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Abstract

Social experience early in life appears to be necessary for the devel opment of species-typical
behavior. Although isolation during critical periods of maturation has been shown to impact
behavior by altering gene expression and brain development in invertebrates and vertebrates,
workers of some ant species appear resilient to social deprivation and other neurobiological
challenges that occur during senescence or dueto loss of sensory input. It isunclear if and to
what degree neuroanatomy, neurochemistry, and behavior will show deficienciesif social
experience in the early adult life of worker antsis compromised. We reared newly-eclosed adult
workers of Camponotus floridanus under conditions of social isolation for 2 to 53 days,
guantified brain compartment volumes, recorded biogenic amine levelsin individual brains, and
evaluated movement and behavioral performance to compare the neuroanatomy, neurochemistry,
brood-care behavior, and foraging (predatory behavior) of isolated workers with that of workers
experiencing natural social contact after adult eclosion. We found that the volume of the
antennal lobe, which processes olfactory inputs, was significantly reduced in workers isolated for
an average of 40 days, whereas the size of the mushroom bodies, centers of higher-order sensory
processing, increased after eclosion and was not significantly different from controls. Titers of
the neuromodulators serotonin, dopamine, and octopamine remained stable and were not
significantly different in isolation treatments and controls. Brood care, predation, and overall
movement were reduced in workers lacking social contact early in life. These results suggest
that the behavioral development of isolated workers of C. floridanusis specifically impacted by
areduction in the size of the antennal lobe. Task performance and locomotor ability therefore

appear to be sensitive to aloss of social contact through a reduction of olfactory processing
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3
ability rather than change in the size of the mushroom bodies, which serve important functionsin

learning and memory, or the central complex, which controls movement.

I ntroduction

Social experience shapes the nervous system and the behavior it generates. Exposure to social
stimuli and cuesis critically important to neural development, behavioral performance and
cognition [1-5], neuroimmune function [6-10], and most significantly, survival [11, 12]. Across
diverse clades, behavioral capabilities can be negatively impacted if individuals are deprived of
social contact when ontogenic trajectories are most sensitive to receiving sensory inputs [13, 14].
A lack of social contact early in life can disrupt maturational processes required for feeding,

aggression, courtship, and interaction networks [12, 15].

Although research on the effects of social isolation has historically focused on humans, non-
human primates, and other mammals, eusocial insects have emerged as important systems to
examine the influences of social deprivation in early adult life on brain development, brain gene
expression, neuromodulators, and behavior [16-23]. Workers and immatures are
developmentally dependent [24]. Social interactions such as trophallaxis (oral food exchange),
allogrooming, and nursing influence social network structure and behavioral and
neuroanatomical development trajectories [23, 25-27]. Age-related changesin functionally
specialized brain compartments can be experience-expectant (growth programmed to occur
despite experiential input) or experience-dependent growth resulting from the performance of a
particular activity, such asforaging [28, 29]. Social isolation in ants appears to significantly alter

the growth of the mushroom body, a brain compartment involved in higher-order sensory
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4
processing, learning, and memory, relative to that of nestmates developing in a natural social
environment [17]. If workers are deprived of social contact, neuromodulators and receptor
profiles that regulate behavior may be altered or become dysregulated [16, 30], potentially
affecting age-related responsiveness to signals and cues that guide neural and behavioral
development, and task performanceinside and outside of the nest [20, 31-37]. Nevertheless,
worker brains and behavior may be resilient to senescence [38] and injury to sensory appendages
[39]. Thisrobustnessto aging and loss of olfactory input from the antennae raises questions
concerning the ability to compensate for stressors resulting from social isolation during early
adulthood and whether worker neurobiology and behavior are equally sensitive to such

disruption.

In ants, newly eclosed adult workers (callows) typically develop in a socially rich colony
environment of demographically variable nestmates and immatures. Callows are distinguished
from their mature siblings by their unsclerotized lightly pigmented cuticles and relatively low
activity [40, 41]. Behavioral repertoire formation is usually incomplete immediately following
adult eclosion, with apparently few exceptions [42]. Manipulations of the social experience of
callows therefore provides the ability to experimentally examine the ontogeny of behavior from
the earliest stage of adult life. Social interaction between callows and their siblings influences
pheromone responsiveness and temporal behavioral development [40, 43-46]. The effects of
being deprived of these and other inputs are not consistently negative: 10-day old Pheidole
dentata minor workers that lacked contact with brood nursed as efficiently as same-aged control
workers and did not differ in brain anatomy or neurochemistry [20]. The question remains asto

whether neuroanatomy, neuromodulators, behavioral responsiveness to social signals (such as
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5
100 thoseregulating brood care), and stimuli involved in sensing the extranidal environment (such as
101 thoseinvolved in foraging) develop independently of worker interactions with colony members
102 earlyinlifeand are differentially influenced by social deprivation.
103
104  The ant genus Camponotus has served as a model to examine neuroanatomical plasticity during
105 development [28] and neuroethological and neurochemical impacts of socia deprivation. In C.
106 floridanusand C. fellah, decreases in worker mushroom body size scaling, changesin levels of
107  biogenic amines, and deficitsin social behavior have been documented in isolated individuals
108 [16, 17, 30, 47]. Here, we integrate analyses of brain size and the growth of neuropils
109  specialized for sensorimotor functions, titers of brain biogenic amine neuromodulators, and task
110 performance competence to examine how alack of social contact during early life affects worker

111  neurobiology and behavior.

112

113 Methods

114  Colony collection and culture

115 Three queenright colonies of C. floridanus were collected in or near Gainesville, Floridain 2012
116  and reared in Harris environmental chambers at 25°C and 40-55% relative humidity on a12:12
117  light cycle. Parent colonies from which workers were sampled had a minimum size of 100,

118  equally distributed between minors and majors. Artificial nests were made from test tubes 75%
119 filled with water and fitted with atight cotton plug and placed in Fluon®-lined (Bioquip, Rancho
120 Dominguez, CA) plastic nest boxes 16x11x6 cm to 32x22x6 cm depending on colony size.

121  Colonieswerefed 1M sucrose on saturated cotton balls and varied protein sources (mealworms,

122  scrambled eggs, and fruit flies) every other day in rotation.
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123

124  Worker social isolation

125 C. floridanus has a dimorphic worker caste. We used minor workers because of their diverse
126  behavioral repertoire, which includes brood care and foraging, rather than majors, which are
127  limited to defense. Four groups of callow minors were collected from each of three parent

128 colonies. Randomly selected callows were isolated from nestmates for 2-3 days (n=29), 5-6 days
129 (n=36), 20-22 days (n=44), and 40 days (n=29, mean = 40.08 days, range = 30 — 53 days; herein
130 40days) in separate Fluon®-lined boxes (16 x 11 x 6 cm). Socially isolated workers (“isolates’)
131  wereprovided similar conditions in smaller nest boxes and the same diet as parent colonies.

132  After the prescribed isolation period, isolates were assayed for behavioral performance and

133  subsequently sacrificed for immunohistochemical analysis of brain structure, or for

134  quantification of brain biogenic amine titers. Callow (n = 29) and mature minor workers

135 (“matures’, n = 46) were collected and assayed using the same methods. Callow and mature
136  controls served as comparative groups for 2-day isolates and 40-day isolates, respectively, and
137  wereport primarily on differences in behavior, neuroanatomy, and neurochemistry between

138 thesegroups. We compared brain volumes of callow controls estimated to be 2 days old and 2--
139 3-day isolates to ensure there were no intrinsic differences in brain size post eclosion. We used
140 5- and 20-day isolates lacking age-matched controls to estimate the trgjectory of behavioral and
141  neural development from 2 days to 53 days of isolation (Supp Fig 1-4). Isolated workers had a
142  survival rate of 63.7%. Because of the relatively high mortality of workers experiencing longer
143  periods of isolation, sample sizes for 40-day isolates are generally lower. Head width, measured
144  asthewidest distance across the eyes, served as a proxy for body size. To control for the effect

145  of body size on brain size, we compared the head widths of workers across isolation periods and
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7
control groups and found no significant differences (p=0.40, R*=0.098, F=1.18, Z=0.25, SStype
3, Supp Fig 1a). Our sampling of workers for assignment to isolation or control treatments was

thus unlikely to influence brain volume.

Behavioral performance assays

Isolated and control workers used for behavior (n = 16 [2 day], 19 [5 day], 20 [20 day], 11 [40
day], 8 [callow] and 13 [mature]) were exposed to a randomized series of assays to determine
foraging ability and ability to recognize and care for brood, tasks that affect colony fitness.

Simplified illustrations of the assays can be found in Fig 1a.

Predatory Behavior

A single worker was carefully placed in a Fluon®-lined Petri dish (9cm) and allowed to
acclimate for 2 minutes prior to assay initiation. Using Dumont No. 5 fine forceps sanitized with
ethanol and dried, alive fruit fly was offered to the worker and the response was observed for 2
minutes. The degree of predatory behavior was scored on a 5-point scale; higher scores indicate
greater predatory behavior. 1. no response or avoidance; 2. olfactory (antennal) investigation; 3.
mandibular flaring; 4. latent attack (delayed and intermittent); and 5. immediate attack (persistent
predatory attack from first encounter with prey). The assay arena was also sanitized with ethanol

between trials to minimize influence from social signals or prey odors.

Brood recognition and care
To determine if isolates differ in the ability to recognize and care for immature siblings with

similar efficacy as control matures and callows, we evaluated their social interactions with
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8
pupae. Each focal worker was carefully placed in a14 cm diameter Petri dish test arenawhere a
30 x 10 mm red plastic hollow tube provided a darkened areainto which workers could move
pupae. Three pupae were added at three different locations equidistant from the darkened
chamber before a worker was introduced. Workers could relocate pupae either inside or outside
of the dark chamber or have no interaction. Pupae were recorded as aggregated (“piled”) if
workers moved two or more together at any location. Workers showing this level of response
began pupal careimmediately. We did not assign lower scores to workers that clustered pupae
without moving them into the darkened area. The darkened tube provided the opportunity for a
level of pupal care that would emulate natural placement of immatures within a colony.
However, no worker moved pupae into the tube and we therefore did not include this behavior in
the calculation of brood-care scores. Some workers did not move any pupae, but they

themsalves moved into the darkened tube. Thiswas scored as avoidance.

Worker interactions with pupae were observed directly for 5 minutes; after an additional 15
minutes, the final placement of pupae was recorded (total trial length = 20 minutes). Brood
recognition and care was measured on a 7-point scale: 1. no interaction or avoidance throughout
the duration of thetrial; 2. olfactory (antennal) investigation; 3. mouthpart contact; 4. one pupa
moved during the last 15-minute period; 5. one pupa moved in the first five-minute period; 6.
two pupae moved beginning in the first five-minute period; 7. three pupae moved beginning in
thefirg five-minute period. Levels4 and 5 distinguish the rate of response to pupae, which we
interpret as sensory processing ability that could be sensitive to social isolation. Higher scores
indicate greater brood-recognition ability (likely olfactory), restoration of brood clusters through

pupal transport, and sustained engagement with brood. Workers received scores of 5-7
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192  independent of where pupae were transported.
193
194  Locomotion
195 Toexamineif isolation affected physiological and/or biomechanical capability to move pupae or
196 attack prey, we used a smple and robust proxy to broadly assess neuromuscular impairment
197 [38]. Focal workerswere placed in the center of a 10 cm diameter Fluon®-lined Petri dish
198 divided into four equal quadrants by a crosshair pattern drawn beneath. After a two-minute
199  acclimation period, the number of times a worker moved among the four quadrants was recorded
200  during afive-minute period using adigital hand counter. Movement between quadrants was
201  only scored when the worker passed adivision line by at least one body length.
202
203  Neuroanatomical and neurochemical measurements
204  Immunohistochemistry and confocal microscopy
205 Intact brains (n=8[2 day], n=11[5day], n=15[20 day], n= 14 [40 day], n = 5 [matures], and
206 n=7[callows]) weredissected in ice-cold Ringer’s solution, and then immediately placed in ice-
207  cold zinc-formaldehyde fixative with shaking overnight. Fixed brains were then washed in
208 HEPES buffered saline 6 times (10 minutes/wash) and fixed in Dent’ s Fixative (80% MeOH,
209 20% DMSO) for 1 hour. Brainswere placed in 100% methanol and stored at -17 C° for 1-3
210  weeksuntil processed. Brains were next rinsed 6 times (10 minutes/rinse) with 3% Triton X-100
211 in1X PBS (3% PBST). Brainswere stored overnight in 5% normal goat serum/0.2%
212  PBST/0.005% sodium azide for blocking. After blocking, brains were incubated for 4 days RT
213  with an anti-synapsin antibody to stain neuropils (1:30, Development Studies Hybridoma Bank,

214  lowa City, lowa) in constant nutation. Brains were washed with 0.2% PBST (6x10 minutes),
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215 thenincubated in secondary antibody (1:100 AlexaF uor goat -mouse) in 5% normal goat
216  serum/0.2%PBST/0.005% sodium azide for 4 days at RT with constant nutation. Brains were
217  washed in 0.2% PBST (6x10 minutes), then dehydrated through an ethanol and PBS series (30,
218 50, 70, 95, 100% ethanol in 1XPBS). Brainswere cleared and immersed in methyl salicylate and
219 mounted on stainless steel glass-windowed slides for confocal imaging.
220
221  Brainswereimaged with a Nikon C2 + Si spectral laser scanning confocal microscope (Nikon,
222  Méville, NY, USA) with sections at approximately 1.5 um throughout the entire brain. Images
223  were manually annotated using Amira 6.0 software to quantify neuropil volumes. The individua
224  who annotated brains was blind to brain sample category, thus minimizing human bias. The
225 marginsof neuropils were identified visually or with magic wand toolsin Amira. Every eighth
226  frame was annotated manually. Biomedisainterpolation [48] was used on frames without |abels,
227 then evaluated and edited by the annotator for accuracy. We labeled volumes of the optic lobe
228 (OL; vision), antennal lobe (AL; olfaction), mushroom body (MB; higher-order processing,
229 learning, and memory), lateral calyx (MB-LC), and medial calyx (MB-MC), peduncles (MB-P),
230  central complex (CX; movement and navigation), suboesophageal zone (SEZ; mouthpart
231  control), and rest of the central brain (ROCB). ROCB describes tissue composed of the superior
232  neuropils, ventromedial neuropils, ventrolateral neuropils, and the lateral horn [49]. For each
233  brain compartment, volumes of only one intact hemisphere were recorded. If both hemispheres
234  wereintact, the labeler chose one randomly.
235
236 A detailed description of brain anatomy and development in relation to age and experiencein C.

237  floridanusis presented in Gronenberg et al. [28]. We compared the relative volumes of brains
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11
across all groups and scaling relationships among brain compartments. Relative volumes were
calculated by dividing the volume of each focal compartment by the ROCB volume. Damaged
compartments were excluded from analysis. If one or more compartments or the ROCB was
damaged, the sample was excluded. The MB-LC and MB-MC exhibited smilar volumetric

trends and thus were combined to one metric (MB-C).

Quantification of brain biogenic amines

Isolated workers were quickly dissected (n =11 [2 days], n=10[5days], n=12[20days],n=3
[40 days], along with control mature workers (n = 11) to quantify levels of serotonin (5HT),
dopamine (DA), and octopamine (OA) using isocratic, reversed-phase high-performance liquid
chromatography with eectrochemical detection (HPLC-ED). Monoamine quantification was
performed blind to treatment. The HPLC-ED system (formerly ESA, Inc., Chelmsford, MA,
USA) included amodel 584 pump, amodel MD-150 (3 x 150 mm) reversed-phase analytical
column, amodel 5011A dual-channel coulometric analytical cell, and a Coulochem I11
electrochemical detector. Brains were dissected in lessthan 5 minutesinice-cold Ringer’s
solution, homogenized in mobile phase manually with a plastic polypropylene pestlein a
centrifuge tube, and centrifuged. The supernatant was then injected into the HPLC column, and
monoamine levels were quantified with reference to external standards. Mobile phase was
formulated as 50 mM citrate/acetate buffer, 1.5 mM sodium dodecyl sulfate, 0.01%
triethylamine, and 25% acetonitrile in MilliQ water [20]. Multiple daily runs of the external

standards accounted for any changes in ambient conditions.

Statistical analysis and data visualization
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All statistics analyses were performed in RStudio version 4.2.3[50]. For generalized linear
mixed models, we used the package ‘ RRPP’ [51]. We tested for statistical significance using
ANOVA with residual randomization in a permutation procedure of 1000 iterations and the
estimation method of ordinary least squares, given combined sample size of 25 or more. We
included colony and head width as random effects in our behavior, brain volume, and biogenic
amine modeling; neither had a significant effect. Isolation significantly correlated with head
width only when head width was nested with the microscope and experimenter, rather than head
width alone, meaning that slight variation between ocular micrometers of the microscopes, rather
than treatment, influenced the effect of head width. ANOV A and modeling details can be found
in Supp Tables Set 1 and 2. Following ANOV A, post-hoc tests were done on pairwise
comparisons using Wilcoxon rank sum exact tests with a Benjamini-Hochberg (BH) procedure to
correct for multiple tests. Depending on the sample size of 40-day isolates, we included type 111
error to account for sample size bias. Additional nonparametric statistical analyses including
Kruskal-Wallis H tests and post-hoc pairwise comparisons using t tests with a Bonferroni
correction, which agreed with our modeling, can be found in Supp Tables Set 1 and 2. We then
ran studenti zed Breusch-Pagan (BP) tests from the ‘Imtest’” package [52] to confirm
homoscedasticity in our model. If heteroscedasticity was found in raw values, we log
transformed our data and reran the model and confirmed homoscedasticity. Heteroscedasticity
could not be removed from only our mixed model analysis of MB-P scaled volumesin
Supplementary Tables, Set 1. However, the model nonetheless agrees with our additional
nonparametric statistical tests. We confirmed that |og-transformed data resulted in the same
pai rwise comparison results as raw data, confirming that log transformation for model fitness did

not create false pairwise findings. Because 5-day isolates and 20-day isolates did not have
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284  socialy typical, age-matched controls and were instead meant to provide insight into the
285 tragjectory of neurodevel opment and behavior, we excluded these groups from the analysis
286  reported in the manuscript. Our analyses including these excluded groups can be found in Supp
287 Figs1-4andin Supp Tables, Set 2. Figures were created using the package ‘ggplot2’ [53].
288  Figure assembly was done in Adobe Illustrator (Adobe Illustrator 2023). Illustrations of antsin

289  Visual Abstract, Fig 1a, and Supp Fig 1b are courtesy of BioRender.com.

290

291 Reaults

292  Effect of I solation on Predatory Behavior

293  Mature control workers preyed on fruit flies significantly more (x[] = 3.39) than workersin all
294  other experimental groups and callows (vs. callows, 2-day isolates, and 40-day isolates: p <

295  0.029; BH correction). Forty-day isolates exhibited significantly higher predatory behavior (xI™
296 = 2.27) than callows (x | =1.25; p=0.0093, BH correction). All other pairwise comparisons were
297  not sgnificantly different (p=0.16-0.29). (Fig 1a, b). Therefore, control callows and 2-day

298 isolates similarly avoided prey or showed olfactory investigation whereas older isolates (40-day,
299 eg.) had higher predatory scores that resembled those of mature worker controls but nevertheless
300 weresignificantly lower.

301

302 Effect of Isolation on Brood Recognition and Care

303  Brood-care performance was not significantly different among treatments (p=0.071, R?*=0.17,
304 F=2.52,7=1.43, SStypel, Fig 1a, c), but in post-hoc tests, mature workers performed brood
305 carewith significantly higher scores than 2-day isolates (x! | = 4.15 and 2.06, respectively;

306 p=0.0093, BH correction). Mature workers scored higher than 40-day isolates ( x[1 = 1.91,
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p=0.0093, BH correction). Callows also had a significantly higher brood-care score (x[J score =
3.38) than both 2-day isolates and 40-day isolates (p=0.036 for each pairwise comparison, BH
correction). Socially typical callow and mature worker controls were not significantly different,

nor were 2-day isolates and 40-day isolates (p = 0.36 and 0.98, respectively).

Effect of | solation on Locomotion

Mature controls had significantly higher movement (x = 77.84 times aworker moved among
guadrants) than workers than 2-day isolates, 40-day isolates, and callows (x[J = 26.38, 38.36,
and 18.38 respectively; p=0.004, R?*=0.35, F=5.97, Z= 2.74, SStype 1, [Fig 1d, Supp Table Set
1]); 40-day isolates had the next highest average score (x[] = 38.36). In pairwise comparisons,
mature controls were significantly higher than from all other experimental groups (callow, 2, 40:
all p<0.0057, BH correction). No other pairwise comparisons were statistically significant

(p>0.19).

Brain Compartment Allometries

Workers experiencing longer periods of isolation had significantly smaller AL volumes
compared to those of mature control workers (p=0.007, R?=0.39, F=6.19, Z=2.56; Fig 2a).
Mature workers thus had significantly larger relative AL volumes (on average, 27% relative
volume) than 40-day isolates (17% relative volume; p=0.017, BH correction). Forty-day isolates
also had significantly lower AL volume than 2-day isolates (23% relative volume, p=0.048, BH
correction), suggesting that isolation reduced post-eclosion AL volume. Forty-day isolates had

significantly higher relative MB-C volumes (61% relative volume) than control callows (48%)
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330 and 2-day isolates (49%; p<0.002, 0.005, respectively; BH correction); MB-C volumes were not
331 significantly different between callows and 2-day isolates (p=0.23; BH correction) or between
332  mature workers (76%) and 40-day isolates (p=0.13, BH correction). The average relative
333  volume of the MB-P showed significant increase between early isolates to older isolates
334 (p=0.029, R?=0.21, F=3.74, Z=1.9; Fig 2b); however, there was no significant differencein
335 parwiseinteractions, indicating that impact on the MB was limited to the calyces, which showed
336  modest growth during isolation (p=0.002, R?*=0.47, F=9.40, Z=3.52; Fig 2c). Other brain
337 compartments (OL, SEZ, CX) did not significantly change with isolation (p=0.25-0.93; Fig 2d-
338 f). All additional pairwise analyses of compartmental volumes can be found in Supp Tables Set
339 1.
340 Biogenic amine levels
341 Braintiters of OA, DA, and 5HT significantly increased with longer periods of isolation (Fig 3a-
342 c¢); levels of 40-day isolates were not significantly different from those of mature workers. DA
343 titerssignificantly increased with prolonged periods of isolation (p=0.001, R°=0.47, F=11.86,
344  7=3.38, SStype 3, Fig 3a) and significantly differed between mature control workers and 2-day
345  isolates, but not between mature controls and 40-day isolates (p < 0.0001, p > 0.05, respectively;
346  BH correction). OA exhibited asimilar positive pattern with prolonged periods of isolation
347  (p=0.001, R?*=0.59, F=32.97, Z=4.96, SS type 3, Fig 3b); titers significantly increased between
348 isolated worker groups and with mature workers (p<0.006 for all groups, BH correction). S5SHT
349 titersalso significantly increased with longer periods of isolation (p=0.001, R>=0.61, F=91.77,
350 Z=7.04, SStype 3, Fig 3c), with all pairwise comparisons being significantly different (p<0.006)
351 for all groups, BH correction).

352
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353 While absolute levels of DA, OA, and 5HT increased from callows to 40-day isolates and

354 matures, their ratiosin isolates increased or decreased compared to those recorded in mature
355 controls (Fig 3d-f). OA:5HT significantly decreased with time and extended periods of isolation
356 (p=0.004, R?*=0.21, F=6.37, Z = 3) with significant difference between 2-day isolates and mature
357 controls (p < 0.001, BH correction; Fig 3d). Forty-day isolates were not significantly different
358  from any treatment category. Neither OA:DA (p=0.96, R*=0.0041, F=0.048, Z= -1.74) nor

359 5HT:DA (p=0.40, R?=0.061, F=1.00 Z=0.30) significantly changed with isolation. However, 2-
360 day isolates had significantly lower SHT:DA ratios than mature workers (p=0.02, respectively;
361 BH correction).

362

363 DA titersrelative to total monoamine levels did not significantly differ across isolation treatment
364  groups and mature workers (p=0.47, R?>=0.050, F=0.77, Z=0.057). Relative OA levels, in

365 contrast, were significantly higher in younger isolates compared to mature workers (p=0.034,
366 R*=0.26, F=4.14, Z=1.79); 2-day and mature controls were significantly different (p=0.002,

367 respectively, BH correction). Relative 5SHT quantities did not change in isolation treatments and
368  in comparison, to mature controls (p=0.40, R?*=0.061, F=1.00 Z=0.30). However, 2-day isolates
369 had significantly lower SHT:DA ratios compared to 20-day isolates and mature controls (p=0.02,
370 respectively; BH correction). Relative SHT quantities were significantly different (p=0.094,

371 R?=0.13, F=3.65, Z=1.32) between 2-day vs. mature controls (p<0.008 respectively, BH

372  correction). All additional pairwise analyses for biogenic amine levels can be found in Supp

373 Tables, Set 1.

374

375 Discussion
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376  Brood-care and predatory behavior scores of C. floridanus workersisolated for varying durations
377  after eclosion were lower than those of control workers that developed in a natural social
378  environment. Two-day isolates showed asimilar low level of predatory behavior asthat of
379 calow controls, but the predation scores of 40-day isolates were significantly lower than those of
380 mature control workers, suggesting impairment due to isolation. Social isolation also resulted in
381 asdignificant differencein pupal care —as measured in our assay — between 2-day isolates and
382  callow control workers, and 40-day isolates and mature control workers. Thisresult may reflect
383 thedevelopment of behavioral competencies associated with myological maturation [54] that
384  may be compromised by alack of sensory inputs. Workersin all isolation treatment groups
385 showed significantly decreased locomotion relative to mature workers (Fig 1d, Supp Fig 1c),
386 consistent with Wang et al. [23] for isolated bumblebees but different from Cataglyphis niger
387  and Camponotus fellah ant workers, which increased movement following isolation and then
388  decreased movement [22, 55]. Older isolates (40-day isolates) generally scored higher than
389 workersisolated for a shorter period (2-day isolates), but were still significantly lower in their
390 activity, predatory, and brood-care scores than mature controls. This suggests that some
391 behaviors develop in an experience-expectant manner and require social contact for complete
392 development. C. floridanus may thus exhibit a combination of experience-expectant and
393 experience-dependent components. The latter has been found in honeybees, which show an
394  increase in mushroom body size with foraging experience [29].
395
396 C. floridanus worker brains normally increase in size during a 10-month period after adult
397 eclosion, the greatest growth rate (nearly 100%) occurring in the MBs and ALs[28]. Our

398 maximum early life isolation treatments were approximately 12-17% of this period of
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maturation. Workers isolated for longer durations and socially typical mature workers generally
had larger relative MB-C volumes compared to workers isolated for shorter periods and socially
typical callows. MB-C sizein 40-day isolates was not significantly different from that of mature
controls, suggesting gross neuroanatomical development remained stable under conditions of
isolation. These findings differ from the results of Seid and Junge [17], which showed that MBs
of isolated C. floridanus workers do not change in volume relative to total brain size. MB-C
resilience through 71 days of isolation has been found in paper wasps [56]. Using bumblebees as
amode, Wang et al. [23] associated expression differences in juvenile hormone-related genes
and transcriptomic network dysregulation with isolation-induced variation in brain volume.
Bumblebees isolated after eclosion for 9 days showed significant differences in the variance of
MB volume rather than average volume compared to socially typical bees, suggesting growth
destabilization in some, but not all, workers. On the other hand, our results agree with research
showing that the mushroom bodies of isolated honeybees continue to grow [57]. Our study
identified differential sengitivity and resilience in brain compartment growth. Although we did
not assess temporal patternsto determine if the MBs or other compartments accelerated or
decreased differentially in size over timein isolates and/or socially typical workers, results

neverthel ess suggest that MB development isresilient to social isolation.

In contrast, AL volume decreased with periods of isolation approximately 5 days or longer; 40-
day isolates had, on average, smaller ALs than control callows and mature workers. This decline
in AL sizeissimilar to the findings of Wang et al. [23] on bumblebees. Because AL size
decreased with isolation duration in C. floridanus, loss of olfactory ability could decrease brood-

care and predatory behavior by 40-day isolates compared to mature controls. Social contact
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422  early in life thus appearsto provide sensory inputs necessary to stimulate alevel of AL
423  development required to perform the tasks we assayed. Isolation did not impact OL volumein
424 our study of C. floridanus, although it did reduce OL volume in paper wasps, which integrate
425  visua information used in conspecific facial recognition [56, 58]. The CX, which functionsin
426  the control of movement [59] and sensorimotor processing in insects[60, 61], did not change
427  significantly in volumeinisolated C. floridanus workers, aresult inconsistent with Wang et al.
428  [23] for isolated bumblebees. The volume of the SEZ, which regulates mouthparts [62] and is
429  likely involved in the control of brood-care motor functions, did not significantly change with
430 isolation. This supportsthat the decline in brood-care behavior may have been due to adeficit in
431  olfactory processing rather than mouthpart motor deficits.
432
433  Although it may be generally assumed that smaller neuropil size reduces competence, we do not
434  know how whole-brain or compartmental volumes affect behavioral ability. Indeed, the
435  relationship between brain size and behavioral capacity is actively debated [72]. In ants,
436  eaboration of the MB appears to represent increased demands for higher-order processing [26,
437 73, 74] and larger OLs are correlated with more complex visual ecologies[75,76]. Larger ALs
438  have been associated with age-related olfactory ability [64]. However, Hart et al. [77] showed
439 that ant alarm pheromone response is encoded by less than 10 of atotal of approximately 500 AL
440 glomeruli, aresult suggesting that the relationship of neuropil size and behavior isunclear. We
441  aso do not understand how circuit configuration, activation, synaptic strength, or other neural
442  processesin the ant brain connectome are influenced by worker isolation.

443
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445  Worker behavioral maturation, including repertoire expansion and a corresponding increase in
446  brain size, correlates with increasing monoamine levels and the development of serotonergic
447  circuitry in some ants [32, 63-65]. Our C. floridanus dataindicate that levels of OA, DA, and
448  5HT increase with age in the brains of isolated workers, despite alack of social contact. Indeed,
449  40-day isolates had monoamine levels like those of mature workers. Ratios of biogenic amines
450 can significantly change with age in ants and may influence the development of age-related
451  behavior [32] by modifying response thresholds. However, we found no significant differences
452  in neuromodulator ratios between 40-day isolates and mature controls, indicating that aminergic
453  circuitry may be maintained under conditions of social deprivation. Boulay et al. [30] and
454  Wada-Katsumata [47] found that SHT and DA levels were robust to social isolation and Boulay
455 et al. [30] hypothesized OA may reduce the effects of social deprivation, acting homeostatically
456  to maintain social cohesion. Whether octopaminergic signaling has a stimulatory or inhibitory
457  effect on prosocia behaviors such as trophallaxis, which may be affected by periods of socia
458 isolation, requires further study.
459
460  Neuromodulators can restore sensorimotor functions following injury [72], alter synaptic
461 functionsto significantly change circuitry [ 73, 74], and increase the robustness of network
462  functions[75] to recover from disruption and/or stress[76, 77]. In the ant Pheidole dentata,
463  monoamine levels continue to increase in titer in aging workers, which do not appear to decline
464  intask performance capability [38]. Given that DA, OA, and 5HT can flexibly reshape circuits,
465  neuromodulators may reduce isolation-induced neuroanatomical deficitsin ants, stabilizing

466  circuit dynamics or returning them to a stable state if disrupted. Although we did not identify an
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increase in monoamine levels in isolates, this does not preclude neuromodulatory compensation

to maintain circuitry and behavioral functions under conditions of social deprivation.

Conclusion

The results of prior research on the impacts of senescence on neurochemistry, neuroanatomy,
apoptosis, and behavior [38], aswell as deprivation of experience [20] and reduced olfactory
processing ability [39], suggest that ant brains can have the capacity to buffer insults of aging
and physical damage to sensory appendages. The present study suggests brain compartments
vary in susceptibility and resilience to social deprivation and that aminergic modulatory systems
arerobust to isolation. The 36% mortality of isolated C. floridanus workers we recorded
indicates a significant negative effect that may be due more to social processes affecting nutrition
and energy availability [22, 55] than neurobiological deficits resulting from isolation. Workers
that survive neurobiological and physiological “bottlenecks’ appear able to recover from
challenges to some processes of brain development, which in C. floridanus are dependent on age
aswell as experience [28]. Age-related increases in brain size in ants appear to be due to stable
programmed axonal and dendritic growth processes. If sensory experienceis lacking or
temporally atypical, brain development may still proceed in part in the absence of inputs or may
be delayed (e.g., [78]). In our study, the effect of social isolation in C. floridanus appears to

reflect such robust programming, perhaps due in part to stabilizing effects of neuromodulators.

Theresilience of worker ants to challenges during development may functionally resemble
differences that enable some individuals — perhaps those with adaptive synaptic phenotypes [79]

or ion channel properties[80] to withstand neural damage and preserve behavior. We
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490 hypothesize that the ability to buffer stressors may involve such variation in circuitry that
491  characterizes clade-wide neuroarchitectures of the miniaturized brains of ants, acknowledging
492  that few species have been studied. Analyses of temporal patterns of brain gene expressionin C.
493 floridanusisolated workers can identify transcriptomic changes linked to brain development and
494  influenced by social experience [81, 82] and possibly identify genetic mechanisms of resilience.
495  Genomic studies of phylogenetically and sociobiologically diverse ant species can also
496  contribute to our understanding of how workers are susceptible to and/or may recover from

497  social deprivation or areresilient to isolation.

498 Acknowledgements

499  Wethank Lloyd Davis for colony collection. BCG thanks Dr. Katherine Fiocca for manuscript
500 feedback and Dr. Bryan Juarez for coding advice. We thank two anonymous reviewers for their
501 thoughtful comments.

502 Statement of Ethics

503  Ant colonies were cultured in an environment for optimal growth. Workers were cold

504  anaesthetized before dissection. Other issues of compliance with animal care regulations do not
505 apply. An ethics statement was not required for this study, as no humans nor vertebrates were
506  used in accordance with Boston University Institutional Animal Care and Use Committee.

507 Conflict of Interest Statement

508  Theauthors declare no conflict of interest.

509 Funding Sour ces

510 Thisresearch was supported by National Science Foundation grants 10S 1354291 and |0OS

511 1953393 to JFAT, the Marion Kramer Award to BCG, and the Boston University Undergraduate

512  Research Opportunities Program to BCG during undergraduate study at Boston University.


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

513

514

515

516

o17

518

519

520

521

522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
945
546
547
548
549

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.29.546928; this version posted December 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

23

BCG's graduate student funding during remote analysis and writing is supported by a Howard
Hughes Medical Institute Gilliam Fellowship (GT15685) and a National Institutes of Health

Cellular Molecular Biology Training Grant to Stanford University (T32GM007276).
Author Contributions Statement

BCG, IBM, and JFAT designed the study. BCG recorded behavior. BCG and IBM
immunohistologically prepared and imaged brains. EJS quantified brain volume. BCG, ZC, and
MM measured monoaminetiters. BCG statistically analyzed volumetric data. BCG drafted the

manuscript. BCG, EJS, IBM, ZC, MM, and JFAT devel oped and edited the manuscript.
References

1. Amitai N, Young JW, Higa K, Sharp RF, Geyer MA, Powell SB. (2014). Isolation rearing
effects on probabilistic learning and cognitive flexibility in rats. Cogn Affect Behav
Neurosci, 14, 388-406.

. Lévy F, Melo Al, Galef BG, Madden M, Fleming AS. (2003). Complete maternal deprivation
affects social, but not spatial, learning in adult rats. Dev Psychobiol, 43, 177-191.

3. Rosa-Salva O, Mayer U, Versace E, Hébert M, Lemaire BS, Vallortigara, G. (2021). Sensitive
periods for social development: Interactions between predisposed and learned
mechanisms. Cognition, 213, 104552.

4. Smith AR, Seid MA, Jiménez LC, Wcislo WT (2010). Socially induced brain development in

afacultatively eusocial sweat bee Megalopta genalis (Halictidag). Proc R Soc B: Biol i,
277, 2157-2163.

. Taborsky B, Arnold C, Junker J, Tschopp A. (2012). The early socia environment affects
social competence in a cooperative breeder. Anim Behav, 83, 1067-1074.

6. Donovan M, Mackey CS, Platt GN, Rounds J, Brown AN, Trickey DJ, et a. (2020). Social

isolation alters behavior, the gut-immune-brain axis, and neurochemical circuits in male
and female prairie voles. Neurobiol Stress, 13, 100278.

7. Sdlet J, Mars RB, Noonan MP, Andersson JL, O'Rellly JX, Joabdi S, et al. (2011). Social
network size affects neural circuitsin macaques. Science, 334, 697-700.

8. Sera M, Pisu MG, Littera M, Papi G, Sanna E, Tuveri F, et a. (2000). Socia
isolationCJinduced decreases in both the abundance of neuroactive steroids and GABAA
receptor function in rat brains. J Neurochem, 75, 732-740.

9. Mashoodh R, Franks B, Curley JP, Champagne FA. (2012). Paternal social enrichment effects
on maternal behavior and offspring growth. Proc Natl Acad Sci, 109, 17232-17238.

10. Hostinar CE, Stellern SA, Schaefer C, Carlson SM, Gunnar MR. (2012). Associations
between early life adversity and executive function in children adopted internationally
from orphanages. Proc Natl Acad Sci, 109, 17208-17212.

11. Holt-Lunstad J, Smith TB, Baker M, Harris T, Stephenson D. (2015). Loneliness and social
isolation as risk factors for mortality. Perspect Psychol Sci, 10, 227-237.

N

ol


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.29.546928; this version posted December 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

24

550 12. Vora A, Nguyen AD, Spicer C, Li W. (2022). The impact of social isolation on health and

551 behavior in Drosophila melanogaster and beyond. Brain Sci Adv, 8, 183-196.

552  13. Boyce W, Sokolowski M, Robinson G. (2012). Toward a new biology of social adversity.
553 Proc Natl Acad Sci, 109, 17143-17148.

554  14. Cisneros-Franco JM, Voss P, Thomas ME, de Villers-Sidani E. (2020). Chapter 8 - Ciritical
555 periods of brain development. Handb of Clin Neurol, 173, 75-88.

556  15. Rodriguez-Romaguera J, Stuber GD. (2018). Social isolation co-opts fear and aggression
557 circuits. Cdl, 173, 1071-1072.

558 16. Boulay R, Lenoir A. (2001). Social isolation of mature workers affects nestmate recognition
559 in the ant Camponotus fellah. Behav Processes, 55, 67-73.

560 17. Seid M, Junge E. (2016). Social isolation and brain development in the ant Camponotus
561 floridanus. Sci Nat, 103, 42.

562  18. Scharf I, Stoldt M, Libbrecht R, HOpfner AL, Jongepier E, Kever M, et al. (2021). Social

563 isolation causes downregulation of immune and stress response genes and behavioural
564 changesin asocial insect. Mol Ecol, 30, 2378-2389.

565 19. Lihoreau M, Brepson L, Rivault C. (2009). The weight of the clan: Even in insects, social
566 isolation can induce a behavioural syndrome. Behav Process, 82, 81-84.

567 20. Muscedere ML, Djermoun A, Traniello JFA. (2013). Brood-care experience, nursing
568 performance, and neural development in the ant Pheidole dentata. Behav Ecol Sociobiol,
569 67, 775-784.

570 21. Hewlett SE, Wareham DM, Barron AB. (2018). Honeybee (Apis mellifera) sociability and
571 nestmate affiliation are dependent on the social environment experienced post-eclosion. J
572 Exp Bio, 221.

573 22. Koto A, Mersch D, Hallis B, Keller, L. (2015). Socia isolation causes mortality by
574 disrupting energy homeostasis in ants. Behav Ecol and Sociobiol, 69, 583-591.

575 23. Wang ZY, McKenzie-Smith GC, Liu W, Cho HJ, Pereira T, Dhanerawala Z, et al. (2022).
576 Isolation disrupts social interactions and destabilizes brain development in bumblebees.
577 Curr Biol, 32, 2754-2764.

578  24. Snir O, Alwaseem H, Heissdl S, Sharma A, Vadés-Rodriguez S, Carroll TS, et al. (2022).
579 The pupal moulting fluid has evolved social functions in ants. Nature, 612(7940), 488-
580 494.

581  25. Kronauer D, Libbrecht R. (2018). Back to the roots: the importance of using simple insects
582 societies to understand the molecular basis of complex social life. Curr Opin Insect Sci,
583 28, 33-39.

584 26. Godfrey R, Gronenberg W. (2019). Brain evolution in socia insects. advocating for the
585 comparative approach. J Comp Physiol A, 205.1, 13-32.

586 27. Rittschof CC, Coombs CB, Frazier M, Grozinger CM, Robinson GE. (2015). Early-life
587 experience affects honeybee aggression and resilience to immune challenge. Sci Rep, 5,
588 15572.

580 28. Gronenberg W, Heeren S, Hdlldobler B. (1996). Age-dependent and task-related
590 morphological changes in the brain and the mushroom bodies of the ant Camponotus
591 floridanus. J Exp Bio, 199, 2011-2019.

592  29. Withers GS, Fahrbach SE, Robinson GE. (1993). Selective neuroanatomical plasticity and
593 division of labour in the honeybee. Nature, 364, 238-240.

594  30. Boulay R, Soroker V, Godzinska EJ, Hefetz A, Lenoir, A. (2000). Octopamine reverses the
595 isolation-induced trophallaxis in the carpenter ant Camponotus fellah. J Exp Biol, 203,


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.29.546928; this version posted December 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

25
596 513-520.
597 31. Seid M, Harris KM, Traniello JFA. (2005). Age_Irelated changes in the number and structure
598 of synapses in the lip region of the mushroom bodies in the ant Pheidole dentata. J Comp
599 Neurol, 488.3, 269-277.
600 32. Seid MA, Traniello JFA. (2005). Age-related changes in biogenic amines in individual brains
601 of the ant Pheidole dentata. Sci Nat, 92, 198-201.
602 33. Kamhi JF, Traniello JFA. (2013). Biogenic amines and collective organization in a
603 superorganism: neuromodulation of social behavior in ants. Brain Behav Evol, 82, 220-
604 236.
605 34. Kamhi JF, Arganda S, Moreau CS, Traniello JFA. (2017). Origins of aminergic regulation of
606 behavior in complex insect social systems. Front Syst Neurosci, 11, 74.
607 35. Friedman DA, Pilko A, Skowronska-Krawczyk D, Krasinska K, Parker JW, Hirsh J, et al.
608 (2018). The role of dopamine in the collective regulation of foraging in harvester ants.
609 iScience, 8, 283-294.
610 36. Friedman DA, York RA, Hilliard AT, Gordon DM. (2020). Gene expression variation in the
611 brains of harvester ant foragers is associated with collective behavior. Comm Biol, 3, 100.

612 37. Maloney RT. (2021). Neuromodulation and individuality. Front Behav Neurosci, 15, 294.
613 38. Giraldo YM, Kamhi JF, Fourcassié V, Moreau M, Robson SK, Rusakov A, et a. (2016).

614 Lifespan behavioural and neural resilience in a social insect. Proc R Soc B, 283,
615 20152603.

616 39. Waxman HK, Muscedere ML, Traniello JFA. (2017). Behavioral performance and neural
617 systems are robust to sensory injury in workers of the ant Pheidole dentata. Brain Behav
618 Evol, 89, 195-208.

619 40. Mord L. (1986). Ontogenesis of the antennal activity associated with food transfer in the
620 callow worker ant. Dev Psychobiol, 19, 413-426.

621 41. Muscedere ML, Willey TA, Traniello JFA. (2009). Age and task efficiency in the ant
622 Pheidole dentata: young minor workers are not specialist nurses. Anim Behav, 77, 911-
623 918.

624  42. Traniello JFA. (1978). Caste in a primitive ant: absence of age polyethism in Amblyopone.
625 Science, 202, 770-772.
626 43. Topoff H, Mirenda J. (1978). Precocial behavior of callow workers of the army ant

627 Neivamyrmex nigrescens: Importance of stimulation by adults during mass recruitment.
628 Anim Behav, 26: 698-700.

629 44. McDonald P, Topoff H. (1985). Social regulation of behavioral development in the ant,
630 Novomessor albisetosus (Mayr). J Comp Physiol A, 99, 3-14.

631  45. Jaisson P, Fresneau D. (1978). The sensitivity and responsiveness of ants to their cocoonsin
632 relation to age and methods of measurement. Anim Behav, 26, 1064-1071.

633  46. Richardson TO, Kay T, Braunschweig R, Journeau OA, Riiegg M, McGregor S, et al. (2021).
634 Ant behavioral maturation is mediated by a stochagtic transition between two
635 fundamental states. Curr Biol, 31, 2253-2260.

636 47. Wada-Katsumata A, Yamaoka R, Aonuma H. (2011). Social interactions influence dopamine
637 and octopamine homeostasis in the brain of the ant Formica japonica. J Exp Biol, 214,
638 1707-1713.

639 48. Losel PD, van de Kamp T, Jayme A, Ershov A, Faragd T, Pichler O, et al. (2020).
640 Introducing Biomedisa as an open-source online platform for biomedical image

641 segmentation. Nat Commun, 11, 5577.


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.29.546928; this version posted December 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

26

642 49. Ito K, Shinomiya K, Ito M, Armstrong JD, Boyan G, Hartenstein V, et a. (2014). A

643 systematic nomenclature for the insect brain. Neuron, 81, 755-765.

644  50. Posit team (2023). RStudio: Integrated development environment for R. Posit Software,
645 PBC, Boston, MA. URL http://www.posit.co/.

646 51. Collyer ML, Adams DC. (2019). “RRPP: linear model evaluation with randomized residuals
647 in a permutation procedure. R package verson 0.4.0 https//CRAN.R-
648 proj ect.org/package=RRPP.

649 52. Zeleis A, Hothorn T. (2002). “Diagnostic checking in regression relationships.” R News,
650 2(3), 7-10. https:.//CRAN.R-project.org/doc/Rnews/.

651 53. Wickham H. (2016). ggplot2: elegant graphics for data analysis. Springer-Verlag New
652 York.
653 54. Muscedere ML, Traniello JFA, Gronenberg W. (2011). Coming of age in an ant colony:

654 cephalic muscle maturation accompanies behavioral development in Pheidole dentata.
655 Sci Nat, 98, 783-793.

656 55. Ahronberg A, Scharf 1. (2021). Social isolation interaction with the feeding regime
657 differentially affects survival and results in a hump-shaped pattern in movement activity.
658 Behav Processes, 190, 104460.

659 56. Jernigan CM, Zaba NC, Sheehan MJ. (2021). Age and socia experience induced plasticity
660 across brain regions of the paper wasp Polistes fuscatus. Biol Lett, 17, 20210073.

661 57. Fahrbach SE, Moore D, Capaldi EA, Farris SM, Robinson GE. (1998). Experience-expectant
662 plasticity in the mushroom bodies of the honeybee. Learn Mem, 5:115-123.

663 58. Pardo-Sanchez J, Kou N, Tibbetts EA. (2022). Type and amount of social experience
664 influences individual face learning in paper wasps. Behav Ecol and Sociobiol, 76, 148.
665 59. Martin JP, Guo P, Mu L, Harley CM, Ritzmann RE. (2015). Central complex control of
666 movement in the freely walking cockroach. Curr Biol, 25, 2795-2803.

667 60. Turner-Evans D, Jayaraman V. (2016). The insect central complex. Curr Biol, 26, R445-
668 R460.

669 61. Pisokas |, Heinze S, Webb B. (2020). The head direction circuit of two insect species. eLife,
670 9, e53985.

671 62. Miroschnikow A, Schlegel P, Pankratz MJ. (2020). Making feeding decisons in the
672 Drosophila nervous system. Curr Biol, 30, R831-R840.

673 63. ChittkaL, Niven J. (2009). Are bigger brains better? Curr Biol, 19(21), R995-R1008.

674 64. Kamhi JF, Gronenberg W, Robson SKA, Tranidlo, JFA. (2016). Social complexity

675 influences brain investment and neural operation costs in ants. Proc R Soc B, 283,
676 20161949.

677 65. Muratore IB, Fandozzi EM, Traniello JFA. (2022). Behavioral performance and division of
678 labor influence brain mosaicism in the leafcutter ant Atta cephalotes. J Comp Physiol A,
679 208, 325-44.

680 66. Sheehan ZBV, Kamhi JF, Seid MA, Narendra A. (2019). Differential investment in brain
681 regions for adiurnal and nocturnal lifestyle in Australian Myrmecia ants. J Comp Neurol,
682 527, 1261-1277.

683 67. Arganda S, Hoadley AP, Razdan ES, Muratore IB, Traniello, JFA. (2020). The
684 neuroplasticity of division of labor: worker polymorphism, compound eye structure and

685 brain organization in the leafcutter ant Atta cephalotes. J Comp Physiol A, 206, 651-662.


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.29.546928; this version posted December 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

27

68. Muscedere ML, Traniello JFA. (2012). Divison of labor in the hyperdiverse ant genus
Pheidole is associated with distinct subcaste- and age-related patterns of worker brain
organization. PLOSONE, 7.2, €31618

69. Hart T, Frank DD, Lopes LE, Olivos-Cisneros L, Lacy KD, Trible W, et a. (2023). Sparse
and stereotyped encoding implicates a core glomerulus for ant alarm behavior. Cell, 186,
3079-3094.

70. Seid M, Goode K, Li C, Tranielo JFA. (2008). Agelland subcasteIrelated patterns of
serotonergic immunoreactivity in the optic lobes of the ant Pheidole dentata. Dev
Neurobiol, 68.11: 1325-1333.

71. Wnuk A, Wiater M, Godzinska EJ. (2011). Effect of past and present behavioural
specialization on brain levels of biogenic amines in workers of the red wood ant Formica

polyctena. Physiol Entomol, 36, 54-61.

72. Zhang H, Liu Y, Zhou K, Wei W, Liu Y. (2021). Restoring sensorimotor function through
neuromodulation after spinal cord injury: progress and remaining challenges. Front
Neurosci, 15.

73. Marder E. (2012). Neuromodulation of neuronal circuits: back to the future. Neuron, 76, 1-
11.

74. Sllar KT, Combes D, Simmers J. (2014). Neuromodulation in developing motor
microcircuits. Curr Opin in Neurobiol, 29, 73-81.

75. Haddad SA, Marder E. (2018). Circuit robustness to temperature perturbation is altered by
neuromodulators. Neuron, 100, 609-623.

76. Golowasch J. (2019). Neuromodulation of central pattern generators and its role in the
functional recovery of central pattern generator activity. J Neurophysiol, 122, 300-315.

77. Thuma JB, Hobbs KH, Burstein HJ, Seiter NS, Hooper SL. (2013). Temperature sensitivity
of the pyloric neuromuscular system and its modulation by dopamine. PLoS ONE, 8,
€67930.

78. Mackevicius EL, Gu S, Denisenko NI, Fee MS. (2023). Self-organization of songbird neural
sequences during social isolation. eLife, 12, €77262.

79. Sakurai A, Tamvacakis AN, Katz PS. (2014). Hidden synaptic differencesin a neural circuit
underlie differential behavioral susceptibility to a neural injury. eLife, 3, €02598.

80. Goaillard M, Marder E. (2021). lon channel degeneracy, variability, and covariation in
neuron and circuit resilience. Annu Rev Neurosci, 44, 335-357.

81. Bonasio R, Zhang G, Ye C, Mutti NS, Fang X, Qin N, et al. (2010). Genomic comparison of
the ants Camponotus floridanus and Har pegnathos saltator. Science, 329, 1068-1071.

82. Simola DF, Chaoyang Y, Mutti NS, Dolezal K, Bonasio R, Liebig J, et a. (2013). A
chromatin link to caste identity in the carpenter ant Camponotus floridanus. Genome Res,
23, 486-496.

Visual Abstract. Newly eclosed (callow) Camponotus floridanus minor workers were subjected to
variable periods of isolation to determine whether and how diminished social experience and isolation
influence the devel opment of the brain, including compartment volumes, biogenic amine levels, and
behavioral performance.

Figure 1. I solation effects on task performance. () Illustration of brood-care and predatory behavior
assays. (b) Predation scores of workers isolated for varying time periods compared to control callow and
mature workers. (¢) Brood-care scores of isolates compared to callows and mature worker controls. (d)
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Locomotion scores of isolates, callows and matures. X in box plot = average; horizontal line = median.
Sample sizes are above significance indicators. <0.001 = ***; 0.001-0.01 = **; 0.01-0.05 = *; >0.05 =ns.

Figure 2. | solation effects on size of brain compartments. (a-f) brain compartment volumes (relative to
ROCB) for isolated and control workers. Averages, medians, and samples sizesasin Figure 1. (a) AL; (b)
MB-P; (c) MB-C; (d) CX; (e) OL; (f) SEZ. p <0.001 = ***; p<0.001-0.01 = **; p<0.01-0.05 = *; p>0.05
=ns.

Figure 3. I solation effects on monoamine levels (a-c), ratios of monoamines (d-€), and their
guantitiesrelative to total biogenic amine levels (g-i). . Averages, medians, and samplessizesasin
Figure 1. p <0.001 = ***; p<0.001-0.01 = **; p< 0.01-0.05 = *; p>0.05 = ns.

Supplementary Figure 1. (a) Head width variation of sampled workers (B-C) Principal component
analyses of behavior by (b) colony identity and (c) isolation duration. Colony identity and isolation
duration do not have significant effects. Significance level: <0.001 = ***; 0.001-0.01 = **; 0.01-0.05 = *;
>0.05 = ns. X = average; horizontal line = median. ns = not significant.

Supplementary Figure 2. Task performancetrajectories of isolated and control workers. (a)
[llustration of assays to assess brood-care and predatory behaviors. (b) Predation scores of isolated and
control workers. (c) Brood-care scores of isolates, callows, and mature worker controls. (d) Locomotion
scores of isolates, callows and mature controls. (b)-(d), X = average; horizontal line = median. Sample
sizes are above box plots. <0.001 = ***; 0.001-0.01 = **; 0.01-0.05 = *; >0.05 = ns.

Supplementary Figure 3. Brain compartment growth trajectoriesfor isolated workers. a-e: brain
compartment volumes (relative to ROCB) for isolated and control workers. Sample sizes of each group
are above box plots. X in each box plot represents the average and horizontal line the median of each
group (a) AL; (b) MB-P; (c) MB-C; (d) CX; (e) OL; (f) SEZ. p <0.001 = ***; p<0.001-0.01 = **;
p<0.01-0.05 = *; p>0.05 = ns.

Supplementary Figure 4. Trajectories and colony effects on biogenic monoamine levels. (a-b)
Principal component analyses of biogenic amines clustered by (a) colony identity and (b) isolation
duration.

Supplementary Figure 5. Biogenic amine levels acrossisolation trajectories (a-c), ratios of DA, OA,
and 5HT (d-f), and levels of DA, OA, and 5HT to total biogenic amines (g-i). (c-€) Trajectories of
biogenic amine titersin response to isolation period. (d-f) Trajectories of biogenic amine titer ratiosin
response to isolation period. (h-i) Relative biogenic amine to total amine titer ratios. Averages, medians,
and samples sizesasin Figure 3. p <0.001 = ***; p<0.001-0.01 = **; p< 0.01-0.05 = *; p>0.05 = ns.


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

Isolation Period r

t Neuroanatorny

B %
R e ¥ ,l\

o oo meus Emgcchﬂw\"S

Parent Colony Increasing Time.

Behavior


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

n= 11 3 11
@
300 o
200- ® * “
100
2 40  Mature
n= 11 3 11
1.2 si®
[ ]
1.0
08- @ ’EI
0g- ¥ !
2 40  Mature
n= 11 3 11
0.6
0.5
oo I g
@
0.3 L
2 40  Mature

0.9
0.8
0.7
0.6

0.5

@
40
il K}
[ ]
(]
2 40
11 3

40

Mature

Mature

Mature

n= 11 3 11
250 *ﬂ
200
150 5 E

100 *
2

40  Mature
n= 11 3 11
14- @ e
1.2 o ®
1.0 (]
0.8 *
0.6
0.4
2 40  Mature
n= 11 3 11
°
0.40 ®
0.35 *
030 ¢
0.25
[ ]
2 40  Mature


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

n=

29 36 39

44

Wik

Callow 2

20

L]
40 Mature

-50
-120 -80 -40 0 40

CF5

25

[oXe}

2.5

-5.0

-120

-80

allow IZ‘ 5 E]40
l:‘ 20 lz‘ Mature


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

o *‘ L mﬂ%


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

W
o

N
33

N

w

N

%

Callow 2 5 20

3>

il

Callow2 5 20

a%ale
>4
N
-

a4

40 Mature

40 Mature

w
o

20

Callow 2 5 20

)

Callow 2 5 20

il

—
Wn\’
[ 2 -
X

o Bij"

40 Mature

40 Mature

o
o

60

ouU

40

Callow 2 5 20

M
;f!??

40 Mature

40 Mature

YY)
(3 C )

-


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

50 -

_50-

~200

~100 0 100 200

. CF2 ﬁ CF4 E CF5

200



https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

300

200 o i
[ ]

100

2 5 20 40 Mature

1.0

.iiu

2. 5

0.6

20 40 Mature

2 5 20 40 Mature

0.5

NS

2

5 20 40 Mature

Mature

5 20 40 M

N

&

20 40

o

0 40

Mature


https://doi.org/10.1101/2023.06.29.546928
http://creativecommons.org/licenses/by-nc-nd/4.0/

