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Microbiome depletion prior to repeat mild TBI
differentially alters social deficits and prefrontal
cortex plasticity in adolescent and adult rats

Marissa Sgro,1 Zoe N. Kodila,1 Crystal Li,1 Irena Carmichael,2 Samantha Warren,2 Amy C. Reichelt,3

Glenn R. Yamakawa,1 and Richelle Mychasiuk1,4,*

SUMMARY

Although aging, repeat mild traumatic brain injury (RmTBI), and microbiome modifications independently
change social behavior, there has been no investigation into their cumulative effects on social behavior
and neuroplasticity within the prefrontal cortex. Therefore, we examined how microbiome depletion
prior to RmTBI affected social behavior and neuroplasticity in adolescent and adult rats. Play, tempera-
ment analysis, elevated plus maze, and the hot/cold plate assessed socio-emotional function. Analyses
of perineuronal nets (PNNs) and parvalbumin (PV) interneurons was completed. Social-emotional deficits
were more pronounced in adults, with microbiome depletion attenuating social behavior deficits associ-
atedwith RmTBI in both age groups.Microbiome depletion increased branch length and PNNarborization
within the PFC but decreased the overall number of PNNs. Adults and males were more vulnerable to
RmTBI. Interestingly, microbiome depletion may have attenuated the changes to neuroplasticity and
subsequent social deficits, suggesting that the microbiome is a viable, but age-specific, target for
RmTBI therapeutics.

INTRODUCTION

Repeat mild traumatic brain injuries (RmTBIs) account for a large proportion of TBI worldwide1 and generate a significant medical and eco-

nomic burden on the healthcare system.2 Both adolescents and adults that experience RmTBIs are at increased risk for cognitive impairments

and long-term neurodegeneration.3 Adolescents are at the highest risk for sustaining RmTBI,4 with research suggesting that 20% of all ad-

olescents will have sustained a concussion before the age of 10 and experience at least one repeat injury within 2 years of their first concus-

sion.5 RmTBI is also highly prevalent in adults,6 with a subset of these individuals going on to develop chronic post-concussion symptomol-

ogies.7 RmTBI has been associated with exacerbated symptomology and worsened pathology when compared to single mTBIs, possibly

resulting from cumulative damage to the brain.8

Importantly, the adolescent time-period involves maturation across multiple facets, including biological, social, and emotional func-

tioning.9 Although changes in social and emotional function following TBI are commonly reported in adult populations, as they have adverse

consequences for return to work, familial relationships, and the maintenance of intimate relationships,10 the influence of RmTBI on social

behavior deficits is underrepresented in the literature on adolescents.11 Of importance, adolescence represents a period of significant neuro-

logical maturation, particularly pertaining to synaptic pruning12 and myelination,13 within the cortical regions that makeup the social brain

network (SBN).14 The SBN encompasses a network of brain regions that underpin social functioning, which include, but are not limited to,

themedial prefrontal cortex (mPFC) and orbital frontal cortex (OFC).14 In addition tomaturation-dependent changes across the lifespan, den-

dritic arborization and pruning of neurons within OFC and mPFC have also been associated with social development and changes to social

play dynamics.15 Therefore, when RmTBI is experienced during adolescence, it potentially disrupts typical developmental trajectories within

the SBN, subsequently resulting in a plethora of chronic social deficits.16 However, in adults, the SBN is thought to be mature; functional con-

nectivity and cortical specialization of regions such as themPFC andOFC are considered ‘‘stable’’.17 It is unclear whether this stability in adult-

hood acts as a protective or detrimentalmodulator of RmTBI outcomes. However, one would speculate that adolescents and adults will expe-

rience different social deficits following RmTBI.

ThemPFC andOFC are two key regions of the SBNwith distinct but important roles in social functioning,14 as such injury within these core

structures has been associated with altered social behavior.18 Although many neuronal populations are involved, perineuronal nets (PNNs)

and their often colocalizedparvalbumin (PV) interneurons, regulate neuroplasticity within the SBN.19 Increaseddensity of PNNs, and therefore

1Department of Neuroscience, Central Clinical School, Monash University, Melbourne, VIC 3004, Australia
2Monash Micro Imaging, Central Clinical School, Monash University, Melbourne, VIC 3004, Australia
3School of Biomedicine, University of Adelaide, Adelaide, SA 5005, Australia
4Lead contact
*Correspondence: richelle.mychasiuk@monash.edu
https://doi.org/10.1016/j.isci.2024.109395

iScience 27, 109395, April 19, 2024 ª 2024 The Author(s).
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

1

ll
OPEN ACCESS

mailto:richelle.mychasiuk@monash.edu
https://doi.org/10.1016/j.isci.2024.109395
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109395&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


their coverage of PV cells, has been associated with reduced or the ‘closure’ of neuroplasticity.20 PNNs are extracellular matrix lattice struc-

tures that are predominantly found surrounding GABAergic PV interneurons, with both the neurons and extracellular structures being vulner-

able to environmental changes, as well as mechanical and chemical injury across the lifespan.20 The PNN lattice structures also regulate syn-

aptogenesis and provide a protectivemicroenvironment for the neurons they encompass.21 Importantly, changes to the density, connectivity,

and quantity of PNNs and PV neurons has been associated with depressive- and anxiety-like behaviors, as well as social deficits in adolescent

and adult rodent studies.22,23

Adolescence also represents a window of plasticity whereby the microbiome, immune system, and brain undergo parallel maturation.24

Across the lifespan (in both adolescence and adulthood), one of the primary functions of the gut microbiome is the maintenance of intestinal

and systemic homeostasis through the mediation of host pro- and anti-inflammatory pathways.25 Recent studies demonstrate that a dysbio-

sis-state in the microbiome can induce social deficits24 and social behavior disorders, such as autism spectrum disorder (ASD).26 Given that

different rates of neuroplasticity and microbiome development occur throughout adolescence and adulthood, it is possible that dysregula-

tion of the SBN and/or microbiome differentially modify recovery post-RmTBI.

Although studies in rodents have demonstrated changes in social behavior following mTBI and microbiome alterations independently,

there have been no studies investigating the cumulative effect of microbiome depletion and RmTBI on social behavior and neuroplasticity

within the SBN. Moreover, there is a need to investigate the influence of age on social behavior following RmTBI. Therefore, we sought to

examine how microbiome depletion prior to RmTBI influenced social behavior, its comorbidities, and neuroplastic changes within PNN

and PV interneurons as well as the PNN lattice network. We specifically focused on quantity and structural co-localization of PNNs and

PVs within the mPFC and OFC in adolescent and adult Sprague-Dawley rats (P30 and P100, respectively). To do so, we induced microbiome

depletion via systemic administration of a broad-spectrum antibiotic cocktail prior to RmTBI induction in adolescent and adult rats.27 Socio-

emotional functioning was analyzed via play behavior and temperament analysis, as well as comorbid measures including anxiety-like

behavior and alterations to pain sensitivity. We hypothesized that adolescent rats exposed to microbiome depletion and RmTBI would

demonstrate worsened socio-emotional functioning compared to adult rats, and that these deficits would be associated with reductions

in PNNs, PVs, and PNN arborization within the mPFC and OFC.

RESULTS

We validatedmicrobiome depletion prior to injury (see Figure 1 for timeline) and injury induction by demonstrating significant loss of bacterial

DNA (Figures 2A and 2B) and significant increases in time-to-right following the injury procedure in RmTBI animals (Table 1 contains all sta-

tistics for the ANOVAs; Table S3 contains all statistical output for the post-hoc analyses). However, contrary to our hypotheses, microbiome

depletion prior to RmTBI did not result in exacerbation of injury outcomes. We found that all factors (sex, antibiotics, and age), differentially

modified anxiety-like and nociceptive behaviors. See Table 1 and Figure 2 for all statistical and graphical data.

Although we filmed both adolescents and adults for play behavior analyses (defined in Table 2), the adults exhibited little or no play

behavior, so the results are only reported for adolescents. Within the adolescent cohort we found that males initiated play significantly

more often than females, (F(1,79) = 8.949, p = 0.004), and that sham animals also played significantly more than RmTBI animals, (F(1,79) =

13.063, p = 0.001). Interestingly, there was also a significant injury by antibiotic interaction whereby, microbiome depletion protected

RmTBI animals from deficits in play initiation, (F(1,79) = 6.714, p = 0.012). See Figure 3A. With respect to rotations (or play continuation)

following an initiation from the play partner, we identified similar outcomes, with males and shams rotating significantly more often

than females and RmTBIs ((F(1,79) = 5.054, p = 0.028) and (F(1,79) = 11.196, p = 0.001)), and microbiome depletion protecting the RmTBI

from the deficits (F(1,79) = 4.595, p = 0.035). See Figure 3B.

Given that we were unable to examine social function in adults using play analyses, but were still interested in changes to social behavior,

we used temperament-based software to analyze sociability in adolescents and adults. All statistical analyses can be found in Table 1, with

graphical representation in Figure 4. We found that compared to adults, adolescents are generally more active, switch between tasks more

often, and spentmore time in social behaviors such as play and sniffing their partners. Conversely, adults spent significantly more of their time

Figure 1. Experimental study design timeline
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rearing and grooming themselves. RmTBI reduced digging time and increased time spent in no activity. Interestingly, just as microbiome

depletion appeared to attenuate the effects of RmTBI on play behavior in adolescents, it also increased the amount of time rats spent

engaged in other social behaviors such as sniffing and grooming their cage mates.

To examine systemic inflammation, a Luminex panel was used to examine circulating cytokines within the serum collected at euthanasia.

Complete results for the statistical analyses can be found in Table S2, with graphical representation of a subset of the cytokines in Figure 5.

Figure 2. Confirmation of Microbiome Depletion and Injury Induction

(A) Demonstrates depletion of the gutmicrobiota in adolescents and (B) adults; Antibiotic administration concluded prior to RmTBI induction (C andD); Increases

in anxiety-like behavior in adolescents compared to adults and microbiome depleted rats; (E and F) Time to react on the hot plate, with adults exhibiting greater

changes to nociceptive thresholds and microbiome depletion attenuating RmTBI alterations; (G and H) Time to react on the cold plate, with microbiome

depletion and female sex attenuating RmTBI changes. Graphs are shown as means G SEM, * represents significant interaction, # represent significant

difference, p < 0.05.
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However, in summary, all cytokines examined demonstrated amain effect of age, or a significant age interaction, whereby circulating cytokine

levels were often much higher in adults. In addition, there was a main effect of sex or significant interaction involving sex, in 12/18 cytokines

(67%), with males exhibiting increased responsivity to the manipulations, when compared to females. Conversely, only 2 cytokines (leptin and

IP-10) were directlymodulatedbymicrobiomedepletion, whereas RmTBI exacerbated the adult cytokine response, but did not have the same

effect in adolescents.

We also examined the structural changes that occurred within the PNNs of the mPFC andOFC. Graphical representation of these findings

can be found in Figures 6 and 7 respectively, while the statistical results for the four-way ANOVAs can be found in Table 3. See Table S4 for

statistical results from the post-hoc analyses. To summarize, within the mPFC, RmTBI increased PNN filament/branch length, number of

branches, and terminal branch points in a sexually dependent manner. For males the changes in PNN arborization were more pronounced

in adults, especially those that were exposed to microbiome treatment. However, in females, the effects were more pronounced in placebo

rats, regardless of age. Within the OFC, the dendritic length, number of branches, and terminal branch points were significantly greater in

males when compared to females, as well as in adults when compared to adolescents. Similar to the mPFC, the OFC also exhibited sex-

dependent changes, whereby in females, the most pronounced changes in PNN arborization were identified in microbiome depleted,

RmTBI adults. Although, in males, the largest effects were identified in microbiome depleted sham adults.

Finally, we examined quantitative changes in PNN and PV cell numbers that occurred within the mPFC and OFC. Given technical chal-

lenges, wewere unable to compare between adolescent and adult cell counts, and as such three-wayANOVAswith sex, antibiotics, and injury

were run separately for the adolescent and adult cohorts. Graphical representation of these findings can be found in Figures 8 and 9 respec-

tively, while the statistical results for the three-way ANOVAs can be found in Table 4. See Table S5 for statistical results of all post-hoc analyses.

Briefly, microbiome depletion significantly reduced the number of PNNs in both the mPFC and the OFC of adolescents and adults. Interest-

ingly, for placebo treated rats, RmTBI increased PV numbers in adolescents, but reduced PV numbers in adults; with the exception of the

female OFC where RmTBI increased PV numbers in a manner similar to that of adolescents. Contrary to expectation, when RmTBI and micro-

biome depletion were combined, the results were not additive, but rather microbiome depletion attenuated RmTBI-induced deficits.

DISCUSSION

As our understanding of the biological processes underpinning the heterogeneity in recovery from RmTBI continues to advance, a role for

the microbiome and associated immune system mediators has emerged. We have previously demonstrated age-dependent temporal

changes in microbiota composition and functionality in adolescent and adult rats as a function of microbiome depletion and RmTBI.28

Based on these previous findings, we hypothesize that the bacteria and metabolites that may be most likely to involved in the modification

of plasticity and behavior across the lifespan include bacteria Clostridium spp., Lachnospiraceae, and Bacteroides and the metabolite glyc-

erophosphocholine as they exhibit strong abilities to modify inflammatory processes.28 Although social behavior deficits have been linked

Table 1. Summary of four-way ANOVA statistical analyses for the behavioral and temperament outcomes

Behavioral Measure

Main Effect

Sex F(p)

Main Effect

Antibiotics F(p)

Main Effect

Injury F(p)

Main Effect

Age F(p)

Significant

Interactions

Time-to-Right 0.725 (0.396) 12.440 (<0.001) 167.520 (<0.001) 0.353 (0.553) None

*EPM – Closed Arms 5.955 (0.016) 7.162 (0.008) 3.692 (0.057) 14.066 (<0.001) Sex x Age: 5.193 (0.024)

*Hot Plate 0.060 (0.806) 8.678 (0.004) 2.014 (0.158) 0.143 (0.706) Antibiotics x Injury x Age: 6.200 (0.014)

*Cold Plate 6.791 (0.010) 4.299 (0.040) 0.575 (0.449) 1.388 (0.241) Sex x Antibiotics x Injury: 4.660 (0.032)

Temperament analyses

*Allogrooming 1.108 (0.024) 5.176 (0.024) 1.273 (0.261) 0.290 (0.591) Sex x Antibiotics x Injury: 4.226 (0.042)

*Digging 11.618 (0.001) 0.107 (0.744) 13.109 (<0.001) 31.766 (<0.001) Injury x Age: 4.784 (0.030)

Sex x Antibiotics x Injury: 8.556 (0.004)

Grooming 1.382 (0.242) 1.692 (0.195) 5.056 (0.026) 4.677 (0.032) None

*No Activity 0.558 (0.456) 1.578 (0.211) 6.427 (0.012) 2.716 (0.101) None

Playing 10.571 (0.001) 0.046 (0.830) 9.828 (0.002) 77.582 (<0.001) Sex x Age: 7.594 (0.007)

Antibiotics x Injury x Age: 11.677 (0.001)

Rearing 1.911 (0.169) 0.495 (0.483) 3.414 (0.067) 50.66 (<0.001) Sex x Injury: 4.138 (0.044)

Sitting 0.868 (0.353) 0.025 (0.874) 10.727 (0.001) 11.799 (0.001) Antibiotics x Injury: 6.833 (0.010)

Sniffing 3.671 (0.057) 3.942 (0.049) 3.229 (0.074) 43.444 (<0.001) 4 Way Interaction: 6.031 (0.015)

*Task Switching 5.622 (0.019) 0.449 (0.504) 2.111 (0.148) 8.553 (0.004) Sex x Age: 4.886 (0.029)

Antibiotics x Age: 6.696 (0.011)

Behaviors denoted by an * are shown in Figures 2 and 3.
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to both alterations to the microbiota29 and RmTBI,10 there is a dearth of literature on the role that the microbiome may play in the devel-

opment of social behavior deficits following RmTBI. Therefore, we investigated how microbiota depletion prior to injury, age at injury, and

sex influenced social behavior, comorbid behaviors, and neuroplasticity in the adolescent and adult rat brain. First, our findings demon-

strate that comorbid conditions associated with social deficits (anxiety and changes to nociceptive sensitivity) occurred following micro-

biome depletion and RmTBI, with the effects being more prominent in adults. Second, microbiome depletion attenuated the social

behavior deficits associated with RmTBI in in both adolescent and adults. Third, following RmTBI, adults exhibited the greatest change

in circulating pro-inflammatory cytokines, with the effects being most pronounced in males. Lastly, the structure of PNNs within the

mPFC and OFC were altered in an age and sex dependent manner, with adults exposed to microbiome depletion and RmTBI, exhibiting

the greatest change to arborization.

To understand the role of the microbiome in health and disease, preclinical studies have induced depletion of gut bacteria via antibiotic

administration.28 Following similar protocols, we depleted themicrobiome and confirmed that it was absent through injury induction for both

adolescents and adults; however, it is important to note that the microbiome was in the re-colonisation phase during behavioral testing. In

addition, compared to adults, the adolescent’s microbiome concentration was lower, both prior to, and following antibiotic administration.

Multiple preclinical and clinical studies have demonstrated that changes to social behavior are often accompanied by comorbid

conditions, including anxiety and depression.30 Moreover, dysregulation of the microbiota-brain-immune axis has also been implicated in

anxiety-related disorders.31 Within this study, we identified greater anxiety-like behavior in adolescents, when compared to adults. As adoles-

cence encompasses a sensitive period of development for the microbiome,28 as well as the PFC, amygdala, and hypothalamus,32 it is often

associated with the onset of anxiety disorders,33 which in turn, greatly impairs social functioning.34 Conversely, the adult PFC andmicrobiome

are considerably more stable,35 which may explain our age-specific findings. We also demonstrated that microbiome depletion increased

anxiety-like behavior in adolescent males. Gut microbiome dysbiosis and microbial composition modifications have been associated with

dysregulation of the HPA axis and appropriate sexual maturation.28 Therefore, it is possible that the dysbiotic state of the microbiome influ-

enced anxiety-like behavior in a sex-dependent manner, as studies also demonstrate that testosterone levels are positively correlated with

anxiety disorder development.36

Alterations to nociception are another common comorbidity associated with RmTBI-induced social behavior deficits.30,37 Importantly for

this study, changes within the microbiome have also been suggested to influence nociceptive sensitivity.38 For example, a reduction in the

number of butyrate-producing bacteria, which have been associated with inflammation, modify nociceptive sensitivity and subsequent pain

outcomes.39 Our adolescent groups presented with lower bacterial DNA concentrations, both before and after antibiotic treatment, which

Table 2. Table outlining the behaviors of interest and how they were defined

Behavior Definition

Allogrooming Grooming or licking their cage mate

Digging Burrowing into and causing movement within

the wood chip substrate through any limb

including forepaws, hind paws and nose.

Eating Consumption of anything within the cage

including fecal matter or the wood chips.

Grooming Any form of self-grooming including

scratching, licking, and kneading.

No Activity Rat is completely stationary - head, limbs, and

tail are all motionless.

Playing Engaging or attempting to engage in play

through pouncing on the nape of cage mate or

reciprocating in play through tumbling and

rotating in response to a cage mate initiating

play.

Rearing Rising of body until full extension of legs

including against wall of cage and with no

external support.

Sitting Only hind paws on the ground but not

extended as they are in rearing and with

forepaws raised.

Walking Rat is moving around or surveying cage

including temporary or quick halts where

movement is still notable.
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may explain why we found that microbiome depletion prior to RmTBI in adults, altered nociceptive sensitivity to a greater extent than in ad-

olescents. Therefore, microbiome depletion may have provided a protective advantage for adolescents. However, this is contrary to a recent

clinical study by Tong et al.40 in healthy participants, that found adolescents were more likely to exhibit changes to nociceptive thresholds

when compared to adults. It is important to note that the healthy brain may respond very differently than an injured brain, especially in

the context of microbiome depletion. Nevertheless, the link between RmTBI-induced social deficits and their comorbidities (anxiety and

pain) is complex and requires further research to elucidate the underlying mechanisms and determine whether the gut microbiome is a driver

of symptomology or complicit in symptom maintenance following RmTBI.

Unsurprisingly, when compared to adults, healthy adolescents spent more of their time engaged in pro-social behaviors, such as play,

allogrooming, and sniffing their cage mates. From an evolutionary perspective, adolescence is a period whereby individuals generally leave

their home groups to increase their social circles, establish their own identity, and find suitable mates, so these age-differences in sociability

were expected.35 On the contrary, adults spent more time rearing and self-grooming which may be related to their mature and well-estab-

lished social hierarchies, allowing them to spend more time in self-directed behaviors that do not require extensive social interaction.41 In

addition, we corroborated previous findings that RmTBI reduced play and reward-driven behavior, increased repetitive-type behaviors, while

also modifying social function.42 RmTBI insults may impair the socio-emotional regions of the brain causing disruptions within the SBN and

Figure 3. Play behavior in adolescent rats

(A and C) RmTBI reduced play initiation and engagement in both sexes; (E) RmTBI increased play avoidance inmales, with microbiome depletion attenuating this

deficit when combined with RmTBI. Screen captures of play initiation, engagement and evasion are demonstrated in panels B, D, and F, respectively. Graphs are

shown as means G SEM, * represents significant interaction, # represent significant difference, p < 0.05, ## represent significant difference, p < 0.01.
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Figure 4. Temperament analysis in adolescent and adult rats

(A and B) Histograms illustrating a representative outcomes, each color is associated with a particular social behavior; (C and D) Number of tasks switched in

males and females; (E and F) RmTBI increased the time spent in no activity for both males and females; (G and H) Microbiome depletion increased time

spent allogrooming in males and females, whereas microbiome depletion combined with RmTBI increased allogrooming in females; (I and J) Microbiome

depletion in combination with RmTBI returned the time spent digging to that of placebo sham levels. Graphs are shown as means G SEM, * represents

significant interaction, # represent significant difference, p < 0.05.
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Figure 5. Levels of circulating cytokines from serum collected at euthanasia

(A and B) CX3CL1 expression in males and females; (C and D) IL-18 expression in males and females; (E and F) IP-10 expression in males and females; (G and H)

Leptin expression inmales and females; (I and J)MCP-1 expression inmales and females; Graphs are shown asmeansG SEM, * represents significant interaction,

# represent significant difference, p < 0.05.
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reward circuitry.43 These functional changes could explain RmTBI-induced reductions in the time spent engaged in rewarding behaviors such

as digging and play and increases in repetitive-type behaviors as indicated by reduced task switching.

Contrary to our hypothesis, we found that microbiome depletion prior to RmTBI improved social deficits. Previous studies have demon-

strated that microbiome depletion altered play and social behaviors, whereby rodents engage in less play and display symptomologies that

resemble autism-spectrum disorder phenotypes.26 This has been attributed to changes in inflammatory cytokinesmediated by the gutmicro-

biota, short chain fatty acids (SCFAs), HPA axis functioning, and neuroimmune mediators.35 Moreover, we previously demonstrated micro-

biome depletion prior to RmTBI resulted in an increase in the bacterial metabolite glycerophosphocholine (precursor of acetylcholine)

and an increase in Clostridium spp.28, both of which modulate pro/anti-inflammatory processes and functioning of the HPA axis.44 However,

Figure 6. Structure analysis of PNN arborization within the mPFC of adolescent and adult rats

(A) Imaris screen capture of colocalized PNN and PV within mPFC; (B) Imaris screen capture of colocalized PNN with filament overlay; (C) Imaris screen capture of

filament overlay alone; (D) Length of PNN branching in males and (E) females; (F) Number of terminal branches in males and (G) females; (H) Number of terminal

points in males and (I) females. Microbiome depletion in combination with RmTBI in adults, increased length of branches (D and E), number of branches (F andG)

and extent of branching (H and I) in themPFC. Graphs are shown asmeansG SEM, * represents significant interaction, # represent significant difference, p < 0.05.
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limited research has investigated themechanistic action underpinning how themicrobiomemediates these social behaviors following RmTBI.

It is possible, that depletion of themicrobiome altered the progression of the secondary injury cascade normally induced by RmTBI,45 thereby

limiting peripheral immune components available for transportation into the central nervous system. As a result, whilst theremay have been a

decrease in SCFAs that are generally beneficial for social behavior and appropriate functioning of the components of the SBN, the loss of the

microbiome may have reduced circulating pro-inflammatory cytokines that would have normally been produced by the gut microbiome in

response to injury.46 Given that microbiome depletion and RmTBI differentially modulated aspects of social behavior in male and female,

and adolescent and adult rats, we next examined circulating cytokine levels to understand how these manipulations may have affected sys-

temic inflammation.

Figure 7. Structure analysis of colocalized PNN arborization within the OFC of adolescent and adult rats

(A) Imaris screen capture of colocalized PNN in the OFC; (B) Imaris screen capture of colocalized PNN with filament overlay; (C) Imaris screen capture of filament

overlay alone; (D) Length of PNN branches in males and (E) females; (F) Number of branching points in males and (G) females; (H) Number of terminal points in

males and (I) females; Microbiome depletion in combination with RmTBI in adults, increased length of branches (D and E), number of branches (F and G) and

extent of branching (H and I) in the OFC. Graphs are shown as means G SEM, * represents significant interaction, # represent significant difference, p < 0.05.
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Circulating cytokines are integral modulators of the immune system and allow for crosstalk between the gut and the brain.47 Therefore,

we investigated how RmTBI and microbiome depletion influenced circulating cytokine levels in adolescent and adult rats. Prior research

has demonstrated that aging can induce a gradual decline in pathophysiological functioning, whereby increased blood brain barrier

permeability,48 changes to intestinal permeability and motility,49 and impaired immune system functionality, all contribute to immune-

senescence.50 Together, this can induce chronic low-grade inflammation in aging populations, which is referred to as ‘‘inflammaging’’.51

While the rodents in the present study would not be considered of ‘old age’, the process of ‘‘inflammaging’’ may actually commence

earlier in adulthood than previously thought; especially when compared to adolescents. This may therefore explain our results, where

we identified age-dependent changes in the majority of our cytokine panel, with adults exhibiting greater circulating cytokine levels

than adolescents. In addition, we found more significant changes in cytokine levels for our male rats, when compared to females. Male

circulating cytokine levels in both age groups, were more responsive to microbiome depletion and RmTBI manipulations, while the females

exhibited a more blunted response to these exposures. This was similarly demonstrated in a previous study conducted by Salberg et al.,52

where the male neuroimmune response was exacerbated following exposure to early life manipulations, but the females were largely un-

affected. Previous studies have also suggested that prepubescent males have a greater innate immune response and therefore exhibit

increased inflammatory reactions, which may have contributed to our differences within the adolescent age groups.53 Furthermore, the

cytokine response in adult males, may have been associated with increased testosterone, as testosterone has also been linked to anti-in-

flammatory effects.54 Supplementation of testosterone has been shown to improve recovery, inflammation, and oxidative stress induced by

injury.55 Therefore, given that both RmTBI and microbial dysbiosis can lead to reduced testosterone in males, rats in these groups may

have initiated a greater proinflammatory response. Contrary to our hypothesis that adolescents would be more susceptible to RmTBI-

induced impairments, adult levels of circulating proinflammatory cytokines (IL2, IL5, IP10, leptin and MCP1) were more substantially

elevated in response to injury. This may be a result of the aging process, or could be attributed to a greater compensatory/resilience ca-

pacity of the adolescent neuroimmune response, as it is undergoing substantial development allowing for adaptation and increases in

neuroprotection.56,57 On the contrary, the adult immune system is highly specialized and may therefore mount a stronger and prolonged

inflammatory response to the RmTBIs.58

Given the bidirectional relationship with the immune system, microbial dysbiosis is also capable of inducing changes to the peripheral

cytokine response.59 In this study, microbiome depletion reduced leptin and IP-10 expression across sexes and in both age groups. Certain

gut bacteria involved in the production of SCFAs (butyrate), such as Lactobacilli, have been linked to the metabolism and production of lep-

tin.60 Therefore, reductions in gut bacteria associated with the microbiome depletion may have reduced SCFA production and subsequently

reduced leptin concentrations.60 Moreover, as gut bacteria such as Lactobacilli, are also involved in the regulation of IP-10 production, via

stimulation of IFN- g production,61,62 microbiome depletion may have modulated circulating levels of IP-10.

Adolescence encompasses a time of exponential neuroplasticity, whereby regions within the SBN including the mPFC and OFC undergo

significant development. Specialised extracellular matrix structures, known as PNNs, envelop fast-spiking PV GABAergic interneurons soma,

dendrites, and axonal segments63 whereby they regulate neuroplasticity across the lifespan.64 The dynamic structural composition of PNNs

regulates neuroplasticity and neuroprotection within the SBN via the regulation of inhibitory/excitatory signaling,21 neuronal connectivity,65

synaptic formation,66 and themotility of receptors at synapses.67 The structural density of PNNs within the mPFC andOFC increases over the

lifespan, with increased density characterising the closure of critical neurodevelopmental windows.68 Some of the primary functions of the

mPFC are to regulate impulse control, decision making, and coordination of complex movements,69 whereas the OFC assists in the distin-

guishing between social partners, social play behavior fluidity, and appropriate play architecture.70 Given these differences, region-specific

alterations to PNN structure, number, and functionality have the potential to differentially modify social behavior.71

PNNs within the mPFC and OFC are highly vulnerable to CNS injury.72 However, there have been minimal studies investigating the influ-

ence of mTBI on PNN numbers and structure, and the mechanistic role they play in post-injury symptomology. To our knowledge, this is the

first study that has investigated PNN branching structure within this context. Our findings show that 11-days post-RmTBI, PNN branch length

increased, along with the number of branches and terminal branch points in the mPFC. The increase in branching may have occurred to pro-

tect PV+ neurons and their synapses from RmTBI-induced oxidative stress and secondary injury cascades.72 Similarly, glycosaminoglycan and

Table 3. Summary of the four-way ANOVA statistical results for the PNN structural analyses

Brain

Region

Anatomical Measure

of PNN surrounding

PV + neuron

Main Effect

Sex F(p)

Main Effect

Antibiotics F(p)

Main Effect

Injury F(p)

Main Effect

Age F(p)

Significant

Interactions

mPFC Total Filament Length 12.336 (<0.001) 1.087 (0.299) 4.707 (0.032) 46.971 (<0.001) Antibiotics x Age: 9.497 (0.003)

Number of Branches 11.838 (<0.001) 0.036 (0.849) 3.256 (0.074) 35.761 (<0.001) Antibiotics x Age: 5.786 (0.018)

Sex x Antibiotics x Injury: 6.116 (0.015)

Number of Terminal Points 15.255 (<0.001) 0.563 (0.455) 5.338 (0.023) 34.978 (<0.001) Sex x Antibiotics x Injury: 4.827 (0.030)

OFC Total Filament Length 13.462 (<0.001) 0.325 (0.570) 1.740 (0.190) 30.340 (<0.001) 4 Way Interaction: 4.066 (0.046)

Number of Branches 9.218 (0.003) 0.003 (0.958) 0.761 (0.385) 16.783 (<0.001) None

Number of Terminal Points 11.613 (<0.001) 0.108 (0.744) 2.195 (0.141) 16.137 (<0.001) 4 Way Interaction: 4.248 (0.042)
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chondroitin sulfate proteoglycans (CSPGs) are integral components of PNNs that have been implicated in injury recovery.73 Specifically,

following CNS injury, research has demonstrated an upregulation of CSPGs, which subsequently increases PNN density74 and may explain

the greater PNN branch length and arborization we identified.

Alternatively, under homeostatic conditions, microglia are involved in the pruning synapses of PV+ interneurons and structurally modify their

associated PNNs.75 Therefore, whenmicroglia are depleted and not available to interact with PNNs, there is a reduction in pruning which results

in greater spine density, terminal branch points, length, and increases in PNN density.75 Chronic activation of microglia, which commonly occurs

post-RmTBI,76 may dysregulate their homeostatic functioning, leading to reduced pruning and increased arborization.75 It is important to note

Figure 8. Number of PNN and PV cells within the mPFC in adolescent and adult rats

(A)Whole brain image demonstrating the location ofmPFC sampling – PNNs are labeled green and PVs are labeled purple; (B) Increasedmagnification display of

representative PNN staining; (C) zoomed display of representative PV staining; (D) Increased magnification display of representative PNN and PV staining; (E)

Number of PNNs within the mPFC in males and (F) females; (G) Number of PVs within the mPFC in males and (H) females; (I) Number of colocalized PNN

and PV cells within the mPFC in males and (J) females. Graphs are shown as means G SEM, * represents significant interaction, # represent significant

difference, p < 0.05.
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that increased branching is not always associated with improved functionality, connectivity, and processing; rather it is often associated with

improper/unreliable connections and has been implicated in the development of neuropsychiatric disorders, including those associated with

altered social function.77,78 Not only was the structure of PNN-PV+ cells altered following RmTBI, but the number of PVs within the mPFC

and OFC that were colocalised was also affected. In adolescents there were increases in the number of PVs, PNNs, and those that were colo-

calized, whereas adults exhibited the opposite effect, and cell quantity was reduced. Considering TBI events often cause an imbalance in

Figure 9. Number of PNN and PV cells within the OFC in adolescent and adult rats

(A) Whole brain image demonstrating the location of OFC sampling – PNNs are labeled green and PVs are labeled purple; (B) Increased magnification display of

representative PNN staining; (C) zoomed display of representative PV staining; (D) Increased magnification display of representative PNN and PV staining; (E)

Number of PNNs within the OFC in males and (F) females; (G) Number of PVs within the OFC in males and (H) females; (I) Number of colocalized PNN and

PV cells within the OFC in males and (J) females. Graphs are shown as means G SEM, * represents significant interaction, # represent significant difference,

p < 0.05.
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excitatory and inhibitory signaling,79 the number of PNNs and PVs may have increased in adolescents to compensate for this imbalance and to

reduce excitotoxicity, whereas this excitation may have been exacerbated in adults owing to their heightened levels of inflammation.

Contrary to our hypothesis, microbiome depletion prior to RmTBI increased PNN branch length and number of branches in the mPFC of

adult males and the OFC of adult females. Moreover, in the OFC, microbiome depleted sham adult males had the greatest changes to PNN

arborization. Recent studies have demonstrated that sex hormones can influence themyelination and transmission within theOFC andmPFC

in adults.80 Furthermore, it is well established that the gut microbiome is involved in neurodevelopmental plasticity81 and regulates sex hor-

mones.82 Therefore, it is not surprising that it may also play a role in the organization of PNN structure and proliferation in a sex and region

dependant manner. Interestingly, microbiome depletion reduced the number of PNNs and PVs within the mPFC and OFC, and when com-

bined with RmTBI this was blunted, whereby their quantity and colocalization were normalized, potentially suggesting that depletion of the

gut microbiota prior to RmTBI may be neuroprotective in the context of PNN neuroplasticity. In fact, various gram-positive bacteria produce

hyaluronidase, which can break down the backbone of the extracellular matrix.83 Therefore, it is possible that following microbiome deple-

tion, the hyaluronidase-producing bacteria were reduced, and consequently PNNs had the ability to grow and branch at greater rates. SCFAs

also influence the functionality and inflammatory state of microglia,84 with reductions in SCFAs causingmicroglia malformation and induction

of pro-inflammatory states.85 Hence, microbiome depletion-induced reductions in SCFA producing bacteria, may have combined with the

RmTBI, to further influence microglia functionality; whereby they were diverted from pruning and refinement of neuronal architecture to

the removal of injury-induced neurotoxic waste.86 Our results provide support for this hypothesis, as we demonstrated a greater inflammatory

profile followingmicrobiome depletion inmales (which would result in increased neurotoxic waste). Moreover, males exhibit earlier onset and

completion of PNN maturation,87 suggesting they would have established roles in both processes. Our findings support this idea, as adult

males exhibited the greatest change in quantity of PVs, PNNs, and their colocalization, in response to the manipulations. Therefore, our find-

ings highlight the important role that PNNs play in regulating neuroplasticity of the adult brain. Importantly, we also demonstrate that the

exponential development and neuroplasticity that occurs during adolescence may actually aid in recovery and protection from chronic

post-injury changes to the functionality and structure of PNNs within the components of the SBN.

Conclusion

To further our understanding of the potential involvement of the gutmicrobiome in recovery fromRmTBI, we depleted the gutmicrobiome prior

to injury and investigated its effects on social behavior and neuroplasticity within the mPFC and OFC of the SBN. To our knowledge, this is the

first study that has demonstrated that themicrobiomemaymediate RmTBI-induced social deficits and alter neuroplasticity differentially, depen-

dent upon age and sex. We demonstrate that microbiome depletion prior to RmTBI improved social behavior deficits and its comorbidities and

did not exacerbate injury-induced pro-inflammatory cytokine release. However, compared to adolescents, adults demonstrated the most sig-

nificant changes to socio-emotional behaviors and exhibited greater pro-inflammatory responses post-RmTBI. In the mPFC and OFC, micro-

biome depletion prior to RmTBI resulted in abnormal arborization and increased colocalization of PNN-PV+ in adults, particularly in males. In

comparison, adolescents presented as more resilient to these manipulations, possibly due to their heightened window of plasticity. Our results

suggest that adult age andmale sexmay be a risk factor for social deficits following injury, or at the least these cohortsmay bemore vulnerable to

microbiome manipulations. Importantly, neuroplastic changes associated with RmTBI continued throughout adulthood and it appears that the

Table 4. Summary of three-way ANOVA statistical results for PNN and PV cell counts for adolescents and adults

Age

Brain

Region Cell Count

Main Effect

Sex F(p)

Main Effect

Antibiotics F(p)

Main Effect

Injury F(p) Significant Interactions

Adolescent mPFC PNN 11.70 (0.001) 0.873 (0.353) 7.130 (0.009) Sex x Antibiotics: 20.218 (<0.001)

PV 21.004 (<0.001) 0.454 (0.502) 23.066 (<0.001) Sex x Injury: 12.395 (<0.001)

Antibiotics x Injury: 13.886 (<0.001)

Co-localized 53.303 (<0.001) 6.648 (0.012) 15.324 (<0.001) None

OFC PNN 2.743 (0.102) 13.316 (<0.001) 1.924 (0.170) Antibiotics x Injury: 5.978 (0.017)

PV 0.029 (0.865) 0.971 (0.328) 0.590 (0.445) Sex x Injury: 4.198 (0.046)

Co-localized 0.000 (0.990) 0.810 (0.371) 4.389 (0.040) Antibiotics x Injury: 6.008 (0.017)

Adult mPFC PNN 0.907 (0.346) 5.192 (0.027) 0.075 (0.785) Antibiotics x Injury: 6.187 (0.011)

PV 0.137 (0.713) 1.280 (0.263) 0.081 (0.777) Antibiotics x Injury: 4.130 (0.048)

Co-localized 0.005 (0.946) 1.076 (0.305) 0.030 (0.863) Antibiotics x Injury: 6.795 (0.012)

OFC PNN 1.090 (0.302) 5.592 (0.022) 0.993 (0.324) None

PV 24.919 (<0.001) 4.343 (0.043) 3.203 (0.081) Sex x Antibiotics: 12.710 (<0.001)

Three-way Interaction: 12.931 (<0.001)

Co-localized 2.572 (0.116) 5.138 (0.029) 0.000 (0.987) Sex x Antibiotics: 14.169 (<0.001)

Three-way Interaction: 6.896 (0.012)
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gut microbiome is involved in this process, at least within the mPFC and OFC. To further elucidate the mechanistic action underpinning these

changes toneuroplasticity followingRmTBI and its effect on social deficits, future studies could employmetabolomic analysis todeterminewhich

gutmicrobiota specific pathways are contributing to the abnormal arborizationof PNNswithin the SBN.Moreover, future studies should focus on

elucidating the mechanistic underpinnings that actually drive the behavioral changes associated with differences in microbiome composition

and functionality. This would provide further understanding of the important findings generated in the present study. To improve recovery

post-RmTBI, it is also imperative that we gain a better understanding of the role of PNN structure and function in the context of other neuronal

cell types, such as microglia. Finally, longitudinal studies investigating the chronic effects of gut-brain-immune axis changes in adolescence

should be explored, as the long-term consequences of these manipulations are currently unknown.

Limitations of the study

Although this study provided a comprehensive examination of the changes in neuroplasticity associated with microbiome depletion and

RmTBI, it was limited by the number of brain regions we were able to examine. Given the multitude of structures that make up the SBN, it

would have been ideal to examine all of them. In addition, the relationship identified between social behavior and changes in PNN structure

and function was correlational, and future studies should investigate the mechanisms driving this association.
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� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 172 Sprague Dawley rats were used for this study: 80 adolescents (P21-P65; 40 male and 40 female) and 92 adults (P100-P150; 44

females and 48 males). All animals were obtained from the Monash Animal Research Platform (Clayton, Victoria, Australia). All procedures

were approved by the Alfred Medical Research and Educational Precinct (AMREP) Animal Ethics Committee and carried out in accordance

with ethics number E/1992/2020/M, and the ARRIVE guidelines.88 Rats were group housed with animals from the same sex, treatment, and

injury – adolescents were housed in groups of four while adults were housed in pairs or threes. Rats of each sex were randomly assigned to one

of four groups: Adolescents (Placebo + Sham; n = 8), (Placebo + RmTBI; n = 8), (Antibiotics + Sham; n = 12), (Antibiotics + RmTBI; n = 12);

Adults (Placebo + Sham; n = 12), (Placebo + RmTBI; n = 12), (Antibiotics + Sham; n = 11 or 12), (Antibiotics + RmTBI; n = 11 or 12). Rats were

maintained on a standard 12:12 light:dark cycle in a temperature-controlled environment with access to food ad libitum.

METHOD DETAILS

At P21 or P100, the rats within the antibiotic treatment groups began supplementation with an antibiotic cocktail in their drinking water

comprised of ampicillin (1g/L), vancomycin (500mg/L), imipenem (250mg/L), metronidazole (1g/L) and ciprofloxacin HCL (20mg/L). This

14-day antibiotic treatment regimen has previously demonstrated effective depletion of the gut microbiota.89 Antibiotic water was adminis-

tered in place of normal drinking water for a two-week period (P21-P35 for adolescents and P100-P114 for adults). Rats in the placebo groups

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biotin conjugate Wisteria floribunda agglutinin

(WFA) lectin

Thermofisher Cat# L32481

Polyclonal rabbit anti-parvalbumin Abcam Cat# Ab11427; RRID: AB_298032

Streptavidin AF488 Thermofisher Cat# S11223

Donkey anti-rabbit AF647 Thermofisher Cat# A-31573; RRID: AB_2536183

Critical commercial assays

QIAamp Fast DNA Stool Mini Kit Qiagen Cat# 51604

Experimental models: Organisms/strains

Rats / Sprague Dawley Monash Animal Platform

Software and algorithms

Fiji ImageJ FIJI https://fiji.sc/

Imaris – FilamentTracer (ver. 9.1.2) IMARIS https://imaris.oxinst.com/

Graphpad Prism 8 Monash University N/A

SPSS Statistics 27 Monash University N/A

Temperament Analysis Software Microsoft Excel Plugin N/A
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were maintained on standard drinking water. Fecal samples were collected from onset of antibiotic administration until completion of the

experiment for all cohorts. Fecal samples were frozen at�80�C until needed for analyses. See Figure 1 for overview of experimental designs.

A portion of the fecal samples were thawed, and bacterial DNA was extracted using QIAamp Fast DNA Stool Mini Kit according to the

manufacturer protocols (Qiagen, Hilden Germany). The QIAxpert Spectrophotometer was used at an absorbance ratio of A260/280 to deter-

mine the quality and concentration of bacterial DNA in the stool samples (Qiagen, Hilden Germany). Figures 2A and 2B demonstrate the loss

of bacterial DNA within fecal samples of adolescent and adult rats that consumed the antibiotic drinking water.

Injury induction

Rats were randomly assigned to receive three mTBIs or sham injuries which were induced with the lateral impact device.3 In previous studies

conducted by our laboratory, rats exposed to RmTBIs with this lateral impact device schedule demonstrated impaired motor, cognitive, and

social behaviors that often differ between sexes.42,90 Briefly, rats were lightly anaesthetised for 90 seconds via inhalation of 5% isoflurane in O2

before being placed chest down on a Teflon� board. The left temporal lobe of the rat was aligned with a small metal helmet to prevent dam-

age to the skull. Pneumatic pressure was used to propel a 50-grammetal projectile towards the helmet forcing the rat into a 180 �rotation. The
average speed of impact was 8.39G 0.31 m/s which induced mTBIs at approximately 85.52 Gs. Rats were monitored in a clean cage and the

amount of time to flip from a supine to a prone position (time-to-right) was recorded as ameasure of a loss of consciousness. The threemTBIs

were delivered at P36, P38, and P40 for adolescents and P115, P117, and P119 for adults. Sham rats underwent the same procedure excluding

induction of the injury.

Behavioral testing

All behavioral testing occurred during the rat’s light phase, between 0800 and 1500. All behavioral tests were administered and scored by

individuals blinded to experimental groups.

Elevated plus maze (EPM)

The EPM is used as ameasure of anxiety-like behavior.91 It is performed in an apparatus that is raised 60cm from the ground and is constructed

of two open arms (10cm x 44cm), two closed arms (10cm x 44cm x 10cm), and a centre area (12cm x 12cm). The rat is placed in the centre of the

maze and allowed to freely explore the area for 300 seconds. The rat’s movement is recorded using Topscan software and the amount of time

spent in each area is recorded. The EPM was cleaned with 80% ethanol between each rat.

Play behavior and temperament

Play behavior and temperament analyses were used to measure social engagement and activity.37,42 Prior to testing, rats were isolated from

their cagemates for 24 hours. Half of the rats were tail-markedwith a black Sharpie� so they could be identified upon reintroduction. The next

day, rats were reunited with their cage mates of same sex, injury, and treatment (i.e., in pairs) within a clear Plexiglass box. Testing occurred

under dim red-light conditions. Following reintroduction, all experimenters left the room, and the rats were video-recorded for a 15-minute

period. The box was cleaned with ethanol between each pair. After testing, all rats were returned to their original cage arrangements for the

remainder of the experiment.

For the play and temperament analyses, two separate researchers, blinded to the experimental manipulations, observed the videos. For

the play analyses, the video recordings were scored frame by frame for the number of attacks they made to the other rat’s nape, and their

defensive response to an attack; complete rotation, partial rotation, horizontal rotation, evasion, and no-response, as described by Pellis

et al.,.92 For the temperament analyses the video recordings were reviewed in real time for the frequency and types of behaviors the rats

engaged in. For the play and temperament analyses both partners in the dyad were scored for all measures. The specific behaviors analysed

with the temperament paradigm are outlined in Table 2. The software designed by Füzesi et al.,93 records the duration of specific behaviors

when the corresponding symbol is selected on the keyboard, as well as the frequency with which the rats alternate between tasks. See

Figure 1.

Hot/cold plate

The hot/cold plate (Ugo Basile�, Gemonio, Italy) is used as a measure of thermal nociceptive sensitivity.94 A temperature regulated circular

plate is enclosedwithin a clear plastic cylinder. The rats are habituated to the device for two days prior to testing, by being placed on the plate

at room temperature for two minutes. On testing days, rats are placed initially on the hot plate (52�C). Following a significant recovery period

(minimum of two hours), the rats are placed again on the plate, however this time it is set to the cold temperature (2�C). The latency to react

(e.g., licks hind paw or jumps) is recorded and the rat is immediately removed from the apparatus and returned to its home cage. The hot/cold

plate was cleaned with Virkon between each rat.

Tissue collection

Adolescent rats were euthanised at P65 and adult rats were euthanised at P150. Rats were administered an intraperitoneal injection of pento-

barbitone (160mg/kg) and were then transcardially perfused with cold phosphate buffered saline solution and 4% paraformaldehyde (PFA)

solution. The rats were decapitated, the brain was removed and weighed prior to being immersed in 4% PFA for storage at 5�C for 24 hours.
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After 24 hours, the brains were transferred to 30% sucrose solution for long-term storage. Prior to perfusion, blood was collected from the left

atrium in serum separator tubes and allowed to clot at room temperature for 30 minutes before being centrifuged (20 minutes at 1500g at

4�C). Serum was stored at -80�C until analysed by Crux Biolabs (Melbourne, Australia) with the Luminex Service: Milliplex Rat 27plex.

Following optimization of dilution factors, all samples were run in duplicates at a 1:2 dilution.

Immunohistochemical staining, imaging, and analyses

The PFC of each brain was sliced into 20-micron coronal sections between bregma +4.20mm and -1.8mmbefore beingmounted onto Super-

frost Plus Slides. An immunohistochemical stain was used to label the PNNs and PV expressing interneurons within the mPFC and OFC. The

tissue was circled with a hydrophobic pap pen to prevent run off during blocking and antibody treatments. See Table S1 for specific antibody

protocols. A coverslip was applied to each slide and adhered to with 3-4 drops of Dako Fluorescent Mounting Media (S3023, Agilent Tech-

nologies, Santa Clara, USA). Slides were left in a light proof box at room temperature until dry.

Image collection for cell counts was carried out with Plan Apop 10/0.45 NA objective on Nikon Ti-E fluorescent microscope equipped with

sCMOS Andor Zyla camera. Images of the mPFC and OFC were collected and identified as Cg3 and AID according to Zilles rat atlas.95 Two

different channels were used to capture the double label including FITC and Cy5. FITC was used for excitation and detection of emission of

photons for Streptavidin 488 and Cy5 was for 647. PNNs, PVs, and PNNs colocalised with PV neurons were counted in ImageJ using the Cell

Counter Plugin associated with Fiji by an experimenter blinded to the conditions. To ensure consistency and ensure counts of PNNs and not

‘‘loose’’ fragments of extracellular matrix structures, only PNNs that were complete and not degradedwere counted.96 Colocalised cells were

counted using the same program.

Perineuronal net imaging and Imaris branching analysis – adolescents and adults

To investigate the differing effects of RmTBI and microbiome depletion on the PNN lattice structure and its neuroprotection of PV neurons,

the arborization of PNNs were analysed. Image collection for visualisation and analysis of PNN branching was carried out with Plan Fluor 40x/

1.30 oil objective on a Nikon AR1 Confocal microscope. Images of each adolescent and adult brains were collected in the mPFC and OFC

regions identified as Cg3 andAID respectively, according to Zilles rat atlas.95 The images were analysed in Imaris 9.1.2. To obtain the length of

PNN branches, number of branches, and terminal branch points, the FilamentTracer tool in Imaris was used. Images were batch pre-pro-

cessed by background subtracting both the 488 and 647 channels, as well as applyingGaussian filter to Alexa 488 antibody stain of all images.

In FilamentTracer, the Alexa 488 antibody staining was selected to be traced. The centre of PNNswere used as the starting point for each cell.

The largest diameter of these starting points was set to 7 mm.Maximumdiameter of PNNswas calculated as an average size of all PNNs across

images. The thinnest diameter was automatically set to 0.6 mmby Imaris AI. Seed points were automatically detected by Imaris AI. Diameter of

sphere region by which Imaris removes seed points around the starting points was set to 15 mm. Disconnected segments were selected to be

removed and smoothed with 0.600 mmwhich was automatically detected by Imaris AI. Absolute thresholding was manually allocated to each

image. Dendrite thresholdwas set to 3.62 mmandmax gap length between 488 AlexaFluor pixels set to 7 mm.Only PNNs colocalisedwith a PV

(PNN:PV+) were selected to be analysed. In addition, to ensure consistency, only PNN:PV+ cells that were complete and not degraded were

selected for analysis.97 This ensured investigation of the connectivity and functionality of the PNN lattice structure of PNNs surrounding PVs

following injury/treatment, rather than any fragmentation of the ECM lattice. Five PNN:PV+ were selected from both the left and right hemi-

sphere in each brain region. The average length of the branches, number of branches, and terminal branch points for each PNN selected was

calculated by Imaris FilamentTracer AI.

QUANTIFICATION AND STATISTICAL ANALYSIS

Power calculations were completed with G*Power software (version 3.1). Based upon Cohen’s (1988) criteria98 and a moderate effect size of

0.40, alpha of 0.05, a power of 0.80, the estimated sample size needed for four-way ANOVAs was N = 131; indicating we were adequately

powered with a sample of 172. Therefore, four-way ANOVAs with age, (adolescent; adult), sex (male; female), injury (RmTBI; sham), and

treatment (antibiotics; placebo), as factors were run for all behavioral and immunohistochemical measures, except PNN and PV cell counts.

For PNN and PV cell counts, three-way ANOVAs were run separately for adults and adolescents with sex (male; female), injury (RmTBI;

sham), and treatment (antibiotics; placebo), as factors. All analyses were conducted using SPSS 27.0 for MAC. Post-hoc Bonferroni pairwise

comparisons were run when appropriate. All figures are displayed as means G standard error and statistical significance was consid-

ered p < .05.
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