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Abstract

Purpose: p-Chloroamphetamine (PCA) is a neurotoxin that selectively degenerates the serotonin
(5-HT) axon terminals. In order to study the brain metabolic consequences induced by serotonergic
denervation, a single dose of PCA (2.5 or 10 mg/kg i.p.) was administered to male adult rats.
Procedures: In vivo regional brain metabolism was evaluated 3 and 21 days after PCA (2.5 or
10 mg/kg; i.p.) injection by 2-deoxy-2-['®F] fluoro-D-glucose (['®F] FDG) positron emission
tomography (PET). At day 22, the following markers of neurotoxicity were determined: (a) 5-HT
axon terminal lesion by 5-HT transporter (SERT) autoradiography, (b) reactive gliosis by glial
fibrillary acidic protein immunohistochemistry, and (c) eventual neurodegeneration by DAPI/
Fluoro-Jade C labeling.

Results: An average of 20 % reduction of ['®F] FDG uptake in most brain areas was observed at
day 21 under 10 mg/kg PCA treatment. Instead, 2.5 mg/kg PCA only reduced metabolic activity in
neocortex. Likewise, the high dose of PCA exerted a strong decrease (>30 %) in SERT density in
several 5-HT innervated regions, but no effect was found in midbrain raphe nuclei, the main source
of serotonergic neurons. Although PCA induced astroglial activation both in hippocampus and
cortex in response to axotomy, no signs of neuronal death in these areas were detected.
Conclusions: Overall, ['®F] FDG PET revealed that the reduction of the brain metabolic activity induced
by PCA is related to 5-HT axon terminal lesion, with no apparent affectation of neuronal viability.

Key words: p-Chloroamphetamine, ['®F] FDG PET, Astrogliosis, SERT, Axotomy, GFAP,
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Introduction actions by getting into the axon terminal through the
serotonin (5-hydroxytryptamine; 5-HT) transporter (SERT)
which is located on presynaptic serotonergic neurons.
Systemic administration of PCA has shown to induce
ative which shows a high degree of selectivity to lesion 5 wide range of physiological and behavioral changes in
serotonergic terminals [1, 2]. This compound exerts its  rodents. Shortly after the PCA injection, a 5-HT
syndrome with a high mortality rate has been observed
Correspondence to: Luis Garcia-Garcia; e-mail: lgarciag@ucm.es [3-5]. Other effects attributed to PCA include memory

-Chloroamphetamine (PCA) is an amphetamine deriv-
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impairment [6, 7], nociception augmented [8], and
aggressive behavior [9].

Regarding the serotonergic neural system, at short term,
PCA induces a sharp release of 5-HT at the synaptic cleft [2,
3, 5, 10], whereas at long term, it has shown to deplete the 5-
HT concentration and its metabolite 5-hydroxyindolacetic
acid (5-HIAA) in several brain regions [11]. In addition, a
reduction of the expression and density of SERT has been
found when PCA is administrated at a high dose [4, 12].
Although a neuroadaptative mechanism for the
fenfluramine-mediated SERT reduction has been proposed
[13], either by its down-regulation or internalization, further
evidence of a common neurotoxic action, shared by PCA
and other substituted amphetamines such as 3,4-
methylenedioxy-N-methylamphetamine (MDMA), has been
proved [14-18]. Due to the selective presence of SERT in
serotonergic neurons, it is regarded as a specific marker for
serotonergic neuron integrity [19]. Thus, the lasting loss in
expression and density of SERT is considered an index of
the neurotoxic action mediated by the chemical PCA. In
several cases, different signs of neuronal death after
administration of several amphetamine derivatives have
been observed [17, 20, 21].

In vivo evaluation of brain metabolism by positron
emission tomography (PET) neuroimaging may provide a
screening platform for identifying drugs that are potentially
protective against amphetamine derivative-induced seroto-
nergic neurotoxicity in animal models. Thus, in order to
complement assays on histochemically stained brain slices
which do not fully reflect conditions in the living brain, it is
possible that 2-deoxy-2-['*F] fluoro-p-glucose (['*F] FDG)
uptake quantification can be used reliably for directly
evaluating the neurotoxicity of PCA in the living brain and
for monitoring the response to eventually neuroprotective
drugs.

With such a view, the main aim of this study was to
evaluate whether an eventual disturbance in brain metabo-
lism upon PCA treatment might occur and, if so, to
determine its potential correlation with several neurochem-
ical markers. Furthermore, whether those metabolic distur-
bances are due to selective serotonergic denervation and/or
neuronal death will be assessed.

Materials and Methods

Animal Treatment

Male adult Sprague—Dawley rats weighing approximately 250 g at
the beginning of the experiment were used (Harlan Interfauna
Iberica, Sant Feliu de Codines, Spain). The animals (68 rats/
group) were individually housed and maintained under a 12 h dark/
12 h light cycle. Standard rodent food and tap water were available
ad libitum. A single dose of the serotonergic neurotoxin PCA
(Sigma-Aldrich, St. Louis, MO) dissolved in saline was adminis-
tered (2.5 or 10 mg/kg i.p.). Instead, control rats only received
saline. ['®F] FDG PET scanning was performed at day 3 and day 21

after PCA injection. At the end of the experiment, at day 22, rats
were sacrificed by decapitation and their brains were quickly
removed. The samples were immediately frozen in dry-ice chilled
isopentane and stored at —80 °C until further processing.

The use of animals in this study conformed to the guidelines of
The European Communities Council Directive 2010/63/UE and
was approved by the Animal Research Ethical Committee of the
Universidad Complutense de Madrid. All efforts were made to
minimize the number of animals used and their suffering.

["*F]JFDG PET Imaging

At days 3 and 21, longitudinal ['®F] FDG PET studies were
performed for measuring the effect of PCA on the brain metabolic
activity (Albira ARS dual scanner; Oncovision, Valencia, Spain).
The acquisition protocol is described in detail in [22] with some
modifications. Briefly, fasted rats were injected i.v. into the tail
vein with ['®F] FDG (approximately 18.5 MBq in 0.2 ml of 0.9 %
NaCl; Instituto Tecnoldogico PET, Madrid, Spain). After an uptake
period of 30 min, the animals were anesthetized by inhalation of a
mixture of isoflurane/oxygen (5 % for induction and 2 % for
maintenance) and placed on the bed of the tomograph. The duration
of the PET acquisition was 20 min, and it was immediately
followed by a CT (computed tomography) scanning. For the
metabolic activity quantification, the procedure used was as
follows: first, the CT image of the skull from each animal was
co-registered to a magnetic resonance image (MRI) rat brain
template in which the regions of interest (ROIs) were previously
delineated. Then, the spatial mathematic transformation was
applied to its own fused PET image, allowing the correct matching
between the PET image and the MRI template as described by Jupp
and O’Brien [23]. For these tasks, PMOD 3.0 software (PMOD
Technologies Ltd., Zurich, Switzerland) was used. As index of
regional metabolic activity, the standardized uptake value (SUV)
was obtained. SUV is a widely used PET quantifier, calculated as a
ratio of a ROI radioactivity concentration (kBq/ml) measured by
the PET scanner and the actual injected dose (kBq), decay-
corrected at the time of the injection, divided by the body weight
of the animal (g).

SERT Autoradiography

Thirty-micrometer hemibrain coronal sections from Bregma —2.80
to —7.80 mm [24] were obtained by using a cryostat (Leica
CM1850, Germany). The slices (four slices/glass slide) were thaw-
mounted onto Superfrost Plus slides (Thermo Scientific, Germany)
and stored at —80 ° C until assayed. The autoradiography was
performed using [*H] paroxetine (Perkin Elmer, USA; 847.3 GBg/
mmol) as SERT ligand as previously described [12, 25]. After
exposing and developing the autoradiographic films (Kodak
BioMax MR, Carestream, NY), the images were digitally acquired
(DFC425 camera, Leica, Germany). For quantification purposes,
commercial trititum microscale strips (Amersham Biosciences, GE
Healthcare, Spain) were co-exposed with the brain slices. The
quantification procedure is briefly described as follows: First, a
background-subtracted image of each slice was obtained by running
a rolling ball algorithm. Afterwards, the optical densities (OD) of
the different brain areas and microscales were measured. Then, a
calibration curve was fitted, allowing the conversion from OD
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values to radioactivity units (nCi/mg). Finally, the SERT density
values for each structure were obtained. All these steps were carried
out with the built-in functions of ImagelJ software (freely available
on the Internet at http://rsb.info.nih.gov/ij/download.html). To
calculate each individual value, the average of four slices was
used. The results were expressed as mean+SEM.

GFAP Immunohistochemistry

GFAP was visualized by a one-step technique using fluores-
cent labeled anti-GFAP antibody conjugated with the cyanine
dye Cy3. First, the slices were fixed into ice-cold acetone for
5 min. After drying, they were rinsed in Tris-buffered saline
(TBS) for 30 min and then blocked (3 % BSA, 0.1 % triton
X-100 in TBS for 45-60 min). Then, the slices were incubated
with the fluorescent cyanine anti-GFAP-Cy3 antibody (dilution
1:500; Sigma-Aldrich, St. Louis, MO) at 4 °C overnight. The
next day, the slices were washed in 0.1 % Tween 20 (3 x 5
min) to remove the excess of unbound antibody. Finally, the
slices were coverslipped with Flouromount aqueous mounting
medium (Sigma-Aldrich, St. Louis, MO). Tissue sections were
examined under a fluorescence microscope (Olympus IX51;
Olympus Europa Holding, Germany) using TRITC
(tetramethylrhodamine isothiocyanate) filter. Digital captures
were obtained and further processed with ImageJ software.

DAPI/Fluoro-Jade C Labeling

The protocol originally described by Schmued ef al. [26] was
followed with minor modifications. First, the slices were fixed
with 4 % formaldehyde in phosphate buffer pH 7.5 for 10 min,
followed by two washes in phosphate buffer. They were then
sequentially rinsed for 5 min in basic alcohol, 2 min in ethanol,
2 min in distilled water, and 10 min in potassium permanga-
nate solution. The slides were transferred for 10 min to a
0.01 % acetic acid solution containing 0.0001 % Fluoro-Jade C
(Millipore) and 0.0001 % DAPI (Sigma-Aldrich, St. Louis,
MO). Then, the glass slides were subsequently rinsed three
times in distilled water for 1 min. Once the sections were air-
dried, they were rinsed in xylene for 2 min and afterwards they
were coverslipped with DPX (Fluka). Finally, tissue sections
were examined under a fluorescence microscope (Olympus
IX51). Fluorescein isothiocyanate and blue/cyan filters were
used to visualize Fluoro-Jade C and DAPI labeling, respective-
ly. After capturing the fluorescence images for DAPI and
Fluoro-Jade C, they were processed and merged by using
ImageJ software.

Statistical Analyses of Data

Data are presented as means+SEM. Data were analyzed using one-
way analysis of variance (ANOVA) followed by the post hoc
Student-Newman—Keuls test for multiple comparisons. Differences
at p <0.05 were considered statistically significant (SigmaPlot 11.0,
Systat Software Inc., Chicago, IL).

Results

Brain Glucose Metabolism

Three days after the administration of the high dose of PCA
(10 mg/kg), an overall brain glucose hypometabolism was
detected, whereas no significant changes were observed with
the low dose (2.5 mg/kg) compared with ['®F] FDG uptake
of the saline group (Fig. 1a). Furthermore, brain glucose
metabolism reduction seems to be time dependent as after
3 weeks from the neurotoxin administration, the ['*F] FDG
uptake was reduced even a bit more. Thus, 10 mg/kg PCA
caused a significant reduction (p<0.05) of 15.95 and
14.43 % in hippocampus and cortex, respectively, after
3 days (Fig. la), and this decrement reached 20.61 and
19.42 % after 3 weeks (Fig. 1a) when compared to control
animals. Moreover, when analyzed at day 21, the metabolic
activity of the 10 mg/kg PCA group was significantly lower
(»<0.05) than that of the animals which received 2.5 mg/kg
PCA. At this time point, the cortex was the only brain
structure which, upon 2.5 mg/kg PCA dose, significantly
underwent a decrease in glucose metabolic activity when
compared to saline group (p<0.05; Fig. 1b). Representative
PET images showing the different brain glucose metabolism
of the three experimental groups (saline, 2.5 mg/kg PCA,
and 10 mg/kg PCA) at the two time points are displayed in
Fig. 2.

SERT Density

As depicted in the left panel of Fig. 4, brain serotonergic
innervation shows a differential regional distribution in
naive male Sprague—Dawley rats. Thus, the ventral hippo-
campus was the brain area analyzed with the highest SERT
density (1.29+0.04 nCi/mg), followed by the occipital
cortex (1.21+0.07 nCi/mg). Finally, the dorsal hippocampus
was found to be the area with the lowest SERT expression
(0.72+0.04 nCi/mg).

A dose-dependent reduction of [*H] paroxetine binding
was observed in ventral hippocampus when measured after
22 days from the neurotoxin administration (Fig. 3). Thus, in
this region, the low PCA dose administered (2.5 mg/kg)
produced an 18.46 % decrease (p<0.05), whereas a 55.15 %
reduction was detected when the high dose (10 mg/kg) was
injected (p<0.01). In the rest of the structures analyzed, the
low dose of PCA did not produce any significant change in
the expression of the transporter.

Instead, the high PCA dose (10 mg/kg) significantly
reduced the SERT density in all the regions analyzed:
occipital cortex (31.54 %, p<0.01) and dorsal hippocampus
(30.64 %, p<0.01). Furthermore, the reduction of SERT
densities observed by the administration of 10 mg/kg PCA
was statistically higher (Fig. 3, p<0.05 or p<0.01 regarding
the brain region) than the displayed at the dose of 2.5 mg/kg.
These results support a dose-dependent reduction of SERT
density mediated by PCA.
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Fig. 1 Changes in regional brain glucose metabolism in control (Saline, n=6), 2.5 mg/kg PCA (n=6), and 10 mg/kg PCA (n=4)
groups at a day 3 and at b day 21 after the injection. Data are expressed as means+SEM (*p<0.05, significantly different from
saline group, #p<0.05 significantly different from 2.5 mg/kg PCA group)

As the raphe nuclei are the main source of serotonergic
innervation of forebrain and limbic regions [27], we also
measured SERT density in this area for evaluating an
eventual lesion exerted by PCA at the somatodendritic level.
In accordance with the effects induced by other amphet-
amine derivatives [15], our results support a sole and
specific action of PCA on the axonal transporters, as SERT
density in the raphe nuclei was not modified (% change from
control group; saline group = 100.00+3.77; 10 mg/kg PCA
group = 104.52+6.93).

Representative coronal autoradiographic images of [*H]
paroxetine binding from the three experimental groups that

show a PCA-mediated SERT density reduction at the level
of Bregma —4.30 mm are depicted in Fig. 4.

GFAP Immunohistochemistry

In order to evidence astroglial activation, non-quantitative
GFAP immunohistochemistry was performed. As shown in
the fluorescence microphotographs (Fig. 5), PCA adminis-
tration produced a noticeable long-term increase in GFAP
labeling both in occipital cortex and dorsal hippocampus
compared to the same brain areas from non-treated animals.
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PCA 2.5 mg/kg
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PCA 10 mg/kg

suv . 70

Fig. 2 Representative ['®F] FDG PET images showing the rat brain metabolic activity from saline, 2.5 mg/kg PCA, and 10 mg/kg

PCA groups after 3 and 21 days from the neurotoxin (or saline) injection in coronal, sagittal, and trans-axial views. The upper
rows show the CT images, the middle rows show the PET images (in SUV scale), and the bottom rows represent both

tomographic images merged

Assessment of Eventual Neurodegeneration
by DAPI/Fluoro-Jade C Double Labeling

As shown in Fig. 6, Fluoro-Jade C labeling showed no signs
of post- and presynaptic neurodegeneration at the level of
hippocampus and cortex at any of the two doses of PCA
administered. In addition, DAPI labeling was fairly similar
in PCA-treated and non-treated animals.
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Fig. 3 Effect of PCA on SERT density in occipital cortex,
ventral hippocampus, and dorsal hippocampus from saline
(n=4), 2.5 mg/kg PCA (n=5), and 10 mg/kg PCA (n=7)
groups, 22 days after the injection. Data are expressed as
mean of percentage of saline-control+SEM (*p<0.05 vs.
saline group; *p<0.01 vs. saline group; #p<0.05 vs.
2.5 mg/kg PCA group; ##p<0.01 vs. 2.5 mg/kg PCA group)

A parallel assay was performed on rats receiving
intrahippocampal kainic acid, a well-known
neuroexcitotoxic agent, as a positive control of Fluoro-Jade
C labeling. In accordance with Schmued ef al. [26], these
animals showed an intense Fluoro-Jade C signal (data not
shown).

Discussion

In this study, we first used longitudinal in vivo ['*F] FDG
PET to monitor both short- and long-term effects (3 and
21 days, respectively) of a single dose (2.5 or 10 mg/kg i.p.)
of PCA on brain glucose metabolism in rats. Secondly, at
day 22, we performed an autoradiographic study describing
the pattern change on the SERT density in several 5-HT
innervated brain regions in order to evaluate any putative
axon damage. SERT density was also measured in raphe
nuclei for evaluating a putative reduction in somatodendritic
SERT. Additionally, the degree of reactive astrogliosis was
evaluated by GFAP immunohistochemistry. Finally, double
DAPI/Fluoro-Jade C staining was carried out to detect any
eventual sign of neurodegeneration.

For the present study, we selected two different PCA
doses at secking both a severe and a mild lesion on the
serotonergic tracks [4, 12, 28, 29]. Rat exposure to 10 mg/kg
PCA produced a significant reduction of ['®*F] FDG uptake
(in SUV units) in all brain regions studied at the two time
points. Instead, the low dose (2.5 mg/kg) only reduced the
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2.5 mg/kg PCA

10 mg/kg PCA

Fig. 4 Representative autoradiograms of coronal hemibrain sections at the level of Bregma —-4.30 mm, showing the gradual
reduction of SERT expression, 22 days after the PCA injection. OC occipital cortex, DH dorsal hippocampus, VH ventral

hippocampus. Scale bar: 1 mm

metabolic activity in cortex after 21 days from the
neurotoxin exposure (Fig. 1b). Currently, the most widely
used quantification index in small-animal ['*F] FDG PET
studies is the semi-quantitative SUV measure [30]. It is
important to note that the differences found in the SUV
values at day 3 and 21 of the control (saline) group could be
attributed to inter-scan interval as recently reported by
Deleye et al. [30]. For this reason, the comparisons of
['®F] FDG SUV values of PCA-treated animals were
performed not against basal acquisitions made before the
neurotoxin administration but against the corresponding
control (saline) group. The control group of rats was scanned

SALINE

2.5 mg/Kg PCA

SALINE 2.5 mg/Kg PCA

at the same two time points as that of the PCA-injected rats,
aiming at avoiding such eventual SUV inter-scan variation.

The data from the [*H] paroxetine autoradiography
showed a dose-related reduction of the SERT density in
cortex and hippocampus after PCA injection and paralleled
the findings of the ['®F] FDG PET study. Although a
neuroadaptative mechanism for the SERT change has been
proposed [13, 31], a presynaptic neurotoxic action for PCA
and other amphetamine derivatives is generally accepted
[14-18, 32]. Specifically, these kinds of compounds have
the potential to produce a distal axotomy of serotonergic
neurons [15, 18]. In this context, the degrees of denervation

10 mg/Kg PCA

10 mg/Kg PCA

Fig. 5 GFAP immunohistochemistry in coronal brain slices upon long-term effect of a single PCA administration. GFAP
labeling is shown at the level of occipital cortex (upper row) and dorsal hippocampus (bottom row), 22 days after injection of
saline (left column), 2.5 mg/kg PCA (middle column), and 10 mg/kg PCA (right column). A strong gliosis is observed when the
neurotoxin PCA was injected compared to the saline group. oc occipital cortex, cg cingulum, hil hilus, dg dentate gyrus. Scale

bar: 250 ym
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2.5 mg/Kg PCA

SALINE

2.5 mg/Kg PCA

10 mg/Kg PCA

10 mg/Kg PCA

Fig. 6 Double DAPI/Fluoro-Jade C fluorescence micrographs at the level of the occipital cortex (upper row) and the dentate
gyrus of the dorsal hippocampus (bottom row). The images show no signs of neurodegeneration 22 days after PCA injection.
Left panels, saline group; middle panels, 2.5 mg/kg PCA,; right panels, 10 mg/kg PCA. oc occipital cortex, cg cingulum, hil hilus,

dg dentate gyrus. Scale bar: 250 pm

revealed at both doses were in agreement with previous
reports [4, 12]. Moreover, the sustained fall in SERT density
observed 22 days after a single 10 mg/kg PCA injection
(Fig. 3) points out a non-recoverable neurotoxic-like effect.

Indeed, the PCA-induced decrease of SERT density in
cortex and hippocampus at day 22 is concomitant to a
reduction of ['®*F] FDG uptake in the same brain areas.
Thereby, it can be inferred that the lowered synaptic activity,
as a consequence of the PCA-induced 5-HT denervation,
contributes to the reduction of the brain glucose metabolism.

A single PCA injection is shown here to cause extensive
astrogliosis in 5-HT innervated regions such as cortex and
hippocampus (Fig. 5). Astrogliosis is considered to be one of
the markers for neuronal injury [33]. It should be noted that
only amphetamine derivatives with neurotoxic properties
have shown to generate astrogliosis following microglial
activation [17, 21, 34]. This reactive gliosis seems to be an
essential event for the early neuronal damage by increasing
the generation of reactive oxygen species [17, 35]. In turn,
after a brain insult, it has been proposed that a slow
astrocytic response can maintain microglia activation and
eventually lead to a chronic brain lesion [36].

Fluoro-Jade staining is widely recognized to specifically
localizing not only degenerating nerve cell bodies but also
distal dendrites, axons, and terminals, regardless of being the
result of brain trauma, stroke, or neurotoxic insult [26]. This
makes it ideal for localizing degenerating neuronal struc-
tures. Our results indicate that a single dose of PCA is
related solely to distal axotomy in agreement with previous
observations [1, 2, 18], but not to neurodegeneration as no

labeled neuron structures were detected at hippocampal and
cortical areas by using double DAPI/Fluoro-Jade C staining,
22 days after the PCA injection (Fig. 6).

Furthermore, the serotonergic neuronal bodies appeared
not to be affected by PCA, as SERT density in the midbrain
raphe nuclei (the main area that contains the majority of the
serotonergic neurons) was not significantly modified 22 days
after PCA administration. This observation is in agreement
with the MDMA-induced long-term neurotoxicity observed
in monkeys by Hatzidimitriou et al. [15]. These authors
reported persistent regional deficits in axons with
abnormal brain 5-HT innervation patterns in hippocam-
pus and cortex, being still evident even 7 years after
MDMA exposure. Furthermore, no loss of 5-HT nerve
cell bodies in the rostral raphe nuclei was found,
suggesting that abnormal innervation patterns in
MDMA-treated monkeys are not necessarily associated
with loss of a particular 5-HT nerve cell group.

A regional brain hypometabolism found non-invasively
by in vivo ['*F] FDG PET as a result of a single dose of
PCA is reported here for the first time. At long term, the
cortex seems to be more affected by this neurotoxin than the
rest of the brain regions analyzed, as the radiotracer uptake
into this brain area, upon 2.5 mg/kg PCA, was significantly
reduced (Fig. 1b). The dissimilar metabolic affectation
observed at long term can be explained by the different
constitutive SERT expression on 5-HT axon terminals, as
this kind of compounds uses the transporter to enter the
neuron [1]. Thus, the thin 5-HT axons that innervate the
cortex are more vulnerable than axons that innervate the
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hippocampal formation [1, 37]. In this regard, supporting
our finding, Riezzo et al. [38] reported that the frontal cortex
was the only brain structure in which enzymatic and non-
enzymatic cellular antioxidant defense systems were acutely
reduced after MDMA administration.

It has been reported that 5-HT is involved in neurogenesis
[39], promotes the survival of cortical neurons in vitro [40],
and can display neuroprotective properties through a
mechanism that involves up-regulation of the bcl-xI protein
thereby diminishing the risk of mitochondrial-dependent
activation of caspases [41]. Thus, it cannot be completely
ruled out a secondary mechanism of postsynaptic damage
involved in the PCA-induced hypometabolism due to the
reported long-lasting 5-HT depletion.

Finally, the present study shows that the cortical and
hippocampal hypometabolism induced by PCA is associated
with its axotomic properties since the metabolic disturbance
is accompanied by a long-term SERT density reduction in
those brain areas. Furthermore, following axonal denerva-
tion, the reactive gliosis observed might also account for the
damage caused by PCA. Further studies assessing the
molecular events coupled to the reported long-term meta-
bolic impairment will give us a deeper insight of the
neurotoxicity triggered by PCA.
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