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Abstract

Objective: The clock genes Period (per) 1 and 2 are essential
components in the generation and adjustment of biological
circadian rhythms by the suprachiasmatic nucleus (SCN).
Both genes are also rhythmically present in extrahypotha-
lamic areas such as the hippocampus and cerebellum, con-
sidered subordinate oscillators. Several pathological condi-
tions alter rhythmic biological phenomena, but the mecha-
nisms behind these changes involving the clock genes are
not well defined. The current study investigated changes in
PER1 and PER2 immunoreactivity in the SCN, hippocampus,
and cerebellum in a neuroinflammation model. Methods:
Wistar rats received lipopolysaccharide (LPS) or vehicle intra-
cerebroventricularly. The melatonin plasmatic content was
quantified by ELISA to confirm the alterations in biological
rhythms, and PER1 and PER2 immunoreactivities were ana-
lyzed in brain sections by immunohistochemistry. Results: In
the SCN, intracerebroventricular LPS changed PER1 expres-
sion, increasing the number of PER1-immunoreactive (IR)

cells at zeitgeber time (ZT) 15, decreasing it at ZT5 and ZT20
and not changing it at ZT10. LPS also induced a decrease in
PER2-IR cells at ZT5, ZT10, and ZT15 but not at ZT20 in the
SCN. In the hippocampus, LPS induced a decrease in PER1-IR
and PER2-IR cells at both ZTs (ZT10 and ZT15). In the cerebel-
lum, LPS increased the number of PER1-IR cells at ZT10 and
decreased it at ZT15, while the number of PER2-IR cells was
reduced at both ZTs. Conclusions: These results indicate
that a neuroinflammatory condition leads to desynchroniza-
tion of primary and subordinate brain oscillators, supporting
the existence of the integration between the immune and
the circadian system. ©2018 S. Karger AG, Basel

Introduction

The oscillatory capacity of the suprachiasmatic nu-
cleus of the hypothalamus (SCN), the primary oscillator
in the generation and regulation of circadian rhythms,
involves transcription and translation feedback loops of
its cells that result in the rhythmic expression of clock
genes and their proteins [1]. The clock genes perl and
per2 exert a crucial role in this process of determining
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Fig. 1. Photomicrographs of brain frontal
sections at hippocampus level, showing ab-
sence of the PER1 and PER2 protein ex-
pression after immunogenic peptide pre-
adsorption and incubation with PER1 (E-
8) blocking peptide (a), and PER2 (1-P)
blocking peptide (b). Scale bar = 100 pm.

circadian behavioral rhythms [2]. PER proteins regulate
their own transcription by means of a negative feedback
loop between them and the nucleus, providing a post-
translational component to the circadian clock mecha-
nism [1].

The expression of circadian rhythms in physiology

and behavior involves the participation of the circadian
timing system and includes forebrain structures and the
cerebellum [3], subordinate oscillators which, in normal
conditions, can express different patterns of clock genes
in close phase or in antiphase with the SCN rhythms [4,
5].
The ability of pathological conditions to alter clock
gene expression in the SCN [6] and peripheral structures
[7-9] is well known, resulting in desynchronization of
rhythms such as sleep disorders, daily mood changes,
hormone secretion disorders, thermoregulation chang-
es, and locomotor activity phase changes [10, 11], which
in turn can influence the pathological response itself
[12].

Melatonin, a neuroendocrine transducer of photope-
riod information and circadian rhythm regulator, de-
creases after intracerebroventricular injection of the bac-
terial endotoxin lipopolysaccharide (LPS) [13]. This con-
dition is correlated with the activation of the pineal axis
[14] and may represent one of the factors that influence
the desynchronization of the clock genes.

Thus, to investigate whether a neuroinflammatory
condition could change PER1 and PER?2 protein expres-
sion in the primary and subordinate brain oscillators, in
the present study, PER1 and PER2 protein expression lev-
els were evaluated in the SCN, hippocampus, and cerebel-
lum in a model of neuroinflammation induced by intra-
cerebroventricular LPS injection. Although systemic dos-
es of LPS may act on the clock [6], this effect is associated
with its peripheral actions [7-9, 15]. Furthermore, in
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models of intraperitoneal injections, the blood-brain bar-
rier is relatively resistant to LPS, leaving some regions
more vulnerable than others to intraperitoneal injections
[16]. To investigate the central effects of LPS in the SCN,
hippocampus, and cerebellum in the present study, a neu-
roinflammatory model using intracerebroventricular in-
jection was used. In addition, the plasmatic melatonin
content of these animals was evaluated to verify the effect
of LPS on the output rhythm of the SCN. Furthermore,
quantification of cell death with the caspase marker was
evaluated to demonstrate that the brain areas were affect-
ed by LPS since caspase function represents part of the
innate immune response to an inflammatory environ-
ment [17].

Materials and Methods

All procedures included in this work comply with the ethical
standards of the Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research and were approved by the
local ethics committee (proc. 001/2015). All efforts were made to
minimize the number of animals and their suffering.

Intracerebroventricular LPS Injection

Adult male (P60) Wistar rats (n = 40) obtained from the central
facility of Sao Paulo State University were housed under controlled
conditions in a 12-h light:12-h dark cycle with lights on at 7:00
a.m., considered zeitgeber time 0 (ZT0), with controlled tempera-
ture and humidity and water and food (Nuvilab, Nuvital, Brazil)
ad libitum.

The animals were subjected to surgery to implant a metal guide
cannula (0.8 mm) in the left lateral ventricle [13]. After 7 days, 20
animals received sterile saline (5 pL, i.c.v.) (control group) and 20
received LPS (3 pg/5 pL, i.c.v.) (LPS group) (Sigma Chemical, St.
Louis, MO, USA). Because the peak effect of LPS is between 1.5
and 4 h and declines after 8 h [18] and systemic LPS disturbs the
perl rhythm in the SCN after 5 h [6], in the present study, PER1
and PER2 protein expression levels were evaluated 6 h after LPS.
Animals were transcardially perfused (n = 5 per ZT) with saline
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Fig. 2. Temporal variations in the distribution and in the number
of PER1-IR cells in the suprachiasmatic nucleus (SCN) of rats in-
jected intracerebroventricularly with saline (control) or LPS and
perfused at different time points (ZT5, ZT10, ZT15, and ZT20).
DM, the dorsomedial portion of the nucleus; VL, the ventrolateral
portion of the nucleus. Photomicrographs of brain frontal sections
showing PER1-IR cells (red) in the LPS group in 4 periods: ZT5
(b), ZT10 (e), ZT15 (h),and ZT20 (k). The same periods were used
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for the control group: ZT5 (c), ZT10 (f), ZT15 (i), and ZT20 (I). a,
d, g and j The SCN cell nuclei indicating the nucleus boundaries
by DAPI stain. m Quantification of immunohistochemical results
showing the number of PERI-IR cells in the 4 analyzed ZT's (n = 5
animals per ZT). * p < 0.05: LPS significantly different compared
to control. The data are expressed as the mean + SEM. Scale bar =
100 pm.
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Fig. 3. Temporal variations in the number of PER2-IR cells in the
suprachiasmatic nucleus (SCN) of rats injected intracerebroven-
tricularly with saline (control) or LPS and perfused at different
time points (ZT5, ZT10, ZT15, and ZT20). DM, the dorsomedial
portion of the nucleus; VL, the ventrolateral portion of the nucleus.
Photomicrographs of brain frontal sections showing PER2-IR cells
(red) in the LPS group in 4 periods: ZT5 (b), ZT10 (e), ZT15 (h),
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and ZT20 (k). The same periods were used for the control group:
ZT5 (c), ZT10 (f), ZT15 (i), and ZT20 (I). a, d, g and j The SCN
cell nuclei indicating the nucleus boundaries by DAPI stain. m
Quantification of immunohistochemical results showing the num-
ber of PER2-IR cells in the 4 analyzed ZT's (n = 5 animals per ZT).
* p < 0.05: LPS significantly different compared to control. The
data are expressed as the mean + SEM. Scale bar = 100 um.
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(200 mL), followed by 300 mL of 4% paraformaldehyde at ZT5,
ZT10, ZT15, or ZT20. Red lights were used during intracerebro-
ventricular injection, anesthesia, and blood collection when they
occurred during the dark phase. Blood collection was performed
by means of cardiac puncture immediately prior to the transcar-
diac perfusion process.

Tissue Collection

Following the protocol described in Campos et al. [19], after
transcardiac perfusion, the brains were cryoprotected and cryosec-
tioned, and the 30-pm-thick sections were serially stored in 10 dif-
ferent stepwise antifreeze solutions. The coronal sections of one
series representing the entire extent of the SCN;, hippocampus, and
cerebellum were placed in a rostrocaudal order. After this, sections
representing the same rostrocaudal levels were processed for each
antibody.

Immunohistochemistry

The free-floating brain sections were incubated in PER1 (1:
200, Santa Cruz Bio, UK), PER2 (1:200, Santa Cruz Bio, UK), and
caspase (1:200, Santa Cruz Bio, UK) primary antibodies for 24 h.
After the sections had been rinsed in PBS-TX buffer (0.05 M), they
were incubated in normal serum (2%) containing the fluorescent
secondary antibody Cy3 (1:200, Jackson Immuno Research, UK)
for 2 h. After this, cell nuclei were stained by 6-diamidino-2-phe-
nylindole (DAPI) (Sigma Chemical), and the sections were ana-
lyzed by epifluorescence microscopy. The negative staining con-
trols were performed by omitting the primary caspase antibody
and with the addition of the PER1 (E-8) blocking peptide (Santa
Cruz Biotechnology, sc-398890 P, TX, USA) and PER2 control/
blocking peptide No. 1 PER2 (1-P) (Alpha Diagnostic Interna-
tional Inc., TX, USA) to the primary incubation solution of PER1
and PER2 antibodies, which blocked PER1 and PER2 staining
(Fig. 1).

Plasma Melatonin Determination
The plasmatic melatonin content was determined using the en-
zyme-linked immunosorbent assay (ELISA) technique with com-
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mercial kits following the manufacturer’s instruction (Tecan Trad-
ing AG, Switzerland). For this, the plasma for this measurement
was collected from the heart (left ventricle) by puncture before the
transcardiac perfusion process. The data are expressed as the mean
+ SEM of plasma content (pg/mL) and in percentages of LPS group
in relation to control, n = 3 per group.

Data Analysis

Each coronal section was analyzed under a light field and epi-
fluorescence (Olympus BX50 microscope), and the images were
acquired with cellSens software (USA). All visible cells immuno-
reactive (IR) for each antibody were counted in a series of brain
sections (1 = 6 sections per brain region, representing rostrocaudal
levels of the SCN, hippocampus, and cerebellum) using Image]
software (McMaster Biophotonics Facility, Canada). The data are
expressed as the mean + standard error of the mean of the PER1-
and PER2-IR cell number counted per section in each ZT. The
presence of caspase-IR cell bodies was individually evaluated
through semiquantitative analysis among the positively labeled re-
gions according to a previously defined rating scale in which +
means low optical density; ++ means moderate, and +++ means
high optical density.

The SCN sections of ZTs 5, 10, 15 and 20 and the cerebellum
and hippocampus sections of ZTs 10 and 15 were analyzed. The
analysis of variance followed by Newman-Keuls posttest was ap-
plied to compare among ZTs and groups.

Results

The PERI and PER2 proteins presented variations in
day/night expression patterns in the SCN, hippocampus,
and cerebellum of the control rats. The hippocampus
showed PER1 day/night variation in phase with the SCN
unlike the cerebellum, which showed PER1 day/night
variation in antiphase with the SCN. In contrast, the hip-
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Fig. 5. Temporal variations (ZT10 and ZT15) in the number of
PER1- and PER2-IR cells in the hippocampus of rats injected in-
tracerebroventricularly with saline (control) or LPS. GrDG, den-
tate gyrus granular layer; PoDG, dentate gyrus polymorphic layer;
MoDG, dentate gyrus molecular layer. Photomicrographs of brain
frontal sections showing PERI-IR cells in the control group in 2
periods, ZT10 (c) and ZT15 (f), and in the LPS group also in 2 pe-
riods, ZT10 (b) and ZT15 (e), and PER2-IR cells in the control

pocampus did not show PER2 day/night variation, and
the cerebellum showed PER2 day/night variation in phase
with the SCN.

In the SCN, immunofluorescence analysis of PER1
and PER2 revealed different organizations of both pro-
teins inside this nucleus depending on the ZT. When im-
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group in 2 periods, ZT10 (i) and ZT15 (I), and in the LPS group
also in 2 periods, ZT10 (h) and ZT15 (k). a, d, g and j The hippo-
campus cell nuclei indicating the layer boundaries by DAPI stain.
m Quantification of immunohistochemical results showing the
number of PERI-IR cells. n The number of PER2-IR cells at the 2
analyzed ZT's (n = 5 animals per ZT). * p < 0.05: LPS significantly
different compared to control. The data are expressed as the mean
+ SEM. Scale bar = 100 pm.

munoreactivity was compared across ZTs, few PER1-IR
cells were observed throughout the SCN in the LPS group
at ZT5 (Fig. 2b) and ZT20 (Fig. 2k). At ZT10, PER1 was
observed throughout the entire SCN both in the control
and LPS groups (Fig. 2e, f). At ZT15, there were fewer
PERI-IR cells in the control group than at ZT10 (ZT10
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Fig. 6. Caspase: temporal variations (ZT10 and ZT15) in the num-
ber of caspase-positive cells in the dentate gyrus (DG) and cerebel-
lum of rats injected intracerebroventricularly with saline (control)
or LPS. Mo, molecular layer; Pj, Purkinje cell layer; Gr, granular
layer; GrDG, granular layer; PoDG, dentate gyrus polymorphic
layer; MoDG, dentate gyrus molecular layer. Representative cas-

68.0 + 3.0, ZT15 52.6 = 7.1, p < 0.001) (Fig. 2h, i, m). At
ZT20, there were more PER1-IR cells in the control group
(ZT1552.6 +7.1,ZT2067.8 + 3.7, p < 0.001) and fewer in
the LPS group (21.0+5.2,p <0.001) thanat ZT15 (Fig. 2k-
m). When PER1 immunoreactivity was compared be-
tween the LPS and control groups, LPS increased PER1
expression at ZT15 (control 52.6 + 7.1, LPS 76.3 + 4.4,
p < 0.001), did not change it at ZT10, and decreased it at
ZT5 (control 51.8 + 11.2, LPS 7.3 + 3.2, p < 0.001) and
ZT20 (control 67.8 £ 3.7, LPS 21.0 + 5.2, p < 0.001)
(Fig. 2m).

PER2 was mainly found in the dorsal part of the SCN
at ZT15 and ZT20 in the control group (Fig. 3i, 1). After
LPS, the number of PER2-IR cells decreased at ZT5 (con-
trol 58.1 + 5.9, LPS 17.2 £ 3.1, p < 0.001), ZT10 (control
61.0+6.0,LPS4.5+1.4,p<0.001),and ZT15 (control 81.0
+2.6,LPS 15.1 £4.9, p <0.001) but not at ZT20 (Fig. 3m).

Besides the effects of LPS in the SCN, the analysis of
the melatonin level showed a reduction in nocturnal

PER1 and PER2 Desynchronization by
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pase staining in DG coronal sections, from rats submitted to LPS
treatment in ZT10 (a) and ZT15 (c), and controls in ZT10 (b) and
ZT15 (d). Caspase-positive cells in the Purkinje cell layer (arrow)
from rats submitted to LPS treatment in ZT10 (e) and ZT15 (g).
Scale bar = 100 pm.

plasmatic melatonin following LPS (p < 0.05), which sug-
gests a desynchronization of this circadian rhythm
(Fig. 4).

In the hippocampus, the control group showed a low
density of PER1-IR and PER2-IR cells in the granular lay-
er and strong staining for both proteins in the polymor-
phic layer (Fig. 5¢, f, 1,1). The LPS changed this pattern by
increasing PER1-IR in the granular layer at ZT15 (Fig. 5e),
although this change was not reflected in an increase in
the total number of PERI-IR cells (Fig. 5e). LPS decreased
PERI expression at ZT10 (control 66.2 + 3.9, LPS 43.3 +
6.4, p < 0.001) and ZT15 (control 60.0 + 4.9, LPS 24.0 +
4.6, p < 0.001) (Fig. 5m). LPS also decreased the number
of PER2-IR cells at ZT10 (control 56.6 + 4.5, LPS 22.3 +
2.5, p <0.001) and ZT15 (control 55.5 + 3.9, LPS 39.7 +
3.7, p < 0.001) (Fig. 5n). The number of caspase-IR cells
was increased in the polymorphic layer and granular lay-
er of the dentate gyrus after LPS to a greater extent at
ZT10 (Fig. 6a) than at ZT15 (Fig. 6¢c, Table 1).
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Fig. 7. Temporal variations (ZT10 and ZT15) in the number of
PER1 and PER2-IR cells in the cerebellum of rats injected intra-
cerebroventricularly with saline (control) or LPS. Mo, molecular
layer; Pj, Purkinje cell layer; Gr, granular layer. Photomicrographs
of brain frontal sections showing PERI-IR cells in the control
group in 2 periods, ZT10 (c) and ZT15 (f), and in the LPS group
also in 2 periods, ZT10 (b) and ZT'15 (e), and PER2-IR cells in the
control group in 2 periods, ZT10 (i) and ZT15 (I), and in the LPS

In the cerebellum, PER1 and PER2 were found in the
Purkinje cell layer with peak expression at ZT15 in the con-
trol group (Fig. 7f, 1-n). LPS increased PER1 expression at
ZT10 (control 13.2 + 3.5, LPS 21.7 + 3.4, p < 0.001) and
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group also in 2 periods, ZT10 (h) and ZT15 (k). a, d, g and j The
cerebellum cell nuclei indicating the layer boundaries by DAPI
stain. m Quantification of immunohistochemical results showing
the number of PER1-IR cells. n The number of PER2-IR cells at the
2 analyzed ZTs (n = 5 animals per ZT). * p < 0.05: LPS significant-
ly different compared to control. The data are expressed as the
mean + SEM. Scale bar = 100 yum.

decreased it at ZT15 (control 30.3 + 4.2, LPS 27.2 + 4.2, p
< 0.05) (Fig. 5a-f, m). In contrast, LPS decreased PER2 ex-
pression at both ZTs (ZT10, control 13.8 + 3.7, LPS 1.3 +
1.5, p <0.001; ZT15, control 30.7 + 3.2, LPS 20.7 £ 3.5, p <

Guissoni Campos/Buchaim/da Silva/
Spilla/Hataka/Pinato

Color version available online



http://dx.doi.org/10.1159%2F000484931

LPS

ZT10
PER1T
H|ppocampus PER2!
ZT15
@ PER1!
ZT10 ZT15 PER2L
PERL! PER1! Cerebellum
PER2! PER2!

@ SCN

Fig. 8. Changes in the PER1 and PER?2 following LPS. Schematic drawing of a sagittal slice of the rat brain sum-
marizing the effects of neuroinflammatory stimulus with LPS (3 pg/5 pL i.c.v., 6 h) inducing changes in the ex-
pression of PER1 and PER2 proteins in the SCN, hippocampus, and cerebellum depending on the ZT analyzed.
3V, third ventricle; 4V, fourth ventricle; ZT, zeitgeber time.

Table 1. Caspase-IR cells

LPS Control
710 Z15 710 Z15
Hippocampus
Granular layer + 0 o 0
Polymorphic layer +++ + o O
Molecular layer o O o O
Cerebellum
Granular layer o 0 o 0
Purkinje cell layer +++ +++ o 0
Molecular layer ++ o O

+, low density of caspase-IR cells; ++, moderate density of cas-
pase-IR cells; +++, high density of caspase-IR cells; @, absence of
caspase-IR cells.

0.001) (Fig. 7g-1, n). Caspase-positive cells were observed

in Purkinje cells after LPS at ZT'10 and ZT15 (Fig. 6e, g).
In summary, neuroinflammatory stimulation with

LPS (3 pg/5 pL i.c.v,, 6 h) induced changes in PERI and

PER1 and PER2 Desynchronization by
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PER?2 expression in the SCN, hippocampus, and cerebel-
lum depending on the ZT analyzed (Fig. 8).

Discussion

In agreement with our previous results [13], there was
a reduction in plasmatic melatonin following intracere-
broventricular injection of LPS, indicating the loss of the
SCN rhythm and consequently the loss of the endocrine
photoperiodic information and the protective action of
this molecule [20].

The neuroinflammation induced by intracerebroven-
tricular LPS in the present study resulted in changes in
PER1 and PER2 expression in the SCN, hippocampus,
and cerebellum dependent on the time analyzed. Previ-
ous studies had already demonstrated that systemic LPS
significantly changed per2 expression in the SCN [6]. In
the present study, the susceptibility to LPS found in the
SCN, hippocampus and cerebellum appeared to be de-
pendent on the time of day in which the stimulus was ap-
plied. A day-night rhythm in the susceptibility to lethal
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doses of LPS has already been demonstrated, and inflam-
mation may directly affect the SCN, as suggested by the
LPS-induced phase delays during the subjective night
[21]. These time-dependent effects are reflected in sev-
eral phenomena since LPS administration at the begin-
ning of the active period induces severer responses in
temperature and proinflammatory cytokines than LPS
given in the rest period [22]. As a matter of fact, the evo-
lution of the acute inflammatory environment occurs
rapidly, when LPS induces substantially higher levels of
cytokines with peak levels between 1.5 and 4 h, which be-
gins to decline 8 h after administration [18]. Therefore, in
the present study, we analyzed melatonin content, cas-
pase, PER1 and PER2 expression 6 h after LPS adminis-
tration.

The relationships between these mechanisms and clin-
ical conditions are evident in clinical studies that have
shown a correlation between the time of day and worsen-
ing illness manifestations [23]. In the present study, peak
expression of PER1 was found at ZT10 and peak expres-
sion of PER2 at ZT15 in the SCN, in agreement with re-
sults in the mouse [24] and Lewis rats, where peak expres-
sion of PER2 occurred in the early part of the dark phase
(5].

Because the SCN may hierarchically influence the sub-
ordinate oscillators [25] in several processes, desynchro-
nization of the SCN in response to a neuroinflammatory
stimulus could determine changes in the expression pat-
tern of clock genes in other brain areas. In the present
study, the differences in the LPS response pattern among
the SCN, hippocampus, and cerebellum indicate a pos-
sible independence in this response without a hierarchi-
cal control of the central clock in relation to its subordi-
nate oscillators [26].

In the present study, the neuroinflammatory stimulus
resulted in variation in PER1 and PER2 expression in dif-
ferent layers of the hippocampus. Whether this immune
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