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Abstract

Cyclohexane (CHX) is an organic solvent commonly used as a drug-of-abuse. This drug increases the oxidative stress and
glial reactivity in the hippocampus, which suggests that this brain region is vulnerable to CHX effects. This study aimed
to establish the behavioral changes and the pathological alterations that occur in the Cornu Ammonis 3 (CA3) and Dentate
Gyrus (DG) after a long-lasting exposure to CHX. We exposed CD1 mice to a recreational-like dose of CHX (~ 30,000 ppm)
for 30 days and explored its consequences in motor skills, reward-seeking behavior, and the CA3 and DG hippocampal
subfields. Twenty-four hours after the last administration of CHX, we found a significant decrease in the number of c-Fos+
cells in the hippocampal CA3 and DG regions. This event coincided with an increased in NMDARI1 expression and apoptotic
cells in the CA3 region. At day 13th without CHX, we found a persistent reduction in the number of c-Fos+ and TUNEL+
cells in DG. At both time points, the CHX-exposed mice showed a strong overexpression of neuropeptide Y (NPY) in the
CA3 stratum lucidum and the hippocampal hilus. In parallel, we used an operant-based task to assess motor performance
and operant conditioning learning. The behavioral analysis indicated that CHX did not modify the acquisition of operant
conditioning tasks, but affected some motor skills and increased the reward-seeking behavior. Altogether, this evidence
reveals that CHX exposure provokes long-lasting changes in the hippocampal subfields, induces motor impairments and
increases the motivation-guided behavior. These findings can help understand the deleterious effect of CHX into the adult
hippocampus and unveil its potential to trigger addiction-like behaviors.
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Introduction

Cyclohexane (CHX, hexahydrobenzene) is a lipophilic
hydrocarbon used as a “safe” replacement of other organic
solvents (n-hexane, xylene, and benzene) in several indus-
trial products, such as adhesives, paint thinner, and gasoline.
These volatile products are not only inhaled during occupa-
tional or accidental exposure, but also they are intention-
ally consumed as drugs of abuse. Experimental exposure
to hydrocarbons produces oxidative stress and impairs the
glutamatergic neurotransmission in the postnatal hippocam-
pus (Fifel et al. 2014; Furlong et al. 2016). This synaptic glu-
tamate dysfunction may contribute to excitotoxicity that, in
turn, triggers a neurodegenerative process (Rodriguez et al.
2009) and behavioral impairment (Schmelzeis and Mittle-
man 1996; Gourley et al. 2010). In the inhalant use disor-
der, high doses of hydrocarbons produce euphoria, lethargy,
psychomotor retardation, muscle weakness, tremor, stupor
or coma (American Psychiatric Association 2013). In con-
trast, occupational or accidental inhalation of CHX may pro-
voke dizziness, limb weakness, motor variations and verbal
memory impairment (Campos-Ordonez and Gonzalez-Perez
2016). However, the persistent alterations on motor control
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and cognitive functions after chronic CHX exposure are still
poorly identified.

In rodents, a 30-day CHX exposure induces astrogliosis,
microglial activation and overexpression of AP endonucle-
ase-1 protein (APE1) in the CA1 and CA3 hippocampal
regions (Campos-Ordonez et al. 2015). The CA3 region is
very susceptible to neuro-degeneration and seizures (Cheru-
bini and Miles 2015). An excessive release of glutamate in
this region produces excitotoxicity that contributes to the
degeneration of CA3 pyramidal neurons (Medvedeva et al.
2017). Therefore, the CA3 region appears to be a primary
target of organic solvents, including CHX. The dentate gyrus
is a hippocampal subfield that is essential for maintaining
synaptic plasticity and memory (Jedlicka et al. 2018). Gran-
ule neurons of the dorsal dentate gyrus are also susceptible
to neurodegenerative signals (Fuster-Matanzo et al. 2011).
This region contains a diverse group of interneurons that
use y-aminobutyric acid (GABA) as their primary neuro-
transmitter. Interestingly, the glutamatergic and GABAergic
neurons seem to be differentially affected by some drugs,
such as ethanol or inhalants (Bale et al. 2005; Tiwari et al.
2014). This evidence raises the possibility that CHX may
have differential effects on diverse neuronal subpopulations
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and provoke either transitory or persistent alterations on the
hippocampal integrity during the withdrawal period. In this
study, we analyzed the effects of CHX on the expression
of c-Fos, NMDA receptor 1 (NMDAR1), neuropeptide Y
(NPY), and apoptosis in the adult hippocampus. Besides, we
studied whether CHX altered motivation and motor skills.
Our findings indicate that CHX exposure produces persistent
changes in neuronal homeostasis, causes behavioral abnor-
malities and differentially affects the hippocampal subfields
in the adult brain.

Materials and Methods
Animals and Housing

CD1 male mice (P60) were distributed in four groups (two
groups per time point): the control group (non-exposed to
CHX) and the experimental group exposed to ~ 30,000 ppm
of CHX. All animals were housed under standard biotery
conditions, i.e., polycarbonate cages (28 X 12X 15 cm), air-
conditioned room at 24 + 1 °C and relative humidity between
40 and 60%. All experimental procedures followed the legal
regulation for laboratory animals’ care (Mexican Official
Norm [NOM] 062-Z00-1999), approved and supervised
by the Committee of Animal Care and Use of the Univer-
sity of Colima.

CHX Exposure

We used an animal model that mimics the human con-
dition of solvent-abuse episodes, i.e., a short exposure
period with a high dose of solvents (Bowen et al. 2006).
All the animals were placed into a polycarbonate cham-
ber (41x27.5%x 12 cm?) at 25 °C that had four cylinders
(11.5 cm length) for drug delivery inserted at every corner
(Campos-Ordonez et al. 2015). The CHX group was exposed
approximately to 30,000 ppm of CHX (99.5% PRA grade,
Sigma-Aldrich, St. Louis, MO) for 30 min twice a day (with
a 6-h interval) per 30 days. We used the following equation
for calculating the parts per million of CHX: ppm = (mg/
m?) X (molar volume/molecular weight), where mg = the
total amount of CHX delivered (1.6 mg; density =0.78);
m> = volume of the chamber (0.0157 m?); molar volume =L/
mol at 25 °C; CHX M.W.=84.16 g mol~!. Thus, the total
amount of CHX delivered per session was 29,606 ppm
(IQR 29, 606-28,681) and the time course of this delivery
is shown in Supplementary Table 1. All the experiments
started at 8:30 AM and 3:30 PM. Relative humidity and
temperature were monitored and kept constant throughout
the experiment. After the exposure, all the mice were trans-
ferred to a recovery cage for 15 min before being returned to

their home cages. The control group was handled and placed
under similar experimental conditions but without CHX.

Behavioral Analysis
Observational Assessment

Throughout the drug-exposure sessions, we documented
animal behaviors with a checklist aimed to recognize some
motor deficits that are commonly observed during the rec-
reational use of inhalants in humans (Neiman et al. 2000;
Lubman et al. 2008; Dingwall et al. 2011), such as hyperac-
tivity, ataxia, immobility and seizures. Seizure-like behavior
is a reliable indicator of the severity of inhalant intoxications
(Neiman et al. 2000). Thus, the frequency of forelimb clonus
with rearing (seizure-like behavior) and the latency period
of each seizure were graphed in a colorimetry raster plot.

Operant Procedure

Hippocampal damage provokes alterations in the moti-
vation-reward system (Schmelzeis and Mittleman 1996;
Gourley et al. 2010), motor incoordination and hyperactiv-
ity (Rivadeneyra-Dominguez and Rodriguez-Landa 2016).
To determine whether CHX may disrupt motor performance
and motivation, we evaluated the reward-seeking behavior
by using a progressive ratio (PR) schedule. After CHX expo-
sure, the animals were individually housed and put under
a food restriction regime to induce weight loss and keep it
stable at ~85% of their previous weight. Twenty-four hours
after the last CHX exposure, we evaluated the PR schedule
for ten consecutive days (Fig. 2a). Briefly, the operant proce-
dures were performed in Lafayette chambers (Mod. 80,003),
internal chamber dimension: 18.5 cm length, 18 cm width
and 14.5 cm height. The lever was placed 5 cm above the
cage floor, and a force of 0.026 N was required to register a
response. As a behavioral reward, the liquid dispenser pro-
vided 0.02 mL of 20% sucrose solution. Data were acquired
using and the ABET II Lafayette software.

In the acquisition phase (a 30-min session), a drop of
sweetened water was dispensed every 30 s and when the
experimental animal pressed the lever. In the maintenance
phase (a 60-min session), the animals only had access to
fluid if they pushed the lever. This method is called continu-
ous reinforcement schedule (CRF), an operant paradigm to
assess the effort an animal is willing to invest in obtaining a
reward. In the next ten sessions (45-min each), the animals
received a reward only if they pressed the lever twice more
than the previous one. That is, the effort to get a reward fol-
lowed an arithmetic progression with common difference
of 2 (1, 3,5, 7, etc.). These data were computed and used to
calculate the breakpoint, i.e., the maximum number of lever
presses a mouse is willing to do for a sweet drop.
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Since the breakpoint may be affected by motor skill and
motivation, we used the mathematical principles of rein-
forcement (MPR), using the last three PR2 sessions to cal-
culate behavioral performance. Briefly, we computed the
responding latency (Post-Reinforcement Pause-PRP) and the
total trial duration in an Excel’s macro kindly provided by
Bradshaw and Killeen (Bradshaw and Killeen 2012). Thus,
we estimated the running rate and the global rate with the
following equations:

For the running rate:

1

Regp 1= ———
RUNET 51+ Tror, i-1/@) M

where Trqr, ;_1 is the total duration of the previous trial, ‘6’
is motor skill, and ‘a’ is motivation.
For the global rate:
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where N; is the ratio requirement in the present trial, T is
the postprandial pause due to reward consumption, and k is
the slope of the linear function in post-reinforcement pause.

In this case, the motor skill (§) was defined as the mini-
mum latency to press the lever. Motivation (a) was defined
as the total time that an animal is willing to invest to get a
reward. Therefore, if the motor skill is poor, the calculated
rates decrease, whereas if the motivation is strong the activa-
tion time is high.

Tissue Processing

Mice were anesthetized with sodium pentobarbital (50 mg/
kg body weight) before killing. Then, transcardial perfu-
sion was done with a 0.9% NaCl solution at 37 °C followed
by 4% paraformaldehyde in 0.1 M phosphate buffer and

Table 1 Antibodies used for the histological analysis

overnight post-fixation at 4 °C in the same fixative solution.
To analyze the complete organization of CA3 and dentate
gyrus (DG) cells in the dorsal hippocampus, 30-um-thick
coronal sections were cut with a vibratome from +1.34 mm
to —2.54 mm (anterior-posterior coordinates relative to
Bregma) (Paxinos and Franklin 2001). For sampling pur-
poses, we serial collected sections at 200-um intervals per
brain.

Immunohistochemistry

We used three immunohistochemical markers: (1) N-methyl-
p-aspartate receptor | (NMDARI1) that has a role in the
excitotoxicity process (Rodriguez et al. 2009); (2) NPY
protein that is activated in the presence of brain tissue dam-
age (Colmers and El Bahh 2003); and (3) c-Fos protein that
indicates neuronal activity levels (Part 2015) (Table 1). For
each immunostaining used in this study, the brain sections
from the control and the experimental group were processed
simultaneously to minimize the possibility of some stain-
ing variability. Briefly, the brain sections were rinsed (3
times for 10 min) in 0.1 M phosphate-buffered saline (PBS).
Peroxidase inactivation was done by immersing the brain
sections in 3% hydrogen peroxide (H,0,) for 30 min fol-
lowed by three 10-min rinses with 0.1 M PBS. We incu-
bated the sections in 0.1 M PBS +0.1% Triton+ 10% fetal
bovine serum for 1 h at room temperature. Sections were
then incubated with rabbit IgG anti-c-Fos protein (dilu-
tion 1:800, Cell Signaling technology, cat. 2250S, RRID:
AB_2247211), rabbit IgG anti-NMDARI1 (dilution 1:500,
Millipore cat. AB9864R, RRID: AB_10807557) or rabbit
IgG anti-NPY (dilution 1:5000, Cell Signaling technology,
cat. 11976, RRID: AB_2716286). All primary antibodies
were incubated overnight at 4 °C in blocking solution+0.1%
Triton-X. The following day, tissue sections were rinsed
three times with 0.1 M PBS and incubated in darkness with

b

Antibody/immunogen Host/dilution  Source/catalog #/research resource identi- Epitope?/peptide sequence
fier (RRID)
c-Fos/Fos proto-oncogene Rabbit Cell signaling technology/2250S/ Synthetic peptide corresponding
(monoclonal) AB_2247211 to the sequence of human c-Fos/
1:800 (KRIRRERNKMAAAKSRNRRRELT-
DTLOQAETDQLEDEKSALQTEIAN-
LLKEKEKLEFILAAH)
NMDAR1/N-Methyl-D-Aspartate Rabbit Merck a.a. 909-938[Rattus
Receptor Channel, Subunit Zeta-1 (monoclonal) /AB9864R /AB_10807557 sp.J/(LONQKDTVLPRRAIERE
1:500 EGQLQOLCSRHRES)
NPY/36-Residue synthetic peptide NPY Rabbit Cell signaling technology/11976/ Residues near the amino terminus of
(monoclonal) AB_2716286 human NPY/(YPSKPDNPGEDAPAED
1:5000 MARYYSALRHYINLITRQRY)

*Molecular site recognized by the antibody: amino acid (a.a.) and animal species

ba.a. sequence
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a biotinylated secondary antibody (goat anti-rabbit biotin;
AbD Serotec, Cat. 401008, RRID: AB_609700), dilution
1:200 dissolved in blocking solution for 60 min at room
temperature. The brain sections were then rinsed three
times in 0.1 M PBS and incubated in darkness with the avi-
din—-biotin complex (Vectastain Elite ABC Kit, Vector Labo-
ratories, Burlingame, CA, USA, cat. No. PK-6101, RRID:
AB_2336820) for 45 min at room temperature. After three
rinses in 0.1 M PBS, the sections were revealed for 1 min
at room temperature using 0.03% DAB solution (Sigma-
Aldrich, No. 261890) + 0.05% nickel ammonium sulfate
(Sigma-Aldrich 574988). Brain sections were mounted on
glass slides, air-dried and sealed with resin (DPX Mountant;
Aldrich, No. 06522).

TUNEL Method

TUNEL method allows visualizing DNA fragmentation, a
process that is part of the process of programmed cell death.
To analyze apoptotic DNA fragmentation, we used the pro-
tocol of the Situ Cell Death Detection Kit, TMR red (Roche,
Ref. 1256792910, Lot 11269100) as described previously
(Gonzalez-Perez et al. 2018). Briefly, brain sections were
permeabilized in distilled water +0.1% Triton + Sodium
citrate for 15 min at 2-8 °C, followed by two rinses (5 min
each) in 0.1 M PBS at room temperature and incubated
for 10 min at 20 °C in buffer stock solution (Tris-HCI pH
7.5+ 10% fetal bovine serum). Samples were then washed
twice with 0.1 M PBS for 5 min. To label the single and
double-stranded DNA breaks, we incubated the samples for
60 min at 37 °C in darkness in the TUNEL reaction buffer
that contains the enzyme solution and a label solution. Sam-
ples were rinsed threefold for 5 min, mounted, air-dried and
covered with fluoroshield mounting medium with diamid-
ino-2-phenylindole (DAPI; Aldrich, Cat. F6057).

Quantification

The number of c-Fos+ and TUNEL+ cells in the dorsal hip-
pocampus was quantified in seven 30-um sections that were
randomly selected and collected at 200-um intervals from
+1.34 mm and —2.54 mm (coordinates to relative to Bregma).
For the c-Fos analysis, we used a 400x magnification (field
area=0.15 mm?), and the CA3 and DG regions of the hip-
pocampus were analyzed. We only quantified the labeled cells
that were in the same focal plane. In all cases, the focal plane
was set at the middle of the section using the computerized
Z-position of the microscope. All pictures and histological
analyses were done with a Zeiss Axio-Observer D1 micro-
scope (Gottingen, Germany) and Axio-Vision 4.8.1 acquisition
Software (Gottingen, Germany). To analyze the number of
TUNEL+ expressing cells, a series of photographs were taken
under the X 40 objective (field area=0.15 mm?) with a Zeiss

LSM 700 confocal microscope (Gottingen, Germany) and the
ZEN 2012 acquisition software.

Densitometry (Relative Optical Density)

To determine changes in the expression of NMDAR1 and
neuropeptide Y, we did a densitometry analysis and calcu-
lated the relative optical density as described previously
(Gonzalez-Perez et al. 2018). Briefly, at least 57 hippocam-
pal sections from each mouse (7 =4-6 mice per group) were
randomly selected and immunostained as described above.
To analyze the NMDARI1 expression, 50 images per group
were taken using the X 20 objective (field area=0.63 mm?)
in the hippocampal CA3 region. To evaluate the NPY
expression in the CA3 region, 54 images per group were
taken with the x40 objective (field area=0.15 mm?),
whereas, in the DG region, 150 images per group were
obtained. Pictures were taken with an inverted microscope
(Zeiss Axio-Observer D1, Gottingen, Germany) and ana-
lyzed with the software ImageJ 1.51J8 (National Insti-
tute of Health). For imaging processing, we took a series
of pictures that were converted to 8-bit images to define
better the tone of pixels in each image. Then, we carefully
delineated the region of interest to avoid undesired brain
regions in the analysis. We measured the area integrated
density and the mean gray value for each brain section. In
all cases, the appropriate negative controls (sections without
the proper primary antibody) were included and analyzed
with the same procedure. To determine the marker expres-
sion normalized, we used the following formula: The cor-
rected marker expression =integrated density — (selected
area X mean intensity of background staining) (Gonzalez-
Perez et al. 2018). A blinded researcher to the group assign-
ment did all the morphological analyses.

Statistical Analysis

Data are expressed as the median and interquartile range
(IQR Q3-Q1). The cell quantification was plotted using box-
plot graphs to obtain a visual representation and the exact
distribution of data. The Mann—Whitney “U” test was used
to determine statistically significant differences between the
groups. In all cases, the level of confidence of statistical
significance was set at 95% (P <0.05). SPSS 21 software
was utilized to analyze histological data. The R version 3.5.1
statistical package was used for the behavioral analysis.

Results
Organic solvents produce several behavioral changes that

may include inhibitory (sedation, ataxia, anesthesia) or
excitatory behaviors (hyperactivity, trismus, convulsions)
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(Neiman et al. 2000; Bowen et al. 2006; Lubman et al. 2008;
Dingwall et al. 2011). Throughout the intoxication period
(60 sessions in 30 days), we observed that all mice displayed
motor alterations, such as hyperactivity (running, jumping,
circling), ataxia (uncoordinated movements) and immobil-
ity. We found that these motor alterations used to precede
the seizure-like behavior that began with abnormal whisker
movements, followed by head nodding, dorsal kyphosis pos-
ture, forelimb clonus and culminated with bilateral forelimb
clonus (Minjarez et al. 2017) (Fig. 1a). Therefore, we quanti-
fied the frequency of forelimb clonus with rearing and the
latency period of seizures and graphed them on a colorime-
try raster plot (Fig. 1b). We observed that the CHX exposure
consistently induced a seizure-like behavior in all animals,
but the latency of these events varied among them. These
findings indicate that CHX promotes excitatory behaviors
that suggest strong neuronal excitability.

CHX Exposure Modifies the Number
of c-Fos-Expressing Cells in CA3 and DG

The immediate early gene c-fos is considered a molecular
marker of neural activity (Chung 2015; Perrin-Terrin et al.

B 60

40

Forelimb 20

w
clonus i J
Rearing with
forelimb
clonus

Number of cyclohexane-exposure session

Fig.1 a Representative body postures observed during seizures. b
Analysis of seizure-like behavior in the group exposed to CHX. The
X-axis shows each animal exposed to CHX and the Y-axis shows the
incidence of seizures in each one of the 60 sessions. One bar repre-
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2016). To determinate whether a long-lasting CHX expo-
sure produced a persistent alteration in the neuronal activ-
ity in the adult hippocampus, we quantified the number of
c-Fos-expressing cells in the CA3 and DG regions. Twenty-
four hours after the last CHX exposure, we found a sig-
nificant decrease in the number of c-Fos+ cells in the CA3
area between the CHX group (5.35 cells, IQR 6.83-4.38;
n=4 mice) with respect to the control group (16.42 cells,
IQR 22.76-11.96, n=5 mice, P=0.014, U=0, Fig. 2a—c).
In the DG area (Fig. 2d-f), the CHX group showed a sig-
nificant decrease in the number of c-Fos+ cells (4.7 cells,
IQR 5.63-4.11; n=4 mice) when compared to the control
group (9.52 cells, IQR 10.80-9.44; n=35 mice; P=0.014,
U=0). Thirteen days after the last CHX exposure, the CHX
inhalation group did not show a decrease in the number of
c-Fos+ cells in the CA3 area (8.21 cells, IQR 8.31-3.94;
n=>5 mice) with respect to the control group (8.85 cells,
IQR 11.81-6.67; n=4 mice; P=0.413, U=6; Fig. 2g-i).
Interestingly, the CHX group showed a significant decrease
in the number of c-Fos+ cells in the dentate gyrus (4.50
cells, IQR 4.87-1.78; n=35 mice) as compared to the control
group (8.73 cells, IQR 10.88-5.92; n=35 mice; P=0.050,
U=2, Fig. 2j-1). These data suggest that a CHX exposure

Time
30

20

5 10 15 20 25
Number of cyclohexane-exposed mice
sents a single seizure per subject, and the color of the bar indicates

the latency in which the seizure occurred. We did not observed sei-
zures before the 10th min
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Fig.2 CHX inhalation reduces the number of c-Fos-expressing
cells in CA3 and DG. 24 h after the last CHX exposure, the number
of c-Fos+ cells decreased significantly in the CA3 and DG regions
of the CHX group (a—f). Thirteen days after the last CHX expo-
sure, the number of c-Fos+ cells decreased in the DG granule neu-
rons of CHX-exposed animals as compared to controls (j-1). In the

induces a short-term reduction in the c-Fos expression in
both hippocampal sub-regions, but this alteration is only
persistent in the dentate gyrus as observed at day 13th after
CHX removal.

CHX Exposure Increases the Number of TUNEL+ Cells
in CA3 and DG

To establish whether CA3 and DG neurons have different sus-
ceptibility to CHX exposure and whether these cells entered
apoptosis, we analyzed the number of TUNEL-positive cells
in the hippocampal CA3 and DG areas. After 24 h, the last
CHX exposure, the number of TUNEL-positive cells in the
CA3 region of the CHX group (0.66 cells, IQR 0.76-0.58;
n=>5 mice) was significantly higher than the control group
(0.16 cells, IQR 0.26-0.14; P=0.036, U=2.5; Fig. 3a, b).
However, at day 13th from the last CHX exposure, the num-
ber of TUNEL-positive cells in the CHX group (0.26 cells,
IQR 0.29-0.21; n=4 mice) was not statistically different with

CA3 region, we did not find statistically significant differences (g—i).
All data are expressed as the median and interquartile range (IQR
Q3—-Ql); n=5 mice per group. CA3 Cornu Ammonis, DG Dentate
gyrus, CHX CHX. Circles represent outliers. Asterisks P <0.05;
Mann-Whitney “U” test. Objective=x40 (field area=0.15 mm?).
Bars=20 um

respect to the control group (0.20 cells, IQR 0.32-0.11, n=4
mice; P=0.56, U=6, Fig. 3c, d). Conversely, 24 h after CHX
removal, we did not find statically significant differences in the
number of TUNEL+ cells in the DG of the CHX group (0.44
cells, IQR 0.47-0.29; n=6 mice) vs. the control group (0.40
cells, IQR 0.44-0.22, n=>5 mice; P=0.714, U=13, Fig. 3a, b).
However, at day 13th without CHX, the drug-exposed group
showed a significant increase in the number of TUNEL+ cells
(0.32 cells, IQR 0.45-0.24; n=4 mice) with respect to the con-
trol group (0.065 cells, IQR 0.08-0.02; n=4 mice, P=0.021,
U=0; Fig. 3c, d). Altogether, these findings suggest that hip-
pocampal subfields have a differential apoptosis susceptibility
upon the CHX exposure.

CHX Exposure Increases the NPY Expression in CA3
Stratum Lucidum and Hilus

Neuropeptide Y has been associated with a neuroprotective
role against glutamate, intracellular Ca** levels influx, and
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TUNEL-positive cells

A 24 h

CA3

C 13 days

Fig.3 Analysis of TUNEL-positive cells in CA3 pyramidal neu-
rons and DG granule cells. a Confocal image of a representative
TUNEL+ cell in the CA3 at 24 h. b After 24 h without the drug, the
CHX group showed a significant increase in the number of TUNEL-
positive cells in CA3 neurons as compared to controls. ¢ Confocal
image of a representative TUNEL+ cell in the DG at day 13th with-

oxidative stress alterations by acting as a modulator of cell-
death pathways (Duarte-Neves et al. 2016). To investigate
possible changes in NPY expression levels in the hippocam-
pus, we determined the expression of NPY+ in the CA3
stratum lucidum and the hippocampal hilus. Twenty-four
hours after the last CHX administration, we found a strong
overexpression of NPY in the CA3 stratum lucidum region
(Fig. 4a—c) of the CHX group (72.96 densitometry units,
IQR 87.87-24.95; n=6) as compared to controls (5.03 den-
sitometry units, IQR 9.83-2.28; P=0.004; U=0; n=06).
Strikingly, at day 13th from the last drug exposure (Fig. 4d,
f), the CHX group remained showing a high expression of
NPY (33.79 densitometry units, IQR 35.92-18.60) as com-
pared to controls (0.55 densitometry units, IQR 1.23-0.14,
P=0.021; U=0). We also observed a high expression of
NPY in the hippocampal hilus, a region adjacent to the evi-
dent border of the dentate gyrus. Therefore, we decided to
quantify the expression of NPY 24 h after the last CHX
exposure. Our data indicated that the CHX group showed a
significant increase in the NPY expression (66.77 densitom-
etry units, IQR 73.58-13.71) in comparison with the control
group (2.61 densitometry units, IQR 7.09-2.08; P=0.010;
U=2; Fig. 4a—c). As observed in the striatum lucidum, the
NPY overexpression in the hippocampal hilus persisted
until day 13: the CHX group (31.41 densitometry units,
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out CHX. d At day 13th without the drug, the experimental group
showed a significant increase in the number of TUNEL-positive cell
in the DG as compared to controls. Data are expressed as the median
and interquartile range (IQR Q3—Q1); n=>5-6 mice per group. CHX
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IQR 44.42-15.03; n=4 mice) vs. the control group (0.29
densitometry units, IQR 3.69-0.13, n=4 mice; P =0.043,
U=1; Fig. 4d—f). This evidence indicates that CHX activates
a long-lasting NPY overexpression in the CA3 stratum luci-
dum and the hippocampal hilus.

CHX Exposure Increases the NMDAR1 Expression
in CA3 Region

NPY strongly regulates glutamate release and receptor
expression (Vezzani et al. 1999). Therefore, we measured
the expression of NMDARI1 in the hippocampal CA3 region
after CHX exposure. Twenty-four hours after CHX with-
drawal, we found that the CHX-exposed group showed
a statistically significant increase in the expression of
NMDARI1 (13.69 densitometry units, IQR 14.94-13.55)
as compared to the control group (6.33 densitometry units,
IQR 6.79-5.58; P=0.009; U=0; n=35; Fig. 5a—c). How-
ever, at day 13th from the CHX withdrawal, we did not find
statically significant differences in the NMDARI1 expres-
sion between the CHX group (7.55 densitometry units, IQR
11.60-4.94; n=5) and the control group (6.79 densitom-
etry units, IQR 7.88-4.62; n=4; P=0.624, U=38, Fig. 5d).
Thus, we concluded that CHX produces a transient change
in the NMDARU1 expression in the CA3 hippocampal region.
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NPY expression

24 h

Control

Cyclohexane

Cyclohexane Control

Fig.4 NPY expression in the CA3 stratum lucidum and hilus. a—c
24 h after the last exposure to CHX, we found a significant increase
in NPY expression in the CA3 stratum lucidum and hilus as com-
pared to controls. d—f This NPY expression persisted in the same
brain regions of the CHX group at day 13th. Data are expressed as

Summary statistics of these data are shown in the supple-
mentary material (Table 2 and 3).

CHX Inhalation Reduces Motor Skills and Increases
Motivation to Obtain a Positive Reinforcement

The adult hippocampus is an essential region that regulates
decision-making tasks (Fuchs et al. 2004; Barry and Trevor
2005; McHugh et al. 2008), spatial navigation (Gonzalez-
Perez et al. 2018) and motivation-guided behaviors (Schm-
elzeis and Mittleman 1996; Gourley et al. 2010). Besides,
hippocampal lesions produce motor incoordination and
hyperactivity (Rivadeneyra-Dominguez and Rodriguez-
Landa 2016). Our data indicate that CHX provokes motor
alterations that precede a seizure-like behavior and produces
significant cellular changes in the hippocampus. To deter-
mine whether these histological changes had a functional
correlate, we assessed the learning of a reward-seeking task
(Fig. 6a). In the acquisition phase (Fig. 6b), we did not find
statistically significant differences between the CHX group
(72 responses, IQR 121-55) and control mice (71 responses,
IQR 180—46; P=0.93, U=48.5, d=0.11). Similar findings
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group. CA3 Cornu Ammonis 3, SL stratum lucidum, CHX CHX.
Asterisks P <0.05; Mann—Whitney “U” test. Objective=x40 (field
area=0.15 mm?). Bars =20 um

were found in the maintenance phase (Fig. 6¢): the CHX
group (108 responses IQR 121-96) versus the control group
(133 responses IQR 182-84; P=0.31, U=64, d=0.38).
These findings suggest that CHX did not affect the learning
of a reward-seeking task.

To determine whether CHX may disrupt motor perfor-
mance and motivation, we used a PR schedule. Our data
analysis indicates that the animal’s breakpoint did not show
statistically significant differences between both groups: F
(1, 18)=1.51, P=0.23, ;12=0.07, or among all individual
sessions: F'(9,162)=1.67,P=1, ;72 =0.08 (Fig. 6d). There-
fore, we then used the MPR model (Bradshaw and Killeen
2012) to determine whether the CHX exposure may affect
motivation or motor skills. Our data indicated that the con-
trol group showed a higher running rate at low PR values
(Fig. 6e) and more lever presses in the global rate when
compared to the CHX group (Fig. 6f). We then examined
the interval time between each lever press (inter-response
time) (Fig. 6g) and found that the control group had shorter
inter-response time (3.89 s, IQR 4.45-3.33) than the CHX
group (7.54 s, IQR 8.86-6.24; P=0.005, U= 14, d=00.77).
The analysis of the activation time (Fig. 6h) indicated that
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NMDAR1 expression

24 h

Control
Densitometric units

Cyclohexane

Fig.5 NMDARI! immunohistochemistry of the hippocampal CA3
region. NMDARI1 expression in the CA3 pyramidal neurons of
controls (a) and the CHX group (b). Inset: higher magnifications
of NMDARI receptors that surround neuronal bodies. (¢) 24 h
after CHX exposure, we observed high NMDARI1 expression in

the CHX group had longer activation time (242.1 s, IQR
319.1-165) than the control group (99.5 s, IQR 125.7-73.3;
P=0.04, U=23, d=0.82). These findings indicate that CHX
increases a motivation-guided behavior and decreases some
motor skills.

Discussion

To assess whether CHX altered the hippocampal cell home-
ostasis during the withdrawal period, we exposed mice to a
high dose of CHX for 30 days. Our findings indicated that
CHX exposure had different effects on pyramidal and gran-
ule neurons of the hippocampus. Twenty-four hours after
the last CHX exposure, we found a decrease in the c-Fos
expression in pyramidal and granule neurons. This event
coincided with an increase in the expression of NMDARI1
and TUNEL-positive cells in the CA3 region. At day 13th
after CHX exposure, we found a persistent reduction in
c-Fos+ cells and more TUNEL+ cells in the DG. Interest-
ingly, CHX exposure produced a sustained NPY overexpres-
sion in the CA3 stratum lucidum and the hilus at both time

@ Springer

24 h D 13 days
* )
e
15 I% e 15
3
Q
g 10
10 E g
(=]
E= -
5 5 5- F
. a
ol — .
Control  CHX Control  CHX
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points analyzed (Fig. 7). Altogether, this evidence reveals
that CHX exposure provokes long-lasting changes in neu-
ronal homeostasis that differentially affects the hippocampal
subfields. Remarkably, these changes coexist with significant
motor impairment and higher reward-seeking behavior.
The acute intoxication induced by several drugs and
some hydrocarbons produces hippocampal impairment that
generates seizures (Ramos Silva-Filho et al. 1992; Neiman
et al. 2000; Bowen et al. 2006; Van Hooste 2017). In our
study, we observed that the mice exposed to CHX exhibited
seizure-like behaviors that rapidly disappeared after CHX
removal. In this regard, the abuse of other hydrocarbons has
been associated with neuronal activity dysfunction, high
glutamate levels, excitotoxicity and neuronal death (Fil-
ley et al. 2004; Lee et al. 2005; Kanter 2007; Ramcharan
et al. 2014; Tormoehlen et al. 2014). These alterations were
observed in both acute and chronic exposure, and recent evi-
dence indicates that pathological changes in the GIluN2A
and GluN2B glutamate-receptor subunits can persist in the
hippocampus for a long time (Furlong et al. 2016). In our
study, we consistently observed that CHX-exposed animals
presented seizure-like behaviors during the drug exposure,
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which suggests that CHX may be triggering neuronal exci-
totoxicity in glutamatergic brain regions.

Our data indicate that the exposure to a high dose of
CHX generates a transitory reduction in c-Fos protein in
CA3 pyramidal neurons for 24 h. Conversely, in the gran-
ule cells of DG, a persistent decrease in c-Fos protein was
observed at 24 h and 13 days after CHX, which suggests
that the neuronal activity of pyramidal and granule neurons
is differentially affected by CHX withdrawal. Interestingly,
the control group analyzed 24 h after the sham exposure to
CHX showed more c-Fos-expressing cells than the control
group killed 13 days after the last sham exposure. Because
c-Fos expression is noticeably modified by animal handling
(Asanuma and Ogawa 1994; Kubik et al. 2007), the c-Fos
differences found between the control groups could be due
to the time elapsed between the sham manipulation and the
animals’ killing. c-Fos expression is also altered by drug-
abuse conditions and convulsive agents (Wang et al. 1999;
Mohammadi et al. 2009). These abnormalities coincide with
neural disturbances that include excitotoxicity, oxidative
stress and cell death (Ness et al. 2008; Mohammadi et al.
2009). The c-Fos protein seems to play an essential role in
regulating neuronal survival and death in excitotoxic lesions
(Zhang et al. 2002). In this regard, mutant mice with a con-
ditional deletion of c-fos in CA2 and CA3 neurons show
more seizures and higher cell death after administrating
kainic acid (KA, an analog of glutamic acid) than controls
(Zhang et al. 2002). Interestingly, under hypoxic conditions,
the hippocampal c-Fos expression is only found in ischemia-
resistant neurons, but it is not found in neurons that cleaved
caspase-3 (Ness et al. 2008). In consequence, a downregula-
tion of c-Fos expression increases the apoptosis rate in the
CA3 region after KA-induced excitotoxicity (Mohammadi
et al. 2009). Therefore, we hypothesize that low expression
of c-Fos in the hippocampus of CHX-exposed animals may
be indicating an increase in the neuronal vulnerability to
excitotoxicity.

Toluene and 1,1,1,-trichloroethane (TCE) are organic
solvents that alter glutamatergic transmission (Bowen et al.
2006; Furlong et al. 2016). Repeated exposure to toluene
increases the density of NR1 receptors in the hippocampus
(Bowen et al. 2006). Remarkably, alterations in GluN2A and
GIluN2B receptor subunits remain in the hippocampus for at
least 10 weeks after the last toluene exposure (Furlong et al.
2016). In our study, we found that the increase in NMDARI1
expression after CHX withdrawal only lasts for 24 h. Thus,
the CHX exposure appears to have a transitory effect on
NMDARI1, which may indicate transient hippocampal exci-
totoxicity (Rodriguez et al. 2009). However, further research
is needed to establish whether CHX can affect the metabo-
tropic receptors of glutamate in the long term.

Neuropeptide Y is a 36-amino-acid peptide that is con-
tained by GABA neurons (Colmers and EI Bahh 2003) and

has a neuroprotective role against hippocampal damage by
regulating Bcl-2/Bax proteins (Gongalves et al. 2012b). In
our study, the animals exposed to CHX showed a persistent
overexpression of NPY in the CA3 stratum lucidum and the
hilus. This kind of expression pattern has been identified as
“aberrant” in models of Alzheimer’s disease (Palop et al.
2007; Krezymon et al. 2013), epilepsy and seizures (Good-
man and Sloviter 1993; Chafetz et al. 1995; Vezzani et al.
1999; Jing et al. 2009). Interestingly, NPY is an efficient
neuromodulator that can modify the synaptic plasticity and
glutamatergic neurotransmission in the adult hippocampus
(Acuna-Goycolea et al. 2005; El Bahh et al. 2005; Benarroch
2009; Kovac and Walker 2013). Therefore, the NPY overex-
pression found after CHX withdrawal might be implicated
in the inhibition of neural excitability and neuroprotection
as that observed with other drugs of abuse, such as, nicotine
(Slawecki et al. 2005), methamphetamine (Gongalves et al.
2012a), cocaine-induced seizures (Goodman and Sloviter
1993) or ethanol abstinence (Bison and Crews 2003).

Decision-making tasks (Fuchs et al. 2004; Barry and
Trevor 2005; McHugh et al. 2008), spatial navigation (Gon-
zalez-Perez et al. 2018) and motivation-guided behaviors
(Schmelzeis and Mittleman 1996; Gourley et al. 2010)
require the integration of multisensorial information in the
adult hippocampus. Our data indicate that CHX reduces
motor skills and promotes reward-seeking behavior. This
evidence suggests that motor impairment induced by CHX
is partially counteracted with higher motivation, which may
explain the absence of statistical differences in the break-
point analysis. However, this motor deterioration may repre-
sent the first step to develop long-lasting motor impairments
as those observed with other hydrocarbons that increase
the risk of the development of Parkinson’s disease (Reis
et al. 2016). These behavioral changes can be explained by
a disruption in the balance between the glutamatergic and
GABAergic neurotransmission in the hippocampal circuitry.
The administration of NMDA or muscimol in the hippocam-
pus provokes motor alterations, which suggest that glutamate
and GABA neurotransmission regulate the sensorimotor pro-
cessing in the adult hippocampus (Bast and Feldon 2003)
as demonstrated in other animal models (Gonzalez-Perez
et al. 2018). However, the effects of CHX on motricity and
reward-motivated behaviors should be analyzed in-depth
to determine whether this solvent can produce irreversible
motor impairment and trigger addiction-like behavior.

Our data indicate that CHX targets the CA3 and DG
regions and, upon CHX removal, the molecular response
of these neurons is entirely different. This evidence might
indicate a differential susceptibility of some hippocampal
neurons and regions to this drug. The hippocampal forma-
tion contains local circuits that include two major neuronal
subtypes: pyramidal neurons that release glutamate and
local interneurons that release GABA neurotransmitter
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«Fig.6 a Experimental design of the operant-based task used for
assessing motor performance and motivation-guided behavior. The
plots show the frequency of lever presses recorded during the acquisi-
tion (b) and maintenance session (¢), and the maximum number of
lever presses that mice were willing to do for the reward (animals’
breakpoint) (d). These three analyses did not show statistically sig-
nificant differences between both groups. e, f Analysis of behavioral
performance. The control group displayed a high activity level that
decays rapidly as compared with CHX-exposed mice (e). How-
ever, control animals were more proficient during the first 3/4 of the
assay (f). These results indicate that the CHX-exposed animals were
slower but more persistent than controls in obtaining the reward. g In
the analysis of the minimum inter-response time, the control group
showed shorter intervals than the CHX group, suggesting that CHX
induces motor impairment. Interestingly, the analysis of the activa-
tion time (h) indicates that control mice showed less activity than
the drug-exposed group, suggesting that CHX increases motivation-
guided behavior. PR progressive ratio, CRF continuous schedules of
reinforcement, F7T fixed time

(Booker and Vida 2018). Glutamatergic and GABAergic
neurons are differentially affected by other drugs (Bale
et al. 2005; Tiwari et al. 2014). Therefore, our findings
also suggest that CHX can produce deleterious effects
in diverse hippocampal regions, but further research is
needed to confirm this assumption.

Some evidence obtained with cocaine or stimulants
indicates the existence of sex-related toxicity that appears
to produce an imbalance in the glutamate/GABAergic neu-
rotransmission between sexes (Maguire and Mody 2009;
Buccelli et al. 2016; Del Rio et al. 2018). However, these
changes have not been reported in models of solvent inha-
lation and our experimental design cannot confirm or dis-
card these intersex differences. Thus, future studies that
analyze a possible allosteric regulation mediated by sex
hormones is still required. In summary, the present results
suggest that CHX produces a long-lasting disruption in the
hippocampal integrity and triggers neuroprotective mecha-
nisms into the brain (Fig. 7). Understanding these altera-
tions is a relevant step in the design of novel strategies

to counteract the brain damage that occurs after organic
solvent intoxication.
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