyweight data, simple comparison of bodyweights 

between the Early and Late groups were analyzed the 

candidates of parameters, delta Hout or delta Tin by one-

tailed Student t-test (Fig. 5A-D). Prior to applying Student t-

test, we confirmed the normality of data distribution by 

Kolmogorov-Smirnov and Shapiro-Wilk tests. To profile 
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climatic changes in relation to bodyweights between the 

points of high and low peaks of delta Hout and delta Tin, we 

focused on selected points of highest three and the lowest 

four data points, referring to them as the wave, as 

summarized in bar graphs in Fig. 5A-D. Finally, the 

bodyweight at the points referring to delta Hout were 

evaluated for their relationship with the internal and 

metabolic marker, blood glucose concentration, using the 

Wilks’ lambda test. 

 

3. Results 

 

Overall, delta Tout decreased and delta Hout increased 

in rainy or cloudy days (Fig. 2B, C). Compared to delta Tout 

and delta Hout, the fluctuation of delta Tin and delta Hin was 

much smaller (Fig. 2B, C). For humidity data, it was similar 

between delta Hout and delta Hin from late in August to early 

in October (Fig. 2C). In spite of temperature-regulated 

condition, delta Tin_Early (Fig. 2B, blue) occasionally 

fluctuated more than delta Tin_Late (red). In delta W, the high 

and low peaks were somewhat similar to those of delta Hout, 

however there were no significant differences between the 

two groups at any dates. 

We next performed and visualized pair-wise 

correlations between delta T, delta H and delta W (Fig. 3). 

A strong positive correlation between delta Tout and delta 

Hin was observed following simple regression and 

correlation analyses (Fig. 3G, r = 0.843 Early and 0.862 

Late). Although no environmental parameters showed 

significant correlation with delta W, delta Hout (Fig. 3B, r = 

0.344 Early and 0.192 Late) and delta Hin (Fig. 3D, r = 0.180 

Early and 0.360 Late) weakly correlated with delta W. To 

investigate the multivariate analysis among all the 

parameters, we applied BOUQUET analysis (Fig. 4) 

assessing the 1st component (PC1) to PC3 for the 

cumulative contribution ratio reached 85.2%. As Fig. 4B 

suggests, there is some correlation between delta Tout and 

delta Hin, as their vectors are close to each other on the 

PC1 axis, consistent with data in Fig. 3G. Moreover, our 

targeted biological parameter, delta W, was directed almost 

similarly to delta Hout, with positive mutual correlation shown 

in Fig. 4B. Similarly, the delta W and delta Tin seemed to 

correlate negatively in the PC3-PC2 dimensions (Fig. 4D), 

although in this general analysis, we observed no 

differences between the two groups.  

We also examined bodyweight differences between 

the Early and Late groups, comparing the responses in 

selected days as either high or low condition of the two 

candidate environmental parameters, delta Hout or delta Tin. 

We focused on the complete data set from July to October, 

including stable wave form with repeated low and high 

peaks around August for delta Hout, as shown in Fig. 2C. 

We collected the delta W measures at the dates either with 

the highest three or the lowest four, and then compared the 

delta W values between the Early and Late groups. Overall, 

a significant difference was seen only in the delta W 

responses at the four dates of low delta Hout. The Early 

group showed reduced delta W during low delta Hout, mostly 

on sunny days (Fig. 5D, p = 0.041 by one-tailed t-test). 

Finally, we verified the difference of the delta W at low Hout 

between the Early and Late groups using correlation 

analysis with an internal and metabolic marker, blood 

glucose concentration (Fig. 5E, F). The plot resulted in 

more dispersed data in females vs. males, and showed a 

trending weak negative correlation (Fig. 5F, r = -0.594, p = 

0.054, Peason correlation coefficient). This observation 

suggests that subjects with high fasting blood glucose 

concentration tended to decrease their bodyweight on 

summer sunny days with low outdoor humidity.  

 

 

 
 
Figure 1. Experimental design and developmental histories of peer social experiences used in this study. The Early 
group experienced peer social interaction during the ‘infant’ period, but not as juveniles. In contrast, animals from the Late 
group were allowed social interactions with same-age peers only as juveniles.  
 
 
 

4. Discussion 

 
Here, we examine climate-dependent bodyweight and 

blood glucose changes in two groups of adult common 

marmosets with different social experiences. This analysis 
was focused on their responses in the recent (2014) 
summer. Overall, as shown in Fig. 4-5, the primate 
bodyweight seemed to be affected mainly by outdoor 
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humidity, which might seem paradoxical because indoor 
humidity was independent from the outdoor humidity (Fig. 
4). As one possibility, our animal breeding facility might 

have regulated temperature more precisely (than humidity) 
because of the existing technological difficulties.

 

 
Figure 2. Time-series data of temperature and humidity indoors (Tin, Hin) and Outdoors (Tout, Tout) expressed as delta 
T and delta H, and the bodyweight changes, expressed as delta W. (A) A schematic diagram summarizing the 
environmental climatic conditions during the study. (B) delta T and (C) delta H in home cage of the Early (blue) or Late (red) 
groups, as well as outdoors (black). (D) delta W of the Early (blue) and Late (red) cohorts; data are expressed as mean + 
SEM. For interpretation of the references to color in this figure, the reader is referred to the web version of this article. 
 

 
Consequently, it can be speculated that ambient 

humidity was a less potent factor and slowly varied from 

outdoor condition, thereby inducing more complex action 

on in-door humidity (than indoor temperature) by different 

reaction timescale. Thus, the observed biological difference 

between the two groups may be due to their specific 

response to this complex situation. Of note, in studies of the 

wild nocturnal mouse lemurs in dry deciduous forests, they 

lost bodyweight and reduced reproductive activities during 

the dry season3. 

In the field of bioenvironmental research, there is an 

approach for human biology and psychology to consider the 

effect of energy flow and the difference between outdoor 

and indoor spaces of buildings, called ‘exergy’41-44. This 

concept views the built environment as an open 

thermodynamic system, and the exergy produced from 

inner core of human body is diffused to outdoor space and 

eventually outer space at near absolute zero temperature.  

According to this concept, human body also uses 

exergy for water diffusion through exhalation of sweat and 

needs more exergy in dry environment, consistent with the 

field observation of energy expenditure regulation by 

reducing bodyweight and reproductive activity under the 

limited resource during dry season3. The biological strategy 

of acclimation varies among species, and there exists a 

tradeoff between bio-resources and metabolic rates2-5. 

Under rich resources, the increase in metabolic rates is a 

reasonable strategy to cope with high exergy requirement 
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during a cold season. Under the limited resource, however, 

decreasing metabolic rates is a strategy to utilize, thereby 

reducing reproductive activity and other physiological 

processes in general, even leading to hibernation. At the 

same time, increasing exergy storage by accumulating fat 

(and, therefore, bodyweight) before a dry and cold season 

is compatible with reducing metabolic rates using endocrine 

systems, such as the thyroid hormone axis.

 

Figure 3. Pair-wise correlations between delta T, delta H and delta W with simple linear regressions. Panels (A-D, F-
J) show scatter plots of each group (blue or red) and gender (rhombuses or circles), with regression lines. (E) Scatter plots 
and regression between delta Tout and delta Hout (inset: table summarizing regression data). For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article. 
 

 
Utilizing blood glucose levels as an indicator of 

metabolic activity (Fig. 5E,F), we found that the Early group 

animals show higher glucose levels when they lost 

bodyweight, suggesting their acclimation to dry and cold 

environment by increasing exergy production from inner 

parts of body. This may also lead the weight-loss if the food 

intake was the same. While the same amount of food 

pellets was supplied once a day in this study, we do not 

know exactly how much food animals took each day during 

the summer season. Females in the Early group showed a 

tendency of losing more weight. Interestingly, in the field 

study of the forest mouse lemurs, females also lost more 

weight during a dry season because of higher bodyweight 

during a wet reproductive season, compared with males3. 

Data shown in Fig. 5F may offer some explanation for the 

sexual difference in prevalence31,32 of SAD accompanied 

by overeating32. However, more subjects are clearly 

needed to confirm this possibility. 

In the present study, we also compared the adult 

bodyweight as a simple biological index, and in order to 

explore its relation to animals’ social learning histories40. 

Analyzing animals’ bodyweight during development, there 

were no differences (data not shown). We also did not 

measure the subjects’ body size because their body hair is 

too bushy to be measured accurately, and we also wanted 

to avoid unnecessary excessive handling stress in our 

cohorts. 

 The physiological significance of bodyweight loss 

during humidity reduction should be evaluated with more 

complete data, including daytime activity, sleep rhythm, and 
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emotional development features. This aspect remains to be 

analyzed with more longitudinal (e.g., at least >1 year) data 

in our future studies. Furthermore, here we did not focus on 

any behavioral aspects that could be analyzed for the 

model animals in developmental psychiatry, which has 

been done in-depth in our previous reports. Instead, we 

applied rater simpler methodology and used direct 

biological measurements/biomarkers (such as bodyweight) 

in relation to animals’ social experience at different times of 

their ontogenesis.  

 
 
Figure 4. Multivariate analysis of delta T, delta H and delta W based on BOUQUET method (see text for details). All 
data plots using bodyweight and environmental indices were assessed by consolidated distribution in the multidimensional 
space for two aspects (A and C) superimposed with their respective eigenvectors (B and D). The PCA score plots for each 
group (blue or red marks), gender (rhombuses or circles) and the variance approximation ellipses (blue or red) in the PC1-
PC2 and PC3-PC2 dimensions, respectively. Note that the emerging factor, delta humidity outside (Hout), is close to our focus 
index, delta bodyweight (W); also see detailed analyses in Fig. 5. For interpretation of the references to color in this figure, 
the reader is referred to the web version of this article. 
 
 

In psychiatry, the relevancy of climate to CNS function 

has been recognized in SAD and depression, explained in 

ICD-1029-31,34,36. As environmental therapy, such disorders 

are usually treated by photointervention35 (but less by 

humidity regulation33), likely due to ease of controlling 

lighting and temperature. 

According to the two-hit hypothesis45,46, human 

vulnerability and resilience to psychiatric disorders 

generally depend on the interaction of individual genetic 

predispositions with the early-life and the later-life 

environments. Different functions are mediated by distinct 

sets of neural substrates, and the timing of developmental 

events varies with the sets of neural substrates. Thus, 

vulnerability to environmental conditions during brain 

maturation (associates with specific age windows) may 

reflects the timing of developmental events varying with 

neural substrate47-53. 

A large number of field studies in the area of hygiene, 

tropical medicine and the community- or clinic-based 

studies, suggests a link between early environmental 

factors and public health. To understand how early 

environment affects the longitudinal growth, metabolic and 

cardiovascular disorders, susceptibility to infection and 

resilience to stress, experimental animal models like those 

described here may help reveal the complex interplay 

between early multi-dimensional environmental factors and 

physiological/psychiatric health. However, further more 

extensive studies are critical to address this problem in-

depth.  

In conclusion, outdoor humidity, rather than indoor 

climate, seemed to influence bodyweight changes of adult 

common marmosets in this study. The observed effect 

differed depending on peer/social experiences of animals 

during ‘infant’ or ‘juvenile’ periods. Our results suggest the 

existence of susceptible ‘critical periods’ of peer social 

function that may be relevant to subjects’ biological 

adaptation to environmental/climatic changes. 
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Figure 5. Bodyweight changes (delta W) and blood glucose concentrations in relation to indoor temperature (Tin) 
and outdoor humidity (Hout) in Early vs. Late groups. (A) high delta Tin, (B) low delta Tin, (C) high delta Hout, (D) low delta 
Hout. (E) Plotting of Early (blue) and Late (red) cohorts with each approximation ellipse calculated by PCA with variance-
covariance matrix, generally expressed the data features of correlation between fasting blood glucose concentration and 
delta W, (E) at high delta Hout, or (F) at low delta Hout. Note that at lower delta Hout, the bodyweight of the Early group 
decreased (D) with more variable concentration of blood glucose (F). Data are shown as average + SEM. For interpretation 
of the references to color in this figure, the reader is referred to the web version of this article. 
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