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Chronic circadian disruption

Iin adolescent mice impairs
hippocampal memory disrupting
gene expression oscillations
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Chronodisruption, the misalignment of internal biological systems with external environmental
changes, negatively impacts health and cognition. A prevalent form, social jet lag, affects a large
portion of adolescents and is associated with reduced academic performance, and impaired emotional
regulation. Despite its prevalence, the mechanism by which adolescent chronodisruption results

in cognitive deficits remains unexplored. Here, we induced chronic chronodisruption in adolescent
mice through light/dark cycle manipulation. We performed a battery of established behavioral tests
alongside an analysis of daily rhythms of expression of genes involved in relevant physiological
functions. We report that adolescent circadian disruption induces impairments in short-term,

social, and spatial memory without prompting anxiety-like behavior. Gene expression analyses
revealed altered oscillation patterns of circadian clock genes in the hypothalamus and hippocampus.
Furthermore, we identified alterations in daily patterns of genes involved in glucocorticoid and
endocannabinoid transmissions as well as synaptic plasticity. This work emphasizes the importance of
circadian homeostasis for cognitive function and hippocampal homeostasis. Thus, understanding the
mechanism underlying adolescent chronodisruption is essential to better understand its long-term
implications for cognitive function and overall health.

Keywords Adolescence, Behavior, Chronodisruption, Endocannabinoids, Gene expression, Memory
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Chronodisruption describes a disturbance in the proper alignment of internal biological systems with external
environmental cues, resulting in the critical loss of time order within physiological processes'. Under normal
conditions, the endogenous circadian rhythms synchronize bodily functions with environmental factors like the
day-night cycle, meal timing and social routines. However, modern society has significantly transformed human
lifestyles resulting in a persistent desynchronization between the biological rhythms and daily activities®.

This social-biological time discrepancy is referred to as social jet lag (SJL) and is operationalized as the
difference in sleep midpoint between workdays and free days’. Epidemiological data estimates that 70% of
the industrialized population experiences SJL* which has been linked to various pathological conditions®®.
Adolescents and young adults are particularly susceptible® with an average SJL of 2 h, 39 minutes’ accompanied
by impaired coping, reward function, impulse control, and emotional regulation®¥-1° which are reflected in
decreased academic performance!l. In fact, the degree of SJL directly correlates with lower educational
achievement!2. Furthermore, SJL causes circadian misalignment' and dysregulation of the molecular circadian
clock!,

The mammalian molecular clock is an intrinsic timekeeping system synchronized by the suprachiasmatic
nucleus (SCN) in the hypothalamus. It is driven by a network of proteins that maintain oscillatory transcriptional
feedback loops!>. The core positive limb is composed of the CLOCK: BMALI heterodimer, which initiates the
transcription of multiple genes, including the period (per) and cryptochrome (cry) families'®. The resulting PER and
CRY proteins are the negative limb of the loop, inhibiting CLOCK: BMALI activity'>. Hence, their degradation
terminates the repression phase and restarts the transcription cycle. Additional regulators like NPAS2, DBP as
well as nuclear receptors ROR and REV-ERBs, help to fine-tune the core circadian machinery'®. The proper
function of this machinery is crucial for regulating the timing of various biological processes throughout the day,
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thus contributing to homeostatic control. While the daily patterns of expression of clock components have been
well-characterized, the rhythmic patterns of clock outputs are less understood. It remains unclear if disruption
of daily rhythms in clock genes directly translates into a loss of oscillation in output gene expression.

We do know, thanks to animal models, that the molecular clock within the central nervous system (CNS),
interacts with critical modulatory systems like the endocannabinoid, dopaminergic, glutamatergic, and
GABAergic systems!”~! among others, to maintain bodily homeostatic conditions. Accordingly, and consistent
with homeostatic failure as a basis of pathological conditions, clock malfunctioning leads to neurotransmission
dysregulation. Nonetheless, whether this loss of homeostasis stems from disruptions of oscillations in clock-
controlled genes and whether this is responsible for the pathological phenotypes remains to be investigated.

Consequently, our understanding of how chronodisruption, specifically SJL, ultimately translates into
morbidity is limited. Several protocols have mimicked SJL in adult mice?*-?2 reporting memory impairments?.
This highlights the relevance of circadian rhythmicity for hippocampal homeostasis, regulating many forms
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«Fig. 1. Youth Jet Lag mice display distinct spontaneous locomotor activity patterns during the last week of the
protocol. a Graphical representation of the experimental design. From PD30 to PD60 animals underwent a
disruptive LD cycle with extended activity periods and phase delays. First, a 5-day pattern of 8 L:16D, followed
by a 4-hour delay in the dark phase onset for 2 days, then returning to 8 L:16D. After 5 weeks, at PD60,
animals had a one-week under standard LD conditions. Control mice were kept on a consistent 12 L:12D cycle
throughout the study (PD30 to PD67). Subsequently, animals were used for behavioral experiments (PD67-77)
or brain extractions (PD67-68). b, ¢ Representative double-plotted actograms from control and YJL. The y-axis
shows the monitored days and the x-axis the time of day expressed as ZT. Black bars symbolize spontaneous
locomotor activity counts. The darkened areas of the plot represent the ambient illumination regime: grey for
lights OFF, white for lights ON. d Spontaneous locomotor activity represented as sinusoidal waves representing
the least-squares best fit trace for experimental groups; control (grey/black) and YJL activity during the last day
of the 8 L:16D cycle (red) as well as during the last day of the 12 L:12D cycle (blue). Data are expressed as mean
(n=4) and standard deviation. e Circlegram comparing acrophase and amplitude of spontaneous locomotor
activity of the three groups assessed. The lengths of the lines represent the amplitude normalized to control
group. The location of the color dots on the circle depicts the ZT of the acrophase. ZT0 represents the onset of
the light phase.

Pairwise models
Experimental group | p value | rsquare | Average | Acrophase | Amplitude | p value
Control 1.22E-09 | 0.357 440.4 16.3 308.8
YJL 8 L:16D 0.001 0.136 433.7 20.5 252.4 0.0004
YJL 12 L:12D 4.88E-06 | 0.231 186.0 18.9 133.6

Table 1. Kronos’ rhythmic analysis output of locomotor activity.

of neuroplasticity?® and supporting memory formation, retrieval, and persistence?*?*. Nevertheless, preclinical
research of adolescent chronodisruption and its impact on cognition is largely neglected despite the higher
prevalence of SJL in young humans. Investigating how developmental disruption of circadian rhythms impacts
CNS homeostasis is essential to understand of the pathophysiology of SJL. This study is, to our knowledge, the
first attempt to investigate chronodisruption in adolescent mice and its downstream effects on the circadian
expression of neurotransmission systems. Our goal was to develop a novel model of chronodisruption in
adolescent mice that recapitulates SJL symptomatology. Additionally, we aimed to determine whether alterations
in natural rhythms of gene expression outside of the central pacemaker are preserved, and if disrupted, to
explore their relationship with the observed pathological phenotype. For this, we first characterized the model
at a behavioral level. Then, we assessed physiological chronodisruption via gene expression analyses throughout
the 24 h cycle. This approach allowed the study of daily rhythms in circadian clock genes as well as external
targets such as components from the endocannabinoid, glucocorticoid, glutamatergic and GABAergic systems.
Overall, our research shows that disruption of adolescent circadian rhythms induces memory impairments and
a loss of circadian homeostasis in the hypothalamus and hippocampus.

Results

Aberrant light cycles in adolescent mice induce alterations in daily locomotor activity
rhythms

Spontaneous locomotor activity of YJL and controls was recorded to assess daily rhythms (Fig. 1). Sinusoidal
curves were generated with Kronos (Fig. 1d). The Generalized Linear Model (GLM) results provided estimated
coeflicients for the sine and cosine and were found to be significant across all groups (Table 1) with strong
evidence of periodicity and varying degrees of goodness-of-fit, as evidenced by the R-squared values ranging
from 0.136 to 0.357 across groups. The acrophase and amplitude for each group is reported in Table 1 and
graphically represented as a circlegram in Fig. le. Furthermore, when assessing differential rhythmicity, the
p-value for the pairwise models indicated that the rhythmic patterns vary significantly across experimental
conditions (p <.001). Specifically, the ANOVAs indicated significant differences for ‘control vs. YJL 12:12} F(1,
186)=52.75, p<.0001, and YJL 8:16 and YJL 12:12} F(1, 186)=24.29, p<.0001. However, no differences were
found for ‘control and YJL 8:16” (Supplementary Information, Table S2).

Chronodisruptive protocol mimicking social jet lag during adolescence induces impairments
in spatial, short-term memory, and social recognition

Elevated plus maze

In the Elevated Plus Maze (EPM), reduced preference for the open arms was taken as a measure of anxiety-like
behavior. Results indicated that the means of time spent in open arms were similar: for controls and YJL (Fig. 2a,
b). Indeed, no significant differences were found between groups for either the percentage of preference or the
number of entries in open arms (Preference for open arms: #(26) =0.36, p=.719, r=.005; Entries in open arms:
(26) =0.15, p=.885, r=.0008). The two-way ANOVA showed no significant main effects of sex nor interaction
sex vs. experimental group, F(1, 24) =0.82, p=.374 (data not shown).
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Reference memory

The reference memory test was used to evaluate spatial memory indicated by an increased preference for the
novel arm over the familiar arms. In this case, both groups showed a preference for the novel arm (Fig. 2c,
d). However, the unpaired t-test revealed significant differences between groups, #(32)=2.18, p=.037, r=.129,
indicating a decreased performance of the YJL group. The two-way ANOVA revealed no significant interaction
sex vs. experimental group, F(1, 29)=0.01, p=.920. Generally, the mean preference of females (41.62%) was
higher than the males’ (38.64%) regardless of the experimental group (data not shown). However, this was
marginally not significant for sex, F(1, 29)=4.13, p=.051.
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«Fig. 2. Youth Jet Lag mice display impairments in spatial, short-term, and working social memory but no
anxiety-like behavior or social avoidance. a Graphical representation of the EPM apparatus. b Percentage of
preference (control: n=11; X =33.08% +10.54, YJL: n=17; X=35.15% +16.77) and number of entries in the open
arm of the EPM (control: n=11; X=21.27 £5.16, YJL: n=17; X=21.59 £5.81) ¢ Schematic representation of the
Reference memory test. d Percentage of preference for the novel arm of the Y-Maze in the reference memory
test (control: n=18; X=41.54% +4.94, YJL: n=16; X=38.17% +3.97). Dotted line at y=33 represents pure
chance. e Visual representation of the NOR experimental paradigm. f Discrimination index during the NOR
test (control: n=18; X=0.336 £0.15, YJL: n=16; X=0.079 £0.17). Dotted line at y=0 represents no preference
for either object. g Graphical representation of the three-chamber social interaction and recognition test.

h Discrimination indexes during the three-chamber social interaction (control: n=15; =0.323 +0.16, YJL:
n=15; X=0.273 +0.14) and social recognition test (control: n=16; X=0.250 £0.16, YJL: n=15; X=—0.021 £0.17).
Dotted line at y=0 represents no preference between interaction cups. Statistical significance was calculated by
Student’s t-tests. *p <.05; **p <.01; ***p <.001. Data are expressed in violin plots as medians, individual values
and 25 and 75% percentiles for control (grey) and YJL (red) group.

Novel object recognition

The Novel Object Recognition test (NOR) evaluated recognition memory indicated by increased preference
for the novel object compared to the familiar one. During this test, the average total time of object exploration
during the test was 53.99 s (SEM =2.32) and 53.29 s (SEM =2.97) for the controls and the YJL group, respectively
(Fig. 2e, f), with no significant differences, #(34) =0.19, p=.851, r=.001 (data not shown). In addition, we found
that the control mean discrimination index (Mwmml =0.336, SEM =0.04) indicated a higher preference towards
the novel object. Meanwhile, the mean discrimination index of YJL (MY]L = 0.08, SEM=0.04) indicated no
preference between objects. The unpaired two tailed t-test yielded significant differences between groups,
1(32)=4.70, p<.0001, r=.408. The two-way ANOVA revealed no significant main sex effect, F(1, 31)=0.51,
p=.480, nor interaction between sex and experimental group, F(1, 31) =0.09, p=.770 (data not shown).

Social interaction and recognition

During the social interaction test, time spent in the room containing another animal compared to the empty
compartment was taken as a sociability indicator. The average discrimination indexes for control (M_ ., = 0.32,
SEM=0.04) and YJL (M,,; = 0.27, SEM=0.04) indicated that both groups showed preference for the stimulus
mouse over the empty cup (Fig. 2g, h). Additionally, the t-test revealed no significant statistical differences in
sociability between groups, £(28) =0.92, p=.366, r=.029. Social recognition was represented by an increased time
exploring the novel mouse compared to the familiar one (Fig. 2h, right). The average control discrimination
index remained higher than 0 (M, ,=0.25, SEM =0.04) whereas the mean for YJL plummeted (M y = —0.020,
SEM =0.044), indicating no preference between stimulus mice. The ¢-test revealed significant differences between
experimental groups, #(29) =4.55, p<.0001, r=.414. The two-way ANOVA yielded no significant main effects of
sex, F(1,27)=0.47, p=.501, nor interaction between variables, F(1, 27)=0. 001, p=.97, (data not shown).

Adolescent chronodisruption induces alterations in daily expression of the molecular clock
and genes involved in neurotransmission in the hypothalamus and memory processing in the
hippocampus

Regarding circadian clock genes, we found area-dependent significant oscillations (Fig. 3 and Supplementary
Information, Table S3). In the hypothalamus (Fig. 3a-j), the control group showed significant oscillation of
arntll, dbp, npas2, and per2, whereas for the YJL group, significant oscillation was reported for arntl1, dbp, and
npas2, but not per2. Although npas2 was reported to follow a circadian pattern of expression in both groups,
the pairwise model indicated that the patterns were significantly different between controls and YJL (p=.004).
Particularly, we observed an acrophase advancement of 5.6 h. Meanwhile, in the hippocampus (Fig. 3k-t)
controls exhibited significant oscillation of arntll, cryl, cry2, dbp, nr1d2, perl and per2, whereas the YJL group
showed oscillation in arntll, cryl, dbp, nr1d2 and per2, but not cry2 nor perl.

Regarding targets outside the molecular clock, Kronos identified significant oscillations in several genes in
the hypothalamus (Supplementary Information, Table S4) and the hippocampus (Supplementary Information,
Table S5). In the hypothalamus, control animals showed a significant oscillation for: avp, crh, crhrl, crhr2,
napepld, ppara, slc17a6, and th (Fig. 4a-h). Alternatively, in YJL, significant oscillations were reported for ppara,
and slc17a6, but not for avp, crh, crhrl, crhr2, napepld nor th. While in the hippocampus of controls, we found
significant oscillation for crhr2, drd2, gabral, gsk3b, maoa, mgll, npy, ntrk2, sic17a8 and slc1a2, but not napepld,
(Fig. 5a-j). In the YJL, however, significant oscillation was only reported for gsk3b and napepld, but not for crhr2,
drd2, gabral, maoa, mgll, npy, ntrk2, slc17a8 and sic1a2. Importantly, the pairwise model indicated that although
gsk3b did oscillate in a circadian manner in the YJL, its sinusoidal curve was significantly different to that of the
control (p=.04). Particularly, we observed an acrophase advancement of 5.5 h in the YJL group (Fig. 5d).

Discussion

The present study provides novel insights into the consequences of chronic adolescent chronodisruption on
cognitive function and gene expression rhythms in the CNS. We developed a novel adolescent mouse model
of circadian disruption that induces impairments in short-term and spatial memory as well as in social
recognition without affecting other cognitive domains like sociability or exploratory and anxiety-like behaviors.
Chronodisruption was evidenced by alterations in daily activity rhythms under the disruptive LD cycle, and
region-specific changes in clock gene expression. Specifically, in YJL animals, the oscillatory profile of per2
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Fig. 3. Youth Jet Lag mice display circadian disruption of circadian clock genes in the hypothalamus and
hippocampus. Rhythmic analysis output on clock genes mRNA levels in the hypothalamus and hippocampus.
Sinusoidal waves fold change of mRNA expression fold change of hypothalamus aartl1, bclock, ccryl, dery2,
edbp, fnpas2, gnrld2hperl, iper2 and jrora. Sinusoidal waves fold change of mRNA expression fold change of
hypothalamus aartl1, bclock, ccryl, dery2, edbp, fnpas2, gnrld2hperl, iper2 and jrora. Data is normalized to
the median sample of the control group at ZT2. Sinusoid curves represent the least-squares best fit trace for
both experimental groups; control (grey/black) and YJL (red). Data are expressed as mean, individual values
(n=3-5) and error bars represent standard deviation.

and npas2 was altered in the hypothalamus while the hippocampus exhibited a loss of oscillations of cry2
and perl. Furthermore, we describe for the first time the daily expression rhythms of genes including crhri,
crhr2 and napepld in the hypothalamus, and drd2, gabral, gsk3b, maoa, mgll, npy, ntrk2, slc17a8, slcla2, in the
hippocampus. Importantly, the YJL group displayed a region-dependent loss of oscillation in the expression of
genes related to regulation of the hypothalamic-pituitary-adrenal (HPA) axis, the extended endocannabinoid
system, as well as neurotransmitter uptake and synaptic plasticity processes.

It should be considered that while circadian disruption is often associated with metabolic changes which
could indirectly impact behavior and cognition, here, we detected no differences in body weight changes
between groups (Figure S1).

Opverall, the present work offers a novel chronodisruption model that recapitulates cognitive deficits observed
in humans. First, LD cycle disruption significantly altered daily locomotor activity rhythms in YJL mice. Control
mice exhibited an acrophase consistent with previous reports for the C57BL/6 strain®®?”. However, the YJL group
presented a delay in the acrophase during the 8 L:16D cycle, a common observation in short photoperiods?®and
indicative of adaptation to the aberrant LD cycle. Additionally, YJL mice showed differential activity patterns
relative to the type of cycle they were being exposed to, i.e. 8 L:16D or 12 L:12D with 4 h delay of the onset
of light phase. These alterations suggest an entrainment to the disruptive LD cycle and point to a potential
dysregulation in the timing of circadian processes. Indeed, our molecular analyses of well-reported oscillating
clock genes in the hypothalamus, the integrating region of circadian signals, confirm a desynchronization of the
circadian machinery evidenced by the loss of daily fluctuations in per2 and the advancement of npas2 acrophase.
Collectively, these findings evidence that our model induces chronodisruption.

Regarding behavioral assessment, YJL animals displayed impairments in hippocampal-mediated memory,
such as short-term and spatial memory as well as social recognition. This is in accordance with previous
studies that have linked circadian disruption to worsened memory performance?-*!. In this sense, exposure
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Fig. 4. Youth Jet Lag mice display circadian disruption of naturally oscillating genes in the hypothalamus.
Rhythmic analysis output on a selection of genes with circadian oscillation levels of mRNA in the
hypothalamus. Sinusoidal waves fold change of mRNA expression fold change of aavp, berh, ccrhrl, derhr2,
edagla, fnape-pld, gppara and hth. Data is normalized to the median sample of the control group at ZT2.
Sinusoid curves represent the least-squares best fit trace for both experimental groups; control (grey) and YJL
(red). Data are expressed as mean, individual values (n=3-5) and error bars represent standard deviation.
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Fig. 5. Youth Jet Lag mice display circadian disruption of naturally oscillating genes in the hippocampus.
Rhythmic analysis output on a selection of genes with circadian oscillation levels of mRNA in the
hypothalamus. Sinusoidal waves fold change of mRNA expression fold change of acrhr2, bdrd2, cgabral,
dgsk3b, emaoa, fmgll, gnpy, hntrk2, islc17a8 and jslc1a2. Data are normalized to the median sample of the
control group at ZT2. Sinusoid curves represent the least-squares best fit trace for both experimental groups;
control (grey) and YJL (red). Data are expressed as mean, individual values (n=3-5) and error bars represent

standard deviation.
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to an aberrant LD cycle during adulthood has been shown to impair NOR without affecting EPM>? in mice.
Furthermore, a LD cycle of 12 L:9D worsens spatial memory performance in the Morris water maze**. In aged
mice, chronic phase advances impair spatial working memory®*. Regarding social memory, to the best of our
knowledge, no research has addressed the effects of chronic chronodisruption in mice. Though, it is known
that acute exposure to a bright light negatively affects social recognition via oxytocin neurons in the supraoptic
nucleus®. However, in most of this existing research, both chronodisruption and behavioral testing occur during
adulthood, rather than developmental periods.

One recent study investigated early-life chronodisruption (from birth until weaning) induced by a chronic
advancement of the light phase every other day*®. Behavioral tests were conducted during adulthood and reported
impairments in spatial and working memory, which aligns with our observations. Additionally, another study
has applied a similar approach to our YJL model aiming to observe the effects of chronodisruption®” in which
mice underwent a protocol with an aberrant LD cycle during adolescence, comparable to our YJL paradigm.
Authors reported impairments in the NOR and active avoidance test. Such findings are in accordance with the
present work and further provide evidence of the association between adolescent chronodisruption and memory
impairments. Hence, our work is the first one to report social recognition and spatial memory deficits following
chronodisruption during adolescence. This approach is particularly relevant since, during this period, humans
exhibit greater susceptibility to circadian disruption due to intrinsically delayed sleep-wake phases.

Although both sexes were included as a variable, this was never found to interact with our experimental
manipulation. Unfortunately, contextualizing this finding within existing literature is challenging since most
studies on LD-induced chronodisruption are performed exclusively on male mice?**>%. However, and despite
known sex differences in circadian biology**generally, circadian disruption seems to affect male and female
rodents similarly®®3°.

In the context of anxiety-like behavior, exposure to drastically altered LD cycles is considered a stressful
experience for the animals*’ and chronic stress has been linked to memory impairments*'. Since YJL animals
display no changes in anxiety-like behavior in the EPM at basal conditions, we infer that memory impairments
are unlikely due to stress derived from the aberrant LD cycle, probably due because in our procedure changes
of LD cycle were relatively mild. In addition, social withdrawal is a hallmark of chronic stress*2. Since we report
no social avoidance, the YJL phenotype might be substantially different to that of anxiety-like behavior arising
from a stress-inducing protocol. Hence, the explanation of the worsened memory performance seems to be
contingent to chronodisruption during adolescence.

At the molecular level, behavioral alterations in YJL were accompanied by molecular evidence of
chronodisruption within the hypothalamus, such as alterations in the oscillation of per2 and npas2. Additionally,
we provide the first characterization of the oscillatory profile of crhrl and crhr2 within the hypothalamus. In
this area, glucocorticoid release follows a strict circadian organization evidenced by daily fluctuations of crh
mRNA and blood plasma glucocorticoid levels®. In this context, our finding reinforces the control of circadian
clock genes in glucocorticoid transmission. Additionally, we observe a loss of oscillation of crh, crhrl and crhr2
in YJL which can be directly linked to molecular clock alterations. Previously it has been observed that the
function of per2 in the hypothalamus is tightly related to the control of corticosterone secretion*!. Therefore, it
is possible that the disruption of daily rhythms of crh, crhrl and crhr2 in YJL is associated with the disruption of
hypothalamic per2 oscillations. Notably, changes in HPA components did not reflect absolute differences in total
expression levels, as indicated by AUC results (Figure S2), but rather a disruption in the timing of their rhythmic
expression, which might serve as an explanation for the lack of differences during the EPM between YJL and
control. Furthermore, both npas2 and per2 are key regulators of glutamatergic transmission®. Although we
report a significant overall downregulation in the expression of VGLUT3 (slc17a8) in YJL animals (Figure S2),
no significant differences in rhythmic expression were observed in other glutamatergic genes, suggesting limited
impact on hypothalamic excitatory tone.

In the hippocampus, a region essential for memory processing, we found circadian oscillation in the
expression of core clock genes in basal conditions (arntll, cryl, cry2, dbp, nrld2, perl and per2), consistent
with prior studies?®. Furthermore, we describe, for the first time, daily rhythm of expression in genes critical for
synaptic function (crhr2, drd2, gabral, gsk3b, maoa, mgll, npy, ntrk2, slc17a8, sic1a2), as well as napepld in YJL
mice, which emphasizes the relevance of circadian control of hippocampal functioning and synaptic plasticity?°.

As expected, adolescent chronodisruption induced a loss in daily expression patterns of clock genes, such as
cry2 and perl, as well as those genes whose rhythms of expression have been first characterized by the present
study. Interestingly, the alterations in the molecular clock can be linked to the observed memory impairments.
Although to date, no role of cry2 in memory function has been established, it has been observed that reduction
of hippocampal per] mRNA levels using siRNA prior to training impairs learning, while its overexpression
prevents age-related memory deficits*’. Moreover, PER1-knockout animals perform significantly worse in
hippocampal-dependent long-term spatial learning tasks*. Furthermore, prolonged activation of glucocorticoid
receptors has been linked to loss of perl oscillation in the hippocampus resulting in loss of circadian variation
in LTP and impaired memory®. This observation fits well with our results, in which a loss of hypothalamic per2
oscillation is accompanied by a dysregulation of crh, crhrl and crhr2 gene expression which, in turn, might lead
to the disruption of perl daily rhythms in the hippocampus potentially contributing to memory impairments.
This effect might occur through the regulation of CREB-mediated transcription since absence of PER1 disrupts
both CREB-dependent gene expression and long-term hippocampal memory formation®®°!,

Interestingly, the hippocampus is not directly innervated by the SCN. Instead, circadian signals are relayed
via the medial septum, through GABAergic signaling, and into the hippocampus via cholinergic networks®.
This septo-hippocampal interaction is critical in memory formation® and therefore, it has been implicated as a
potential mechanism of memory impairments by chronodisruption®. In this sense a disruptive LD phase shift
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induces memory impairments by a septal influence of hippocampal excitability>*. This is consistent with our
findings since perl and per2 are known to influence membrane excitability in hippocampal CA1 neurons.

Regarding gene targets outside of the molecular clock, we observed a loss in the rhythmic expression of ntrk2
-a well-established mediator of long-term potentiation (LTP)>® and memory formation- following YJL. This is
line with previous studies describing altered normal fluctuation of BDNF/TrkB levels in response to exposure
to an aberrant LD cycle and associated with memory impairments®. Furthermore, chronodisruption-induced
memory impairments are accompanied by a decreased amplitude of LTP*’. In fact, though less described, LTP
magnitude and characteristics vary between the light and dark phase?>*®. Additionally, neurotrophic factors
like BDNF and TrkB play an important role as modulators of hippocampal dendritic spine morphology, which
is essential for both synaptic plasticity and memory processing®®. Studies in rodents have revealed circadian
oscillations in spine density of the CA1 and DG subregions®. Notably, these daily rhythms in morphology are
affected by the LD cycle and light pulses®¢2. This implies that circadian rhythms regulate light-induced rapid
remodeling of hippocampal neurons. Indeed, aberrant LD cycles like constant light impact diurnal differences
in spine morphology and spatial working memory®. Since in our model we observe alterations in daily rhythms
of TrkB, it is likely that some interferences on LTP and synaptic plasticity are contributing to the YJL phenotype.

Following our observations, other components that might be contributing to the YJL phenotype include: (1)
dopamine receptor D2R which is required for hippocampal-dependent memory and plasticity®*(2) GluA1 and
GluA2 receptors determinant contributors to memory retrieval®®(3) DAGLa, NAPE-PLD, PPARq, and MAGL,
key components of the endocannabinoid system which plays a key role in memory due to its regulation of
synaptic plasticity processes such as LTP®®or 5) GSK3B, which is required for memory reconsolidation®’. In fact,
circadian rhythmicity of GSK3B activation regulates synaptic plasticity in the hippocampus®® and proteasomal
degradation of CRY2 which might be related to our observation of altered cry2 expression.

A key strength of this work lies in its focus on analyzing variations in gene expression, particularly for targets
outside the circadian clock machinery. This approach is crucial since most studies describe either a complete
absence or a general reduction/increase in protein and/or mRNA levels. In contrast, our study reveals a loss of
circadian oscillation, without significant changes in overall expression (Figure S2). This finding underscores
the limitations of single-time point analysis, since changes in overall expression levels of oscillating molecules
could simply reflect a shift in the peak of expression rather than a true up- or down- regulation. Hence, our
work emphasizes the importance of incorporating the temporal dimension into molecular analyses. However,
it is important to consider changes in mRNA expression patterns do not necessarily reflect changes in protein
abundance or function. Assessing these parameters by incorporating proteomic analyses or functional assays
could contribute to fully understand the biological impact of these transcriptional factors.

Despite its relevance, experimental approaches incorporating circadian variables remain uncommon,
particularly in behavioral neuroscience. This scarcity is due to intrinsic limitations in the methodological
techniques since factoring in the variable time greatly complicates experimental design. One limitation is the
relatively small sample size per timepoint, inherent to the time-series design. This constraint, combined with
natural biological variability, contributes to increased variability in gene expression measurements, which might
hinder the accurate detection or modeling of circadian rhythms. In this line, most genes that were rhythmic in
the YJL group also showed rhythmicity in controls, suggesting thet chronodisruption altered existing rhythms
rather than inducing new ones. Nape-pld in the hippocampus was an exception, but due to high variability, this
result should be interpreted with caution.

Our current approach stands out as innovative, as it has not only allowed us to assess the loss of gene
expression rhythmicity in the context of YJL, but also to identify genes whose circadian expression was
previously ignored. Therefore, to effectively build on these findings and keep combining chronobiology with
behavioral neurobiology;, it is essential to develop and implement new methods or resources that overcome these
experimental limitations.

In conclusion, our study provides valuable insights into the interplay between circadian rhythms, memory,
and daily fluctuations in gene expression. We show that the YJL model effectively induces chronodisruption,
evidenced by altered daily rhythms in locomotor activity and oscillatory patterns in molecular clock genes. We
conclude that chronic disruption of circadian rhythms during adolescence induces deficits in short-term, spatial,
and social working memory as well as alterations in daily expression of genes associated with endocannabinoid
system, glucocorticoid release, and synaptic plasticity within the hypothalamus and hippocampus. This work
underscores the relevance of circadian dynamics into hippocampal function and homeostasis and highlights
adolescence as a vulnerable period.

Methods

Animals

Male and female C57BL/6 mice at postnatal day 30 (PD30) were purchased from Charles River (Lyon, France)
and delivered to our animal facility (UBIOMEX, PRBB). Mice were grouped-housed at a stable temperature
(22 °C+2) and humidity (55% + 10%), with food and water ad libitum. Animal weights were recorded daily
(Supplementary Information, Figure S1). All tests were conducted during the dark phase in standard dim light
conditions (15-25) lux from PD67 to PD74.

Animal care and experimental protocols were approved by the Barcelona Biomedical Research Park -
Universitat Pompeu Fabra Ethical Committee for Animal Research (CEEA-PRBB-UPF). In all the studies,
animals were treated in compliance with the European Communities Council Directive (86/609/EEC) and the
ARRIVE guidelines for the care and use of laboratory animals.
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Youth jet lag paradigm

We developed a novel chronic circadian disruption protocol contemplating a short photoperiod combined with
a phase delay. The onset of the light phase was labeled as ZT0. The protocol consisted of two different light/
dark (LD) conditions. First, an 8 L:16D cycle for the first five days (lights ON at ZT0 and OFF at ZT8) shown
to induce changes in circadian phasing®®. Then, during the sixth and seventh day we applied a 4 h shift on
the onset of the light phase (12 L:12D, lights OFF at ZT14). On the eighth day, the cycle returned to 8 L:16D.
Animals subjected to said protocol constituted the experimental group: “youth jet lag” (YJL). The protocol was
implemented during the adolescent-like period, although the exact duration of adolescence in mice is still a
subject of debate. It is widely accepted that this phase begins around the onset of puberty at approximately
PD30 and extends until sexual maturity is reached at PD60%-7!. Notably, some circadian parameters can help to
delimit this developmental window, including a characteristic delay of the circadian phase that emerges at the
onset of puberty, peaks at PD35-45 and stabilizes at around PD607>7* when the adulthood begins. Hence, when
PD60 was reached, all animals spent one week in standard inverted LD conditions (lights ON at ZTO0, lights OFF
at ZT12) prior to further testing. Control mice were housed under a standard inverted LD cycle throughout the
entire procedure.

Locomotor activity

The evaluation of daily rhythms of locomotor activity allowed us to evidence the effects of the aberrant light dark
cycle directly in the behavior of the animals. For this purpose, the spontaneous locomotor activity of the animals
was recorded during the last week of the YJL paradigm (PD53-PD60) to avoid social isolation stress, which can
introduce stress-related confounds, and when the most pronounced disruptions were expected. Alterations in
locomotor activity were evaluated by monitoring the locomotion of a small cohort (#=10) from PD53 to PD60
(LE8825, LE8816; Panlab s.l.u., Barcelona, Spain). The cohort included animals from both control (3 males
and 2 females) and YJL (3 females and 2 males) groups. Since the recordings were performed at PD53, the
experimental group was undergoing the last week of the YJL procedure and hence, were housed under two
different light schedules. Meanwhile, the recording of the control group occurred under standard LD conditions.
For the statistical analysis with Kronos, data of different days had to be collapsed. For YJL, two distinct days
were considered due to the differences in light schedules. For this, we selected the last days of the two different
light cycles of PD55 (8 L:16D) and PD57 (12 L:12D) to evaluate the effects of the 4 h light phase onset delay. For
control mice, we considered the activity of PD57.

Elevated plus maze

The EPM (LE-842, Panlab s.l.u., Barcelona, Spain) was used to evaluate anxiety-like behavior, following the
methodology of previous studies”. Briefly, the apparatus featured a black cross-shaped design with two enclosed
arms and two open arms that stood 30 cm above the floor. Mice were placed in the intersection of the arms and
allowed to explore the maze for 5 min. Animals’ movement in the maze was assessed by an automated tracking
software: Smart (Panlab s.l.u., Barcelona, Spain). The number of entries in each arm was considered and the
percentage of time spent in the open arms was calculated with Eq. 1.

time i
Preference for open arms (%) = ———— (time in opeﬁ arms) x 100 (1)
(time in open arms + time in closed arms)

Reference memory test

The reference memory test was performed as previously described”” to evaluate spatial reference memory.
Briefly, we employed a Y-maze with three arms separated by 120° angles each featuring one visual cue. The
experiment began with a five-minute training session in which entrance to one of the arms was blocked. After a
1-hour inter-trial interval, we performed the test session. The entrance was unblocked, and mice were allowed to
freely explore all arms for 5 min. The Smart Software tracked the time spent in each of the arms. The preference
ratio was then calculated using Eq. 2.

ti ) l
Preference for novel arm (%) = ::ne ”,L nolzl)e arm 100 (2)
ime in all arms

Novel object recognition

The NOR test was performed to evaluate short-term declarative memory as described in Garcia-Baos et al.,
(2023)7°. The experiment comprised habituation, training, and test sessions all 5 min long. During habituation,
mice were introduced to the empty arena. In the training session, mice explored the box containing two identical
objects (familiar objects). Following a retention time of 3 h, the test session was conducted, replacing one of the
familiar objects with a novel one. Both test sessions were video recorded (Logitech C270) and analyzed using the
software BORIS”® by a double blinded observer. The discrimination index was computed using Eq. 3.

Discrimination index — time novel object — time familiar object

€)

time novel object + time in familiar object

Social interaction and recognition test

The social interaction and social recognition tests were performed as previously described’” to assess sociability
and social memory. The test utilizes a three-chamber arena, two wired cups and unfamiliar juvenile mice (PD30)
for social interaction. It is divided into 3 ten-minute sessions. During habituation, subject mice explored the
maze where the lateral chambers contained an empty wire cup each. During sociability, an unfamiliar juvenile
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mouse was enclosed in one of the cups and the other remained empty. Lastly, in the social novelty session, a
second unfamiliar mouse was enclosed in the second wire cup, which had remained empty in the previous
session. The Smart software was used to track the animal and assess the time spent in the areas surrounding the
cups. The discrimination index was calculated with Eq. 4.

time cup A — time cup B

Discrimination index =

4
time cup A + time cup B @

Time-point tissue collection

Brain sample collection was performed to obtain different measurements of gene expression throughout the
24 h cycle to study circadian rhythmicity’®. For this, all animals were housed in a standard LD cycle (12 L:12D)
from PD60 to PD67. At PD67, mice were sacrificed by cervical dislocation at 6 different time-points: ZT2, ZT6,
ZT10, ZT14; ZT18 and ZT22. The hippocampus and hypothalamus regions were isolated (See Supplementary
Information), extracted and stored at —80 C for further analysis.

Gene expression analysis

RNA isolation and RT-PCR

Total RNA isolation was performed via the TRIZOL method (Supplementary Information). Reverse transcription
was performed by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA)
following the manufacturer’s protocol, as previously described.

OpenArray™ technology

Custom array plates were designed and obtained from Thermo Fisher Scientific Inc. (Supplementary
Information, Table S1). To perform the OpenArray™ analyses, 2.5 pl of cDNA sample was mixed with 2.5 pl
TagMan OpenArray™ Real-Time Master Mix (Thermo Fisher #4462159) and loaded into a single well of a 384-
well plate””. Custom OpenArray™ plates were then automatically loaded using the AccuFill System (AccuFill
System User Guide, PN4456986) and run in QuantStudio 12 K. Data were analyzed using ExpressionSuite
Software v1.3 (Thermo Fisher Scientific, 2018-2020). The amplification was normalized to the geometric mean
of selected reference endogenous genes actb, gapdh, hprtl and b2m. Fold-change values were calculated using
the AACt method using the median value of the ZT2 control as reference sample’s.

Statistical analysis

We assessed normality and homoscedasticity across all data sets using the Shapiro-Wilk and Spearman’s test.
Parametric tests were employed when assumptions of normal distribution and equal variance were met. For
single-factor, two-group analyses, we used two-tailed unpaired Student’s t-tests. Alternatively, for between-
group designs involving two variables, we employed a two-way ANOVA with Bonferroni post-hoc corrections.
The present study includes male and female mice in all experiments and considers ‘sex’ as a variable whenever
the number of animals was sufficient. When analyses revealed no statistically significant differences based on
sex, data were pooled. Statistical significance was set at p <.05.

Circadian rhythms were analyzed using the computational tool Kronos’®%. This software evaluates circadian
rhythms within biological datasets by decomposing the time variable into sine and cosine components and
using a GLM to assess rhythmicity. Sinusoid curves can then be predicted from each outcome variable. The
proportion of variance explained by each individual predicted curve with the corresponding p-value, along
with the acrophase and amplitude is calculated. Additionally, Kronos allows for pairwise comparisons between
experimental groups for statistical evaluation of differential rhythmicity.

Lastly, to compare overall gene expression between experimental groups throughout the cycle, we calculated
the area under the curve (AUC) and used the total area and standard error to perform unpaired Student’s ¢-tests
or with Welch’s correction each gene.

Data were statistically analyzed, and violin plots were generated using GraphPad Prism 8.0. Actograms were
created using Microsoft Excel for Microsoft Office 365. Sinusoidal curves and circlegrams were generated using
R package Kronos.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon request.
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