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ABSTRACT

The consequences of traumatic brain injury (TBtauned during late adolescence (7
weeks-old) on spontaneous object recognition merandyon anxiety-like behaviors in
the elevated plus maze were tested in rats dudotileood. Testing took place at two
different post injury times, in separate groupge¢hand six weeks, when animals were
10 and 13 weeks old, respectively. The rats weheesubmitted to controlled cortical
impact injury, an experimental model of focal TBtlwcontusion, or were sham-
operated. TBI animals failed to remember the faaniibject and had a significantly
lower performance than sham-operated animals,atidig memory disruption, when
the retention delay was 24 h, but not when it was BBI did not have any significant
effect on the main anxiety-related behaviors, brtgduced time in the central platform
of the elevated plus maze. The effects of TBI ommgy and on anxiety-like behaviors
were similar at the two post injury times. In bdtBl and sham-operated groups,
animals tested six weeks after surgery had loweieayrelated indices than those
tested at three weeks, an effect that might beatidie of reduced anxiety levels with
increasing age. In summary, focal TBI with contassoistained during late adolescence
led to object recognition memory deficits in a 28ekt during adulthood, but did not
have a major impact on anxiety-like behaviors. Mgnaeficits persisted for at least six
weeks after injury, indicating that spontaneous fications of these functional
disturbances did not take place along this timeaspa
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I ntroduction

Traumatic brain injury (TBI) afflicts millions ofgople worldwide. In contrast to
other kinds of acquired brain damage, that show tighest prevalence in old
populations, TBI is the leading source of acquibemin damage in children and
youngsters. It causes a large range of deficitsgiwban be maintained or even
aggravated over time, leading to subsequent lomg-ersonal, social and economical
burdens (Thurman, 2014 children and adolescents the prevalence of siagt
repeated events of mild TBI leading to concussammalge is higher than that of more
severe injuries up to the point that they have lwessidered a silent epidemic that
should be more fully characterized (Petraglia, Dash Turner, & Bailes, 2014).
However, a review of epidemiological research afigiic TBI carried out in North
America, Europe, Australia and New Zealand indidakat the incidence of
hospitalized (and thus often moderate or seveagilimjuries, as well as fatal injuries,
consistently peaked among late adolescents (comhpangunger ages), and that males
had a higher risk of injury than females (Thurm2®i4).

TBI can be roughly classified as either focal dfudie. Focal damage results
from a direct impact to the skull, and producesf@ontusions as well as hematomas,
while diffuse damage, which causes widespread dxojuay, is the result of rapid
acceleration-deceleration of the head. It is esgohahough, that 50% or more patients
with moderate-to-severe TBI exhibit a combinatidfiocal and diffuse damage
(Andriessen, Jacobs, & Vos, 2010). In both focal diffuse TBI the mechanisms of
injury can be classified as either primary or selzog. Primary injury is a direct
consequence of mechanical deformation of brain¢isecurring immediately after
being exposed to an external force, and givingtossontusion, bleeding and axonal
rupture, with subsequent necrotic neuron and gélldeath. Secondary injury, which

evolves over a period of hours to days, and evemtinspafter the primary insult, is the



result of biochemical and physiological eventshsag ischemia, inflammation, altered
neuronal and glial functions, loss of membranegntg, etc, that ultimately lead to
neuronal cell death (O’Connor, Smyth, & Gilchrigd11). In parallel with
neurodegenerative changes, other phenomena weghtpadtreparative capacity, such as
cell proliferation, neurogenesis, and a wide aofplasticity-related mechanisms, can
also be observed (Saha, Jaber, & Gaillard, 201#).cbnjunction of long-term
neurodegenerative and neuroreparative phenomets ieaynamic histological and

functional changes over time.

Multiple animal models have been designed in otdeeplicate the diverse
physiopathological and functional consequencesiofdn TBI. The most widely used
are lateral fluid percussion (LFP), controlled matimpact (CCl), and weight-drop. In
LFP a fluid wave impacts dura and fills into instéral spaces, causing focal brain
injury, as well as a certain degree of diffuse ipjun CCIl a pneumatic device causes a
piston to impact on the dura at predetermined spaddlepth. CCl is considered a
model of focal contusion, but it also involves wsdeead damage to both gray and
white matter regions. In weight-drop models, thellsks exposed (with or without a
craniotomy) to a free falling weight. Variationstbese models have also been designed
in order to model mild concussion and more diffpatterns of injury. These variations
include medial fluid percussion and closed headrynpy means of a piston impacting
on the skull (and not the dura) or by dropping &geon a disk cemented onto the

skull (Gold et al., 2013; O’'Connor et al., 2011pKg, Mahmood, & Chopp, 2013).

Using animal models, long-term evolution (from sev&veeks and up to one
year) of TBI has been characterized both post-moetedin vivo (neuroimaging)
mainly after LFP (Bouilleret et al., 2009; Braml&tDietrich, 2002; Immonen et al.,

2009; Liu et al., 2010; Pierce, Smith, TrojanowsgkiMcIntosh, 1998), but also after



CCI (Ajao et al., 2012; Chen, Pickard, & HarrispD3QKamper et al., 2013; Park et al.,
2014; Turtzo et al., 2012), as well as after modéiffuse TBI (Adelson et al., 2001).
In general terms, these studies indicate progressihancement of lesion severity over
time, although evolution profiles may vary depemgdam the outcome measure targeted

(Osier, Carlson, DeSana, & Dixon, 2014).

Temporal evolution of functional deficits has als®en studied with several TBI
animal models by comparing memory performancefégrént post injury times. In
rodents submitted to TBI at adult ages, persistefispatial memory deficits has been
reported after LFP over periods of weeks (Bram{@tgen, & Dietrich, 1997), and even
up to one year (Pierce et al., 1998), but theamesreport indicating that the memory
deficits found in the first month after the init@dmage were no longer present at a later
time; this functional recovery might be relatedrtoreased neurogenesis and survival of
new neurons (Sun et al., 2007). Using a non-spashory task, object recognition
memory (ORM), persistence of deficits has been dészribed after closed head injury
(Chen et al., 2013; Siopi et al., 2012) , and Q@r(vish et al., 2014). However, there
are also instances of partial recovery over tinog.edxample, Tsenter and colleagues
(Tsenter et al., 2008) found that ORM deficits ioelth by closed head injury in mice
were lower 28 days after lesion than 3 days pgstyinFinally, some reports indicate
that memory deficits can show a delayed appear&wreexample, Milman and
colleagues (Milman, Rosenberg, Weizman, & Pick,2G0und memory deficits in the
water T-maze and passive avoidance in mice suldriteveight drop injury when

testing took place 30 and 90 days post injury,nmit7 days post injury.

Besides memory and other cognitive functions, tieeedso an elevated
prevalence of emotional alterations in TBI patigiMalkesman, Tucker, Ozl, &

McCabe, 2013), which can significantly impair theality of life. Animal studies on



this topic have led to inconsistent results, pestegpa consequence of differences in
TBI models and severity, as well as in other methagical considerations (specific
tests used, post injury testing times, etc). Fangale, in adult rodents increased
anxiety has been reported after LFP (Liu et alL®0closed head injury (Meyer,
Davies, Barr, Manzerra, & Forster, 2012), and apaot acceleration variation of
weight drop injury (Pandey, Yadav, Mahesh, & Rajlann2009), while decreased
anxiety levels have been found after CCI (Washingtbal., 2012). Finally, lack of
changes in anxiety and emotional reactivity hage alkeen described after closed head
injury (Siopi et al., 2012). Anyhow, changes in ¢imioal processes can interfere with
performance in memory tasks, and this fact undeesdte importance of taking
measures of emotional reactivity when assessingitgaand memory functions.

Age at the time of brain injury is a significantfar affecting long-term
functional outcome. On the one hand, it has besaordeed that TBI leads to poorer
functional outcome in old rats compared to adudt ywoung rats (Mehan & Strauss,
2012). On the other hand, there is evidence ttah lmjury in juveniles can lead to
increased severity of symptoms, compared to injugdulthood, probably as a result of
disrupted neurodevelopment (Kamper et al., 20133plte of that, the number of
animal studies on this topic using ages equivdtehuman infancy and childhood is
relatively scarce (although it has increased indkter years). This scarcity is even
more pronounced for adolescence, a period of hidsmevability to stress and other vital
experiences (Lynn & Brown, 2010; Schneider, 20%8)that it has been claimed to be a
hole in animal literature concerning the long-tefiects of TBI sustained during this
period of life (Hartman, 2011). Moreover, the numbkstudies that have tested
emotional and cognitive function after differenspmjury times in order to analyze the

temporal evolution of these functions after TBlow. These studies have been mainly



carried out with rodents lesioned at ages equivatehuman neonates and toddlers and
have used several TBI models, such as CCI (Ajab. €2012; Kamper et al., 2013), a
modified midline CCI that induces concussion-likgury (Huh, Widing, & Raghupathi,
2008), a closed head CCI (Huh, Widing, & Raghup&fi1), or impact acceleration
injury by means of weight drop (Adelson et al., 20Q.ong-term evolution (up to 12
weeks) of memory deficits has also been examinedtsthat sustained CCI injury at
an age (4 weeks old) corresponding approximatelgteochildhood or beginning of
adolescence (Park et al., 2014), but, to our kedge, studies comparing memory
performance and/or emotional disturbances aftéergifit long-term post injury times in
rodents submitted to TBI during late adolescenedaking.

To sum up, at any age TBI gives rise to a comptajunction of long-term
neurodegenerative and neuroreparative phenomentnebformer tend to win the battle
over the latter if no effective treatments are adstered, so that pervasive deficits are
common, especially after moderate or severe degifaagiry. Moreover, the
neurodegenerative and neuroreparative phenomeraediby TBI can interfere with
normal brain development. For these reasons ithypsthesized that TBI in late
adolescent animals would lead to persistent dsefafimemory and emotional functions
during adulthood. To test this hypothesis have studied, in male rats, the long-term
effects of TBI sustained during late adolescenced&ks old) on ORM and anxiety-
related behaviors during adulthood at two diffeqgogt injury times: three and six
weeks. TBI was induced by means of CClI, which taked before, is considered a
model of focal brain damage, affecting mainly aatiand subcortical structures
proximal to the impact site, but also producingegpread gray and white matter
damage (Budde, Janes, Gold, Turtzo, & Frank, 2Ball;et al., 2005). In addition, CCI

reproduces most (although not all) pathophysiokaigand functional features of human



TBI and allows rather precise control of injury eaty (Gold et al., 2013; Xiong et al.,
2013). CCI has been widely used in adult rodemtd, & a lower extent, in rodents of
pediatric ages, and it has been characterizediasfal model of focal experimental

TBI in immature rats (Adelson, Fellows-Mayle, Kode#, & Dixon, 2013). According

to other works using the same or similar paramdtargzo et al., 2012; Yu et al.,

2009), the degree of injury inflicted by the CCrgraeters applied can be considered as

moderate or moderate-to-severe.

Materials and Methods

Ethics and animal welfarell procedures were performed in compliance &
European Community Council Directive for care asd af laboratory animals
(86/609/EEC), and with the related directive of fthgonomous Government of

Catalonia (DOGC 2073 10/7/1995).

Fifty-two Sprague-Dawley albino rats (Prolabory&dona, Spain), six-weeks
old on their arrival to the laboratory, were usdgdon arrival, they were kept in the
quarantine room for one week. Thereafteey were singly housed in 52 x 28 x 18 cm

cages

The age of the animals at the beginning of theeerental procedures was
seven weeks, and their mean initial body weight 26577 g (SD £ 27.07). Food and
water were available ad libitum. The animals wesptlunder conditions of controlled
temperature (20—-22°C) and humidity (40—70 %), aathtained on a 12-h light-dark

cycle (lights on at 8:00 a.m.).

Experimental groups

Four groups of animals were used: TBI-3W, Sh-3®I-8W and Sh-6W. These



four groups were the result of combining the folilogvtwo conditions: 1) lesion: TBI
(TBI groups) or sham operations (Sh groups), anub2}-surgery delay: three (TBI-3W
and Sh-3W groups) or six weeks (TBI-6W and Sh-6Wugs). Assignment of the rats

to the groups was random.

Stereotaxic surgery antBl model (CCI)

For stereotaxic surgery, anesthesia was induc#d5% isoflurane (Forane,
Abbot Laboratories, SA, Madrid, Spain) in oxyger/(&in) in a Plexiglas chamber (20
x 13 x 13cm) for 7 min. The animals were then piiicea stereotaxic frame (David
Kopf Instruments, Tujunga, USA ) and the anesthesisicontinued by delivering 2%
isoflurane in oxygen (1 I/min) through a nose maste scalp was incised on the
midline, and after the skull was exposed, a craamyg (4 mm diameter) was performed
over the right hemisphere (4.5 mm posterior to Bragnd 3 mm from midline). The
pneumatically operated TBI device (Pittsburgh Rieai Instruments, Inc., USA) with a
3 mm tip diameter impacted the brain at a veloaft§ m/s reaching a depth of 2 mm
below the dura matter layer, and remained in tlaekfor 150 ms. The impactor rod
was angled 15° to the vertical to maintain a pedprdar position in reference to the
tangential plane of the brain curvature at the ichgarface. A transducer connected to
the impactor measured velocity and duration tofyeonsistency. Thereafter, the scalp
was sutured. To control for postoperative paisingle 0.2 ml subcutaneous injection
of buprenorphine (Buprex, Schering-Plough, SA, NthdBpain) was administered.
Animals of Sh-3W and Sh-6W groups were operatedsimilar way, except that no

impact was applied.

Elevated plus maze test

The animals were tested in an elevated plus ma2&jEeither three (TBI-3W



and Sh-3W groups) or six (TBI-6W and Sh-6W growpsgks after being operated.
The EPM (Cibertec S.A., Madrid, Spain) consistedfafr black methacrylate arms
arranged in the shape of a plus sign. Each arml@as wide, 49 cm long and elevated
31.5 cm above the ground. The four arms were joatdte centre by a 10 cm x 10 cm
square platform. Two of the arms opposite eachrdibhd no sides and were open. The
other two arms were closed on the sides, with 4thigh walls, but open on the top.
The open arms had 1 cm high edges as a tactilee goigprevent the animals from
falling off these arms. The source of light wasghtl bulb suspended 1.6 m above the
centre of the EPM giving illumination of approxirebt 60 lux on the floor of the
central platform, 80 lux on the floor of the opema, and 30 lux on the floor of the
closed arms.

The rats were placed in the centre of the mazegya@vacing the same open arm.
Each animal was tested for 5 min in a single sasg\m automated system (Test 4B,
Cibertec S.A., Madrid, Spain), consisting of tenrpaf photoelectric cells that were
strategically located in several parts of the agfpe; enabled us to record exploratory
behavior in the EPM. The measurements recordedlifdhe subjects were: time spent
in open arms, closed arms and central platform;bmrmof open, closed, and total arm
entries; incursions into the end of the open ardesecations and micturitions, and
grooming and rearing episodes. The open arm eftttasarm entries ratio (entries
ratio) and the time in open arms/time in all four armsior (time ratio) were also
calculated for all the subjects. During the EPMsg®s a masking noise was provided
by an electric fan. Before the first animal andaesn subjects, the EPM was carefully

wiped with a 70% ethanol and dried in order to dwbe presence of olfactory cues.

Object recognition memory (ORM).

10



Object recognition memory procedures were stdthedlay after testing in the
EPM. Training was carried out in an open box (@&srbwidth x 65.5 cm length x 35 cm
height) made of a conglomerate covered with brovetamine and enclosed in a sound-
attenuating cage (72 cm width x 72 cm length x d®7height) made from white
melamine, and ventilated by an extractor fan. Tlaenination on the floor of the box
was 30 lux. The objects used varied in shape, @idrsize, and consisted of Lego
pieces, a hanger and a drink can. They were fiaehke floor of the box with double-
sided adhesive tape so that the rats could not ti@re. They were not known to have
any ethological significance for the rats, and hader been seen by the animals. A
prior pilot study had shown that rats of the satr@rsand age had no spontaneous
preference for any of them. The objects for the@gedion task were available in
duplicate copies. All behavioral sessions were nex with a video camera mounted
above the experimental apparatus and controlled wigkeo tracking software ANY-
Maze (Stoelting Europe, Dublin, Ireland). All theasures were acquired through
ANY-Maze software, except for object exploratiorhigh was scored off-line by a
trained observer who was unaware of the treatnmrditon and position of novel and
familiar objects. To avoid the presence of olfagtouies, the apparatus and objects were
thoroughly cleaned with a solution of 70% alcohodistilled water and dried before

the first rat, and after each animal.

To habituate the animals to the experimental boee habituation sessions
were carried out (two on the same day, separated®kr interval, and the third one on
the following day). The animals were introduceaitite recognition memory box,
under the same lighting and sound conditions asigl@iraining but without any objects,
and were allowed to explore it for 12 min. Totadtdnce moved and number of

defecations were recorded.

11



Neophobia tesin order to habituate the animals to the presehoc@known objects, a
so-called neophobia test was carried out 2 h #itelast habituation session. An
unfamiliar object was exposed in the center ofdpen box. The animals were placed in
the box facing away from the object and allowedxplore for 10 min. Latency of first
object exploration, total time exploring the objeantd total distance moved, were
recorded. Throughout the experiment, exploratioarobbject was defined as directing
the nose to the object at a distarc&cm or touching it with the nose. Turning around

or sitting on the object was not considered expdoyabehavior.

Acquisition trial and memory testORM training began the day after the neophobia
test. During the acquisition session two identalgects were placed near two adjacent
corners of the cage. The rat was placed in therarpatal apparatus, facing the center
of the opposite wall, and was allowed to explomrelf® min. Two memory tests were
carried out, the first one 3 h after the acquisitidal, and the second one 24 h after it
(that is, 21 h after the first memory test)the first retention test, one copy of the
object used on the acquisition session (familigecth, as well as a novel object were
placed in the same two corners of the cage asiacdhuisition trial. The novel object
was presented in the left corner for half of themeats, and in the right corner for the
other half. In the second retention test, one adpiie object used on the acquisition
session (familiar object) and a novel object (défe to the one presented in the first
retention test) were also presented. The positidheofamiliar object was exchanged
between the first and the second retention tesis.specific objects used as either
familiar or novel were balanced, so all the pogsddmbinations were present in each
group. These procedures were intended to redueatmtbiases due to preferences for
particular location or for a particular object. Baetention tests had a duration of 5 min.

The variables that were recorded were: time spgribang each object, latency to first

12



object exploration, total object exploration timasgd total distance moved. The identity
(novelvs familiar) of the object that was visited in thiest place was also recorded in
the retention trials, while the time exploring thigect in the left and right corners was
also recorded in the acquisition session. To deterthe possible existence of a side
bias, a left-right ratio [(time exploring the objaa the left corner — time exploring the
object in the right corner)/total object exploratittime] was calculated for acquisition
session. A ratio significantly different from O iodtes a preference for either the left
(when values are positive) or the right (when valaee negative) object, while a ratio

not differing significantly from O indicates a laok preference for any corner.

Two measures were used to analyze cognitive padoce: Percent novel object
exploration time [(time exploring the novel objétbtal exploration time) x 100], and
discrimination index [(time exploring the novel ebf — time exploring the familiar
object)/ total time spent on both objects]. A vasigmificantly higher than chance
(50%) for percent novel object exploration timed d&gher than 0 for discrimination
index indicates that the aninm@dévotes a significantly higher amount of time tplexe
the novel object than the familiar one. Thus, andesORM is based on the natural
tendency of rats to explore novelty, values sigatfitly higher than 50% and 0,
respectively, are considered a good recall of éineilfar object, whereas values close to
50% or 0, respectively, (i.e., animals exploringhbobjects similarly) are considered to
reflect a lack of recall (Akkerman et al., 201Both indices of relative exploration
make it possible to adjust for any differencesotaltexploration time (Akkerman et al.,

2012).

A criterion of>10 s of exploration during the acquisition sessuas established
for animals to be included in the statistical ara/of ORM performance, since low

exploration times may distort encoding processdbkigmtask. This criterion was
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selected because a methodological study foundhbaninimal amount of exploration
that was required for reliable discrimination penfiance was 9-10 s (Akkerman et al.,

2012).
Brain processing

Twenty-four h after the second memory test, themals were euthanized with
an overdose of sodium pentobarbital (Dolethal, 2@@kg; Vetoquinol SA; Madrid,
Spain) and intracardially perfused with 4% parafaidehyde (PFA; Sigma-Aldrich,
Madrid; Spain) in phosphate buffer saline. Therwavere then extracted and
submerged in a 4% PFA solution, rinsed with phospbaffer, and submerged into a
cryoprotective solution (sucrose 30% in phosphatéeb) for 3-4 days at 4°C. Finally

they were stored at -80°C.

Nissl staining Coronal slices, 40m width, were obtained using a cryostat (Shandon
Cryotome FSE, Thermo electron corporation, Walthid®A), and mounted on gelatin
coated slides. In order to examine the macroscaeffects of TBI, one out of every ten
coronal sections throughout the extent of brasugswhere the lesion cavity was visible
were stained with cresyl violet in the animals &1-BW and TBI-6W. These sections
were digitalized with a scanner (HP Scanjet G4088)ng Fijiimage analysis software
digital images were calibrated, and the areasefdhowing regions in the hemispheres
ipsilateral and contralateral to the cortical impaere measured: lesion cavity,
hippocampal formation, and lateral ventridter volume calculations, the areas
obtained in each slice were multiplied by 0.04 nsircés width) and by 10 (number of

sections until the next slice analyzed).

In each section, an interhemispheric ratio scae gomputed [(ipsilateral area /
contralateral area) x 100] for the hippocampal fation and the lateral ventricle. The

mean ratio scores for all the sections in eaclveae used for a more standardized
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comparison between the two TBI groups. Given thase ratio scores are expected to
be significantly similar to 100 if there is no vaile change due to brain damage, and
significantly different to 100 if otherwise, onengple t-tests were also used to
determine whether interhemispheric ratio scoregémh group were statistical different

to 100.
Statistical analyses.

The statistical analyses were carried out withstlagistical programming
language R (R Development Core Team, 2011) andupport of the graphical user

interface Deducer (Fellow, 2012).

Most of the behavioral data were analyzed by me&adinear model analysis
of variance (ANOVA) with a full factoriax2 design. The two independent variables
(factors) were lesion (two categories: TBI and shand post-surgery delay (two
categories: three and six weeks). For the analylseariables recorded during the
habituation tests, repeated measures linear made€\AA was used, with three
repeated measures (one per each habituation se&sitime dependent variabl/hen
the conditions for application of linear model AN@Were not fulfilled non
parametric tests (Kruskal-Wallis rank sum test, parmg the four experimental

groups) were used.

Two-sampléd-tests were applied for the comparison betweeigtelogical
data of the two TBI groupss well as for any other comparisons between two
conditions.One-samplé-tests were used when it was required to determirether

mean values per group were statistically diffeterd given reference value.

Finally, contingency table tests were used, fahaatention test, to determine

whether there was any significant relationship leetmvthe experimental condition and

15



the distribution of proportions of animals visitittge novel or the familiar object in the

first place.

Statistical significance was set at the levePof05.

Results

Three animals died during surgery. Thereforefitted sample was composed of
49 rats, distributed as follows: Sh-3W (n=12), T8M (n=10), Sh-6W (n=13) and TBI-

6W (n=14).

Elevated plus maze

Table 1 indicates the mean (and SD) values pepgiar each of the

measurements taken in the EPM.

A significant main effect of post-surgery delaysdaund on open arm entries
[F(1,45)=5.26P=.026], and on entries ratio [F(1,45)= 4.6P8;.037], while neither
the main factor lesion nor the interaction betwtentwo factors were significant.
Specifically, both open arm entries and entriei@satere higher in the animals in the 6
week condition compared to rats in the 3 week dardiregardless of whether they

had sustained TBI or had been sham-operated.

No effect of the main factor lesion was found,eptdor time in the central
platform [F(1,45)=6.92P=.011]. Specifically, TBI animals remained lessdim this
EPM location than sham ratdo other significant main effects or interactionsrev

found on the EPM measures.

Object Recognition Memory

Habituation trials.A significant main effect of session was foundtfual distances

16



moved [F(2,90)=47.01P<.001], while lesion, post-surgery delay, and tlaieraction,
were not significant. Polynomial contrasts indicktieat the evolution of distances
moved fitted a quadratic functig¢tr4.39;P<.001),with a sharp decrease from the first

to the second habituation sessions.

Exploration and locomotor activity in the neophobesat.One animal in Sh-6W group
was excluded from the analyses of object explandtitency in the neophobia test

because it had null object exploration.

No significant main effects or interaction werera for object exploration time
and object exploration latency, while a significkestion x post-surgery delay
interaction was found for total distance moved [F§)=5.50;P=.023]. Analyses of
nested effects indicated that, in sham groups, @sitested three weeks after surgery
moved longer distances in the neophobia test thintested six weeks after surgery
[F(1,46)=5.72. P=.021]. In contrast, post-surgexhag had no effect on distances

moved by TBI animals.

Object exploration and locomotor activity in thegaiisition and retention trial$No
significant effect of the main factors and thebenaction was found for total
exploration time, latency of first object explomtj and total distance moved in the
acquisition session. One sampkest (bilateral) indicated that the left-righteidatio of
the acquisition session did not differ significgrftiom 0 in any of the groups; thus, no

side bias was found for any of the groups.

With regard to the retention tests, no significaffécts were found for distance
moved, but there was a significant main effectesfdn on total object exploration
during the 3-h retention test, indicating that TBbups explored significantly less than
sham groups [F(1,45)=4.5P=.039]. TBI animals also tended to explore less tflzam

rats on the 24-h retention test, but this diffeeeanly approached significance

17



(P=.061).

In the 3-h and 24-h retention tests, contingenabyettests indicated that there
was no significant relationship between the expental condition and the proportions
of animals that first visited either the novel e familiar object; i.e., these proportions

were not statistically different across groups.

Discrimination indices and percent novel objectlexgtion in the retention trials.
According to the established criterion (a minimuii0 s exploration time in the
acquisition session), five subjects were excludethfthe analyses of discrimination
index and percent novel object exploration timen(IBI-3W, 2 in TBI-6W and 2 in
Sh-6W groups). The final sample for memory analysas thus composed of 44

subjects, 9 in TBI-3W, 12 in TBI-6W, 12 in Sh-3Whdall in Sh-6W.

Figure 1 depicts the mean values of percent txpdoeng the novel object for
each of the four experimental groups in the 3-h 24 retention tests. With regard to
the 3-h retention test, one-samplest showed that in all the groups percent time
exploring the novel object was significantly higllean chance (50%) [TBI-3W:
t(8)=4.28;P=.001; Sh-3W1(11)=6.14;P<.001; TBI-6W:t(11)=5.92;P<.001; Sh-6W:
t(10)=5.12;P<.001], and discrimination index was significarftigher than 0 [TBI-3W:
t(8)=4.30;P=.001; Sh-3W1(11)=6.11;P<.001; TBI-6W:t(11)=5.90;P<.001; Sh-6W:
t(10)=5.12;P<.001] indicating a good recall of the familiar objecinéal model
ANOVA indicated that the two main factors and theteraction were not statistically
significant for either of these two measures. Tipgscent times of novel object
exploration and discrimination indices were simitaif Bl and sham rats and in both

post-surgery delays.

With regard to the second (24-h) retention tes¢-samplé-test showed that in

the two sham groups percent time exploring the halgct was significantly higher
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than chance (50%) [Sh-3W: t(11)=8.6°%%.001; Sh-6W: t(10)=4.27P<.001], and
discrimination index was significantly higher th@fSh-3W: t(11)=8.61P<.001; Sh-
6W: 1(10)=4.25P<.001], indicating a good recall of the familiajett. In contrast,
these values did not differ significantly from claneference values in both TBI

groups (TBI-3W and TBI-6W), indicating a lack otedl.

Linear model ANOVA showed a significant main effe€lesion on percent
time exploring the novel objefff(1,40)=8.97;P=.004], and on discrimination index
[F(1,40)=8.94P=.004],in the 24-h retention, while neither post-surgegiag or the
interaction between the two factors were significdhis indicates that TBI groups
spent less time exploring the novel object anddnbmver discrimination index than

sham groups.

Measures of brain damage.

Figure 2A depicts the mean interhemispheric ratares for the volumes of the
hippocampal formation and the lateral ventricleach of the two lesioned groups,
while a photograph of one coronal slice stainedhwiesyl violet in a representative

TBI animal is shown in Figure 2B.

One samplé-tests (unilateral) indicated that both TBI groinasl
interhemispheric ratio scores significantly lowean 100 for the hippocampal
formation [TBI-3W:t(9)=-3.64;P=.002; TBI-6W:t(13)=-7.26;P<.001], and
significantly higher than 100 for the lateral veécie [TBI-3W: 1(9)=3.41;P=004; TBI-
6W: t(13)=2.97;P=.005]. These data indicate that, in both TBI ggupe volume of
the hippocampal formation was significantly reduaaetd that of the lateral ventricle
was significantly expanded, in the hemisphere apsihl to the lesion compared to the

contralateral hemisphere.

19



Two-sampld-test analyses indicated that there were no s@gmfidifferences
between the two TBI groups in hippocampal and dteentricle ratio scores, as well as
in the mean volume of lesion cavity.

Discussion

The main results of the present work indicate, timatoncordance with our
hypothesisTBI sustained during late adolescence inducesrsaleficits in ORM
during adulthood at two different post injury tim@sree and six weeks), but only when
memory was tested 24 h after the acquisition &ma not when it was tested at 3 h.
Specifically, TBI animals failed to remember thenfBar object in the 24-h retention
test and had a performance in this test that veggsfsiantly lower than that of sham-
operated rats. Memory deficits were similar in dnémals tested three weeks after TBI
compared to those tested six weeks post-surgeggesting that no spontaneous
modifications of TBI-related ORM deficits took paealong this time span, which is
rather long if we take into account that three veeafka rat’s life during early adulthood
are estimated to be roughly equivalent to two yeéisiman life (Sengupta, 2013).

The different outcome of TBI on 3-h vs. 24-h retemtmay be a consequence of
differences in the requirements associated to tssthsuch as memory load, which is
higher in the second retention test, as well asiplesdifferences in the neural circuitry
participating in each test. The involvement of pleeirhinal cortex in ORM is not under
dispute (Brown, Barker, Aggleton, & Warburton, 20¥2inters, Saksida, & Bussey,
2008), but this structure interacts with the hipggpoapus, and with other regions in and
outside the medial temporal lobe to contributéhte memory task (Warburton &
Brown, 2014). The specific role of the hippocamipaiation within this circuit has not
been fully elucidated, but it seems to play a nsigeificant role in ORM when the

delay between the sample phase and memory testseésised (Hammond, Tull, &
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Stackman, 2004), and when spatial requirementsraphasized (Warburton & Brown,
2014). Using the same ORM procedures as in theepregork, positive correlations
have been found between memory performance intar2fention test (but not in a 3-h
retention test) and the number of novel immatureores (cells double labelled for
bromodeoxyuridine and doublecortin) in the dentptels, in rats (Jacotte-Simancas et
al., 2014). Although correlational analyses doingblve any causal relationship, they
nonetheless suggest a higher involvement of theoegimpal formation in the 24-h
retention test, at least with the specific procedwrsed here. However, this is not to say
that damage to the hippocampal formation be thaelysoésponsible for the ORM
deficits found. Damage to other structures suatoascal areas, thalamus and striatum
(Zhao, Loane, Murray, Stoica, & Faden, 2012), reducumber of mature neurons in
the perirhinal cortex (Jacotte-Simancas et al.4204nd a wide variety of
pathophysiological and neurochemical events (wickggpinflammatory reactions and
oxidative stress, demyelination, axonal injury, altdrations of several
neurotransmitter systems, impaired neuroendoctinetion, etc) (Biegon et al., 2004;
Budde et al., 2011; Zhang, Han, Zhang, Sun, & L#@j,4), may also contribute to
ORM deficits after CCl in rodents.

The animals were 7 weeks old at the time of inihalry. In spite that not a
clear definition of adolescence in rats is avadalbbr male rats this age seems to
correspond to late adolescence (McCormick & Math&®40; Schneider, 2013).
During adolescence multiple neurodevelopmental phnma, such as substantial
synaptic pruning in several brain areas, changéseimctivity of multiple
neurotransmitter systems, etc, take place (Schn&l@&3). Some of these
neurodevelopmental processes have been linke@ teptrific neuroendocrine status

associated to this period of life, such as thetsuibisl increase of gonadal steroid
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hormones and growth hormone (GH), as well as ferdihtial reactivity of the
hypothalamic pituitary adrenal (HPA) axis and higsieess vulnerability compared to
other ages (Masel & Urban, 2014; McCormick & Matkse®010; Schneider, 2013).
Besides a role in development, gonadal hormones,a@&éihormones of the HPA axis
also participate in a variety of emotional and atiga functions (Masel & Urban, 2014;
McCormick & Mathews, 2010; Sisk & Zehr, 2005). tmn, altered neuroendocrine
function is common after TBI in humans, includirgldren and adolescents (Masel &
Urban, 2014). Animal research has reported redleeds of GH and testosterone after
repeat (but not single) mild closed head injuradolescent rats (Greco, Hovda, &
Prins, 2014, 2013). In adult rats, disrupted horahstress responses after mild LFP
(Griesbach, Hovda, Tio, & Taylor, 2011), and loegat alterations of HPA axis,
gonadal hormones and GH after CCI (Kasturi & St20Q9; Taylor et al., 2008, 2010;
Zhang et al., 2014) have been reported. Sincendocine measurements have been
done in the present work, an influence of altereghtonal status on the behaviors tested
cannot be either confirmed or disregarded. For gkanit is known that stress-related
increase of corticosterone has disruptive effeat®BM in male rats, while both
estrogens and testosterone exert positive modulattects on this task (Luine, 2014).
In turn, GH patrticipates in a wide variety of cagre and non-cognitive functions, and
during adolescence this hormone and its downstreadhator insulin like growth factor
1 regulate the expression of a wide variety of geetated to brain function (Yan et al.,
2011). Zhang and colleagues (Zhang et al., 2014#)ddhat CClI injured adult male rats
had lower levels of overall objet exploration in@RM task, similar to what has been
found in the present work. Interestingly, objegblexation was increased by GH
replacement therapy, but only in GH deficient (atkich constituted 54.28% of all

injured animals). No ORM deficits were found by Abjaand colleagues, probably
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because memory was only tested after a relativedyt slelay (1 h). Thus, GH
deficiency may contribute to altered levels of abjexploration during ORM training,
but not be its sole cause. Whether GH deficienghintontribute to the detrimental
effects of TBI on ORM at longer testing intervadsmains to be tested. Anyhow, the
possibility thatCCl-related endocrine alterations in rodents may ke different
emotional and cognitive outcomes during adolescdmae at other periods of life
awaits further investigation.

Several studies have analyzed the temporal evalofiocnemory deficits after
TBI in juvenile rodents by testing memory functiatdifferent post injury times.
Using CCI in rats lesioned at postnatal day 17spetial memory deficits were found
when animals were tested 30 and 60 days post iffjap et al., 2012), but a longer
follow-up study found spatial memory deficits 3 @nchonths post injury that seemed
to have resolved by 6 months. Using models of ddfliBl, and in rats lesioned at
postnatal day 17, persistent memory deficits akbnge months post injury were
reported (Adelson, Dixon, & Kochanek, 2000). In #rao work, diffuse TBI in rats of
the same age was reported to induce deficits inisitign of a spatial task when the
animals were tested a few days post injury as age8 weeks later, but spatial memory
was only affected at the latter time period (Hulalet2008). Thus, although lingering
memory deficits are generally reported after TBinmmature rodents, there are also
some instances of late-onset disturbances, andémuation of the severity of deficits
after a long period of time. With regard to roddetsoned during adolescence, the
majority of studies have tested memory functioa aingle post injury time (For
example, Appelberg, Hovda, & Prins, 2009; Jacotteaficas et al., 2014; Mannix et
al., 2014; Mehan & Strauss, 2012; Prins, Hales eRegiza, & Hovda, 2010). A recent

study examined the long-term evolution of step dewmidance memory in rats

23



submitted to CCI at 4 weeks of age, which wouldespond to late
childhood/beginning of adolescence. Memory defisi¢se found to persist from the
first post injury time tested (7 days) to the k&sting time, at 12 weeks (Park et al.,
2014). The results of the present work indicaté @@l also causes persistent memory
deficits in late adolescent rats, since impairnoér#4-nh ORM was present three weeks

after injury and remained unchanged well into dehdd, six weeks after injury.

TBI animals had similar locomotion amounts (disesmoved) than sham rats
in the ORM cage during acquisition and retentigagr In contrast, they exhibited
lower object exploration times in the retentiortdebut not in the neophobia and
acquisition sessions. These data might reflecheebow reduced exploratory drive
after CCl in adult and immature rats, in concora@awch other reports (Ajao et al.,
2012; Wagner, Postal, Darrah, Chen, & Khan, 200i&ng et al., 2014). Since ORM is
based on exploratory activity, reduced object epgtion during retention might have
mediated the ORM deficits. This seems unlikelyutiio because TBI rats spent a
similar proportion of time exploring the novel otje¢han sham animals in the first
retention test, in spite of lower overall explooatitimes. Furthermore, the specific
ORM measure used is known to minimize any possilfleences of overall object
exploration on memory (Akkerman et al., 2012). OfRM deficits cannot be
attributed, either, to a side bias (which was retedted in any group) or to any putative
influence of the object (familiar or novel) that swasited in the first place in the

retention tests on percent time exploring the nobgct.

In contrast to the detrimental effects on 24 h ORBI only had minor effects
on emotional reactivity. Thus, the EPM measuresendinectly related to anxiety, such
as open arm entries and time ratio, were not afteby TBI. The only significant

difference between TBI and sham groups in the ERM the finding that TBI animals
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spent less time in the central platform than shais) ean effect opposite to a report
indicating that male (but not female) preadolescatst submitted to mild
TBIl/concussion by means of a modified weight drgpry spent more time in the
central platform of an EPM than control rats whestéd shortly after injury
(Mychasiuk, Farran, & Esser, 2014). The meaningnoé in the central platform is not
clear, but it has been suggested that this measayee related to risk assessment and
decision making (about whether or not to entemuhsafe areas) (Casarrubea et al.,
2013; Cruz, Frei, & Graeff, 1994). Thus, focal T&th contusion might be associated
to a lower risk assessment capacity in face of aesvpotentially threatening
environments, without any significant alterationaoikiety-like behaviors. A
comparison of anxiety-related behaviors after TfBamnimal literature has led to rather
inconsistent results, as indicated in the introducsection (Malkesman et al., 2013).
With regard to immature rodents, Kamper and cglies (Kamper et al., 2013), using
rats submitted to CCI at postnatal day 17, faieddtect any change in anxiety-like
behavior in the zero maze at any of the post injesying times (3, 5, and 6 months);
however, with the same model increased anxietyfaasd 60 days post injury, but not
earlier (Ajao et al., 2012). This indicates that #ifects of TBI on anxiety may vary
depending on the time elapsed since injury. In ootence with this, using a model of
concussion Mychasiuk and colleagues found thatmateed at 30 days of age did not
differ from shams in time in open arms of an EPMewlesting took place one day after
injury (Mychasiuk et al., 2014). In contrast, in@sed anxiety-like behaviors were found
when testing took place 33 days after injury relgemslof whether the animals had
received a single concussion or two concussiveiggiseparated by one month. There
were, however, some differences between male andléerats (Mychasiuk, Hehar, van

Waes, & Esser, 2015pverall, these results suggest that anxiety-likealers may
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vary depending on post-surgery delay, as well aster variables, such as age and sex
of the animals, kind of animal model of TBI, amouwohprior handling, etc.

Anxiety-like behaviors, while not being influenckd TBI, were affected by
post-surgery delay. Thus, in both TBI and sham ttams$, animals tested six weeks
after surgery (when they were 13 weeks old) shoavedjher number of entries into the
open arms and higher entries ratio than animaleddblree weeks after surgery (at an
age of 10 weeks old). This time-dependent effecrmnety-like behaviors may be
indicative of a slight reduction of anxiety withea@ finding which would be
concordant with the progressive reduction of aryxie behaviors reported from
adolescence to young adulthood, and from the ladteriddle adulthood, by Lynn &
Brown (2010). Additionally, or alternatively, thé&férences between the two time
points might be due to the different lengths ofititerval in which rats were left
essentially undisturbed, from surgery to testiagfer than age. Surgery-testing interval
also had an effect on locomotion during the neohtdst, where sham-3W animals
moved more than sham-6W rats, while this effect ma@isseen in TBI rats. These data
are concordant with a report of higher locomotibpastnatal day 72 than at postnatal
day 117 in rats introduced for the first time inage containing novel objects (Saul et
al., 2012), a condition with some similarities e heophobia testhese results might,
therefore, reflect the existence of possible adpted differences in locomotion under
certain circumstances in sham-operated rats, whathid be blocked by TBI.

No significant differences were found in the greskimetric histological
measures of brain damage between the two TBI gr@uuk thus, between the two post
injury times examined). Therefore, similar histot@y outcomes paralleled similar
behavioral deficits in both TBI groups. The podg#iihowever, that differences in

other measures related to brain damage may exiabtée disregarded. Also
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differences among groups might have arisen at lofojjew-up periods, as it has been
described after several TBI models in adult anéfuie rodents (Kamper et al., 2013;
Osier et al., 2014).

In summary, experimental TBI by means of CCI dutatg adolescence (7
weeks old) induced ORM deficits when the animalsanghallenged with a 24-h (but
not with a 3-h) retention delay. These deficitsevevidenced at the two post injury
times examined, three and six weeks, when the d@iges were 10 and 13 weeks old,
respectively, indicating persistence of memoryuttsinces well into adulthood@BI
also had subtle effects on behaviors related ttoexjory drive and risk assessment, but
did not have a major impact on the main anxietg-lkehaviors. Longer follow-up
studies should be carried out after late adolesCéntinjury, as well as after other TBI
models, to examine whether this behavioral pradileodified at older ages and
whether temporal evolution of memory deficits antb&éonal reactivity differs

depending on the kind of lesion inflicted and #sexity.
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Figure 1. Performance in the object recognition memory tddean (+SEM) percent
time exploring the novel object in the 3-h and 2¢tention tests for each experimental
group. Significant effect of the main factor lesi@.004) was found in the 24-h
retention test, indicating that TBI disrupted meyniorthis test regardless of whether
training started three or six weeks after injury.

* : Significantly different from chance level (50%<.001). Chance level is depicted

by dashed lines.

35



-

120 -
2 g [] 813w
© @ *
& 100 - - El TBI-6W
® : * @ 200
: 5
5 801 Z %
> > 150
L 60+ Q
g % 100 feechoe v N .
8 0 @
£ £
£ 2 g 501
I3 L5
= =
€ , IS

Hippocampus Lateral Ventricle
.,"”"
B i

e
£ A
‘ L// .‘k'.‘%‘%"'if’\ .
! =\ \ 4|

Figure2. A. Mean interhemispheric ratio scores (+ SEM) forubkime of the
hippocampal formation and the lateral ventricld Bi-3W and TBI-6W groupsB.
Microphotograph of a cresyl violet-stained sectwdthe brain in a representative
animal in the TBI conditions. * : Significantly d&rent from 100, which is the reference

(contralateral) value.
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EPM measure TBI-3W Sham-3W TBI-6W Sham-6W Statistical Effects

Open arm entries 2.1(.8) 2.3 (1.7 4.1 (4.0) 4.6 (4.4) 6W groups >3W group$€.026)
Open arm entries ratio 14.2 (6.8) 14.7 (9.4) 19.8 (16.2) 29.8 (26.0) 6W groups >3W group$€.037)
Time in open arms (S) 20.2 (18.4) 19.8 (22.3) 46.2 (55.2) 34.7 (55.8) NS

Time ratio 10.1 (8.1) 10.7 (12.4) 22.4 (27.3) 17.8(26.0) NS

Closed arm entries 13.1 (3.3) 12.9 (2.6) 12.6 (3.8) 10.5 (5.6) NS

Time in closed arms (s) 179.4 (37.1) 173.6 (33.3) 164.6 (63.3) 148.4 (60.9) NS

Time in central platform (s) 91.3 (26.4) 106.5 (18.1) 89.14 (24.2) 116.92 (42.3) TBI<Sham P=.011)
Defecations 0 0.3(0.5) 0.7 (1.2) 1(1.6) NS

Micturitions 0.3 (.5) 0.7 (.9) 0.6 (.6) 0.8 (.5) NS

Open arm ends 0.3(.7) 0.5(.8) 1.6 (2.9) 0.5(.7) NS

Head dip 3.2 (2.6) 2.3(3.7) 3.4 (3.7) 2.1(1.9) NS

Rearing 8.3 (3.0) 9.4 (4.1) 8.7 (4.0) 9.3 (4.3) NS

Grooming 1.8 (1.3) 1.8 (1.5) 1.0 (.9) 1.5 (1.5) NS

Table 1. Mean values (standard deviation) of the measalemntin the EPM for each experimental group. Stedilseffects are indicated in the
last column.

6W groups >3W groups: Indicates a significant déftddhe main factor surgery-testing interval. Sfieally, the mean pooled values of TBI-6W and SN-6
groups were higher than the mean pooled value866W and Sh-6W.
TBI<Sham: Indicates a significant effect of the meictor lesion, with the mean pooled values oftthe TBI groups being lower than those of the tlara

groups.
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