
 

ORIGINAL INVESTIGATION 

Psychopharmacology 
DOI 10.1007/s00213-014-3639-6 

 

 

Persistent modification of forebrain networks and metabolism 
in rats following adolescent exposure to a 5-HT7 receptor agonist 

Rossella Canese • Francesca Zoratto • Luisa Altabella • Paola Porcari • Laura Mercurio • 
Francesco de Pasquale • Erica Butti • Gianvito Martino • Enza Lacivita • Marcello Leopoldo • 
Giovanni Laviola • Walter Adriani 

 
 
 

Received: 28 October 2013 / Accepted: 22 May 2014 
Ⓒ Springer-Verlag Berlin Heidelberg 2014 

 

Abstract 
Rationale The serotonin 7 receptor (5-HT7-R) is part of 
a neuro-transmission system with a proposed role in 
neural plasticity and in mood, cognitive or sleep 
regulation. 
Objectives We investigated long-term consequences of sub- 
chronic treatment, during adolescence (43–45 to 47–49 days 
old) in rats, with a novel 5-HT7-R agonist (LP-211, 0 or 
0.250 mg/kg/day). 
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Methods We evaluated behavioural changes as well as fore- 
brain structural/functional modifications by in vivo magnetic 
resonance (MR) in a 4.7 T system, followed by ex vivo 
histology. 
Results Adult rats pre-treated during adolescence showed 
reduced anxiety-related behaviour, in terms of reduced 
avoidance in the light/dark test and a less fragmented 
pattern of exploration in the novel object recognition 
test. Diffusion tensor imaging (DTI) revealed decreased 
mean diffusivity (MD) in the amygdala, increased frac- 
tional anisotropy (FA) in the hippocampus (Hip) and 
reduced axial (D||) together with increased radial (D⊥) 
diffusivity in the nucleus accumbens (NAcc). An in- 
creased neural dendritic arborization was confirmed in 
the NAcc by ex vivo histology. Seed-based functional 
MR imaging (fMRI) identified increased strength of 
connectivity within and between “limbic” and “cortical” 
loops, with affected cross-correlations between amygda- 
la, NAcc and Hip. The latter displayed enhanced con- 
nections through the dorsal striatum (dStr) to dorso- 
lateral prefrontal cortex (dl-PFC) and cerebellum. 
Functional connection also increased between amygdala 
and limbic elements such as NAcc, orbito-frontal cortex 
(OFC) and hypothalamus. MR spectroscopy (1H-MRS) 
indicated that adolescent LP-211 exposure increased 
glutamate and total creatine in the adult Hip. 
Conclusions Persistent MR-detectable modifications indicate 
a rearrangement within forebrain networks, accounting for 
long-lasting behavioural changes as a function of develop- 
mental 5-HT7-R stimulation. 
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Introduction 
 

The serotonin (5-hydroxytryptamine, 5-HT) 7 receptor (5- 
HT7-R) has been recently proposed for a role in neuro- 
genesis, synaptogenesis and dendritic spine formation, espe- 
cially during development (Kobe et al. 2012; Kvachnina et al. 
2005). There is increasing interest in this neuro-transmission 
system because of a possible involvement in learning and 
memory processes (Cifariello et al. 2008; Sarkisyan and 
Hedlund 2009) as well as in patho-physiological processes 
like anxiety/depression or cognitive and sleep disturbances 
(Bonaventure et al. 2007; Wesolowska et al. 2006). Initially 
discovered in the supra-chiasmatic nucleus of the hypothala- 
mus and involved in diurnal-nocturnal rhythms of activity 
(Duncan et al. 2004; Sprouse et al. 2004), this receptor is 
distributed in the thalamus, hypothalamus and hippocampus, 
with lower levels in the cerebral cortex and limbic areas 
(Hedlund 2009; Hedlund and Sutcliffe 2006). 

Although 5-HT7-R activation may exert a negative control 
on 5-HT neural activity, particularly via the dorsal raphe 
(Duncan et al. 2004) and/or via the medial prefrontal 
cortex (mPFC), little is currently known about the effects of 
selective agonist drugs. LP-211 is a novel agonist whose 
in vitro pharmacological properties make it suitable for pos- 
sible psychoactive effects (Hedlund et al. 2010; Leopoldo 
et al. 2011). Pre-clinical evidence in mice and rats demon- 
strates consistent acute/sub-chronic effects onto exploratory 
motivation, anxiety-related profiles and spontaneous circadian 
rhythm (Adriani et al. 2012; Ruocco et al. 2014a, b). 5-HT7-R 
may have a role in neural plasticity during development; as 
such, pharmacological 5-HT7-R stimulation may well result 
in neuro-plastic changes leading to persistent consequences in 
the brain circuits. The issue of developmental effects originat- 
ed by sub-chronic exposure to such drugs is as yet unexplored, 
and a developmental approach is warranted. 

In this framework, we previously reported 5-HT7-R 
mRNA and protein up-regulation in the striatum of adult rats 
after sub-chronic methylphenidate (MPH) administration dur- 
ing adolescence. This profile was associated with a persistent 
reduction of impulsive behaviour (Leo et al. 2009). As MPH 
is an indirect and non-selective monoaminergic agonist, it is 
possible that long-term effects of adolescent MPH exposure 
could be mediated, at least in part, by MPH-induced 5-HT7-R 
up-regulation. It could be proposed that direct agonist action 
on 5-HT7-R could trigger neuro-plastic adaptations as those 
elicited by MPH. Therefore, we sought to explore the conse- 
quences of direct 5-HT7-R agonist exposure during adoles- 
cence at behavioural as well as structural/functional levels in 
forebrain circuitry. With this aim, we exploited the potential 
offered by non-invasive in vivo magnetic resonance (MR) 
techniques. 

Diffusion tensor imaging (DTI) allows imaging of neuro- 
anatomy and neural connectivity without the need of 

exogenous contrast agents, providing reproducible quantita- 
tive measures such as mean diffusivity (MD, describing the 
diffusivity of water molecules in brain microstructures) and 
fractional anisotropy (FA, reflecting the anisotropy of grey 
and white matter) (Mukherjee and McKinstry 2006; Wang 
and Melhem 2005). The completely non-invasive nature of 
DTI has easily allowed a translation to clinical use, where it 
has become a common technique to investigate structural 
changes in neuro-anatomy (Schaechter et al. 2009; Takao 
et al. 2010). Beyond being used to study white matter integ- 
rity, DTI also provides key information about the immature 
brain prior to myelination, during maturation, as well as in 
normal and disease states. 

Moreover, the synchronized and low-frequency spontane- 
ous fluctuations of the functional magnetic resonance imaging 
(fMRI) signal have recently been applied to investigate large- 
scale neuronal networks of the brain, in the absence of a 
specific task or challenge (Raichle and Snyder 2007). 
Although the neural mechanisms underlying these fluctua- 
tions remain largely unknown, several recent studies have 
demonstrated correlations in resting state low-frequency 
fMRI signal fluctuations in anaesthetized rodents 
(Kannurpatti et al. 2008; Pawela et al. 2008). We investigated 
whether the neural rearrangements, thought to occur as a 
consequence of the developmental 5-HT7-R stimulation, im- 
plied a functional change of neuronal network connectivity 
within drug-targeted forebrain areas. 

Here, we investigated the long-term consequences of ado- 
lescent sub-chronic exposure to LP-211, with a specific focus 
on behaviour, anatomical connectivity (by DTI) and function- 
al connectivity (by resting state fMRI). Anxiety-related be- 
haviour was tested in the light/dark test; depressive-like be- 
haviour was evaluated with the forced swim test while 
episodic-like memory was assessed with the novel object 
recognition test. Depressive profile and episodic-like memory 
were both investigated, because of the possible overlap with 
pre-clinical anxiety manifestations (Razafsha et al. 2013). The 
amygdala was studied because of the well-known relation 
with anxiety-related behaviour; all the remaining structures 
such as the hippocampus (Hip), dorsal/ventral striata 
(dStr/NAcc) and prefrontal cortex (PFC) were included be- 
cause of their established relation to the amygdala. We also 
applied—in the selected brain regions showing adaptations 
using the above techniques—in vivo proton magnetic reso- 
nance spectroscopy (1H MRS, providing a snapshot of the 
neuro-chemical environment within defined regions of the 
brain) or ex vivo histology by Golgi staining. The Hip was 
also chosen since a recent study (Manganas et al. 2007) 
showed the possibility of detecting neuro-genesis in vivo by 
analyzing the signal at 1.28 ppm in 1H MR spectra. The NAcc 
was chosen a posteriori as it is part of the so-called 
“extended amygdala” and because of peculiar alterations 
in DTI parameters. 
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Materials and methods 
 

All experimental procedures were approved by the Italian 
Ministry of Health (licence to G.L.). Procedures were in 
agreement with the European Communities Council 
Directive (86/609/EEC). All efforts were made to minimize 
suffering, to reduce the number of animals and to utilize 
alternatives to in vivo techniques. 

 
Subjects 

 
Fifty-six male Wistar-Han rats (Charles River, France) were 
used in total for this study. Upon arrival (after weaning), 
animals were housed in pairs inside polycarbonate cages 
(42.5 × 26.6 × 18.5 cm), in an air-conditioned room (21 ± 
1 °C, humidity 60±10 %), with a 12-h light/dark cycle (lights 

off at 8.00 a.m.). Food (“Altromin-R”, A. Rieper SpA, 
Vandoies, Italy) and tap water were provided ad libitum. 
Each pair of rats was randomly assigned to receive a sub- 
chronic administration with LP-211 (0.250 mg/kg/day i.p., n= 
29) or vehicle (0.5–1 % DMSO in saline, n=27) for 5 days 
during the adolescent phase (Post-Natal Day, PND: 43–45 to 
47–49 days old) and tested in adulthood (PND>60 days old) 
for potential carry-over effects. Drug dose and regimen were 
chosen according to previous work with mice (Adriani et al. 
2012; Romano et al. 2014) and rats (Ruocco et al. 2014a, b). 
The experiment was run in three cohorts. At adulthood, 20 

rats (first cohort) were tested for anxiety with the light/dark test 
(PND 66–67) and then underwent MR analyses (PND 72–83), 
with the aim of measuring long-term modifications in relevant 
brain areas. This first cohort was not used for ex vivo measures. 
At sacrifice (PND 85), the brains of six rats (second cohort) were 
prepared for Golgi staining. This second cohort remained un- 
touched after adolescent drug exposure until sacrifice, to avoid 
any interference on drug-induced changes within forebrain mor- 
phology. At adulthood, 30 rats (third cohort) were continuously 
monitored for spontaneous home cage locomotor activity (PND 
84–90) and were then evaluated in the novel object recognition 
test (PND 91–94) for episodic-like memory and in the forced 
swim test (PND 105) for depressive-like behaviour. 

Behavioural observations 

Light/dark test 
 

The experimental apparatus is the same as in Adriani et al. 
(2010), installed in a soundproof cubicle to minimize any dis- 
traction. On the day of testing, rats were brought to the sound- 
proof cubicle and left in their home cages for 30 min to acclimate 
to the surroundings. Each rat was then gently placed into the 
middle of the white compartment and left to freely explore the 
whole apparatus for 15 min (Bourin and Hascoet 2003; Laviola 
et al. 1992). The floor of the apparatus was cleaned, after each 

animal testing, with water and ethanol (2:1). Experimental ses- 
sions were performed between 10.00 and 16.00, over 2 days 
(PND 66–67; N=20, first cohort), with experimental groups 
being counterbalanced across days. Time spent in the “lit cham- 
ber” (100 lux) is an index of anxiety-related behaviour, as it is 
known that rodents tend to avoid novel and brightly illuminated 
areas that can induce an aversive reaction (Laviola et al. 1992). 

 
Circadian cycle 

 
Rats were continuously monitored for spontaneous home cage 
locomotor activity (Adriani et al. 2012; Zoratto et al. 2013) by 
means of an automatic device equipped with small passive 
infrared sensors (20 Hz), placed on a standard rack over the 
top of each home cage (ActiviScope system; TechnoSmart, 
Rome, Italy). Activity was continuously measured in LP-211 
(n=8 pairs) and control (n=7 pairs) subjects over 7 days (PND 
84–90; N=15 pairs, third cohort). From this period, we ex- 
tracted the central 5-day interval, from which a mean day was 
calculated. 

 
Novel object recognition test 

 
The novel object recognition test is based upon the tendency 
of rodents to investigate a novel object rather than a familiar 
one (Ennaceur and Delacour 1988). Rats (PND 91–94; N=14, 
third cohort) were tested (during the dark phase of the light/ 
dark cycle) in a soundproof experimental room, under dim 
light conditions. A habituation session to the apparatus (a 
black Plexiglas box, 80 × 80 × 60 cm) was performed for 
3 days, 10 min daily (Freret et al. 2014). On the fourth day, 
an acquisition session (S1; duration 3 min) was performed 
with two identical objects (a1 and a2, placed in two adjacent 
corners, 20 cm from the walls). The animal was placed in the 
opposite quadrant, facing away from the objects. After an 
intersession interval (ISI; duration 4 h, the animal was placed 
in its home cage), the retention session (S2; duration 3 min) 
was performed. Thus, the testing box (cleaned with 33 % 
alcohol solution) contained two different objects: a familiar 
one (identical to that previously explored during acquisition, 
a3) and a new one (b). The objects were metal bowls (diameter 
5–8 cm, 5 cm high, weight 150 g) and glass jars (5×5 cm, 
6.5 cm high, weight 150 g). Objects presented during acqui- 
sition and the new one presented during retention were ran- 
domized between animals and were cleaned between trials 
with 33 % alcohol solution. Each session was video recorded, 
and the exploratory behaviour (Bevins and Besheer 2006) was 
scored using ethological software (Observer 2.0; Noldus, 
Wageningen, The Netherlands). The pattern of exploration 
was also considered: Average duration of single exploration 
episodes was calculated by dividing the cumulative time, 
spent exploring one object, by the number of times exploration 
of that object was initiated (i.e. total duration/frequency). 

 
 



 

Psychopharmacology 
 

Forced swim test 
 

To measure their willingness to escape an aversive ines- 
capable situation, rats (PND 105; N=16, third cohort) 
were tested on the forced swim test (Porsolt et al. 1977; 
Cryan et al. 2005). Each rat was placed individually in a 
container (40.0 ×33.0×51.5 cm) containing 32.5 cm of 
water at 25± 1 °C. One 9-min swimming test session 
was videotaped from above and subsequently analyzed using 
ethological software (Observer 2.0; Noldus, Wageningen, The 
Netherlands). For behavioural parameters considered, see 
e.g. Prince et al. (1986). 

 
Statistical analysis of behavioural data 

 
Data were analyzed, using Statview II (Abacus Concepts, CA, 
USA), by general analysis of variance (ANOVA) or repeated 
measures ANOVA. The latter was applied on data sets involv- 
ing comparisons of data collected on the same animals over 
different time intervals (i.e. circadian cycle, novel object rec- 
ognition test, forced swim test). Multiple post hoc compari- 
sons were performed, where appropriate, using Tukey’s hon- 
estly significant difference (HSD) test. Data are expressed as 
mean±SEM. Level of significance was set at P≤0.05. All 
statistics are two-tailed. 

 
Preparation of animals for MRI/MRS protocol 

 
The animals were anaesthetized with 2.5 % isoflurane 
(Forane, Abbott SpA, Latina, Italy) in oxygen 2 L/min. 
Once unresponsive to paw pinch, each rat was transferred to 
a stereotaxic head frame, under the continuous supply of 
anaesthetic gases; anaesthesia was reduced to 2.0 % 
isoflurane in oxygen (1 L/min). Rats were left to spontane- 
ously breathe, with no mechanical ventilation, during the 
whole MR experiment which lasted about 2.5 h on average. 
All MR experiments were conducted on a 4.7 T Agilent Inova 
pre-clinical system (Agilent Technologies Inc., Palo Alto, 
CA, USA) equipped with a combination of volume and 
surface coils (Rapid Biomedical GmbH, Rimpar, Germany) 
according to protocols described in Canese et al. (2009, 
2012). Gradient echo scout images detected accurate posi- 
tioning of the head. Fast spin-echo sagittal anatomical images 
(Repetition Time (TR) / Echo Time (TE)=3,000/60 ms, 15 
slices of 1-mm thickness, Field of View (FOV) 40×40 mm2, 
matrix 256×256, 2 averages, scan time 12 min) were ac- 
quired for positioning of images (DTI and fMRI) and of the 
voxel (MRS). 

 
DTI protocol 

 
This technique provides information about the 
microarchitecture of white and grey matter, by parameters 

such as FA, axial diffusivity (D||), radial diffusivity (D⊥) and 
MD. FA is a dimensionless value that allows the detection of 
directionality regardless of the fibre orientation. It is influ- 
enced by a number of factors including axonal myelination, 
diameter, density and orientational coherence (Alexander 
et al. 2007; Beaulieu 2002). Axial and radial diffusivities 
describe water diffusion along and across axonal tracts, re- 
spectively. Axonal injury, such as axonal swelling, results in 
reduced D||, while de-myelination increases D⊥ (Song et al. 
2002; Sun et al. 2006). MD is a measure of the directionally 
averaged magnitude of diffusion and is related to the integrity 
of the local brain tissue (Beaulieu 2002). 

A spin-echo sequence was used with addition of the 
Stejskal-Tanner diffusion gradients, applied along six non- 
collinear directions. Intensity, duration and diffusion time 
were set to 8.27 G/cm, 8 ms and 25 ms, respectively, given a 
b value of 700 s/mm2. A FOVof 25×25 mm2 was sampled on 
a 64×64 matrix. Multi-slice DT images were acquired (15 
slices, 1-mm thickness) in coronal plane (2 averages, TR/TE= 
2,000/50 ms). One data set without diffusion weighting was 
also acquired (total DTI scan time less than 30 min). For each 
rat, a manual binary brain mask was used to define parenchy- 
ma voxels for further analysis. All data were corrected for 
eddy current distortions with an affine transformation of the 
diffusion-weighted images to the non-diffusion-weighted im- 
age by means of FDT diffusion toolbox in FMRIB Software 
Library (FSL) software (http://www.fmrib.ox.ac.uk/fsl/). 
After eddy current corrections, the diffusion tensor (i.e. a 
matrix describing the orientation dependence in each voxel) 
was determined, and the eigenvalues (λ1, λ2 and λ3) and then 
eigenvectors (V1, V2 and V3) of the diffusion tensors were 
calculated. From the eigenvectors and eigenvalues, maps of 
FA (Basser and Pierpaoli 1996) were calculated, describing 
the anisotropy of diffusion, and directionally encoded colour 
(DEC) maps were generated. Here the colour of each voxel is 
defined by the orientation of its primary eigenvector (V1) and 
the intensity is proportional to FA (Pajevic and Pierpaoli 
1999). Finally, maps were also calculated for the following: 
(a) MD, showing the diffusivity value averaged among the 
three directions; (b) axial diffusivity (D||=λ1), showing the 
diffusivity parallel to the direction of the principal eigenvec- 
tor; and (c) radial diffusivity (D⊥=(λ2+λ3)/2), describing the 
diffusivity perpendicular to the principal eigenvector. An in- 
house MATLAB script (Mathworks, Natick, MA,USA) was 
used to analyze DTI data by manually selecting specific 
regions of interest (ROIs) from the FA, MD, D|| and D⊥ maps. 
In particular, five different regions of the brain were extracted: 
the amygdala, the Hip, the NAcc, the dStr and the orbital 
prefrontal cortex (OFC), as shown in Fig. 1. Location of each 
ROI was chosen by comparison with rat brain atlas (Paxinos 
and Watson 1998). Significant differences of FA, MD, D|| and 
D⊥ values between groups were assessed by an unpaired two- 
tailed Student’s t test (P≤0.05). 
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Fig. 1 Examples of in vivo DTI images, with directionally encoded 
colors (DEC): horizontal (i.e. coronal) maps of rat brains at −3.8, −4.8 
and −7.8 mm ventrally from the bregma (Paxinos and Watson 1998). 
Maps show FA, with color coding the predominant diffusion direction of 
the anisotropy. White rectangles denote the voxel placed on amygdala, 
Hip, dStr and NAcc, as well as OFC, as shown in the rat brain atlas 
sagittal diagram (Paxinos and Watson 1998). The overall results are 
shown in Table 1 

 
Functional connectivity protocol 

 
In resting subjects, there are spontaneous, slow (<0.1 Hz) 
fluctuations of the blood oxygen level-dependent (BOLD) 
signal which are temporally coherent within widely distribut- 
ed functional networks. Our seed-based analysis, based on a 
bootstrap resampling approach, is able to find a distinct series 
of “active” voxels in which the cross-correlation to the seed, 
observed in the template obtained for LP-211-pre-treated an- 
imals, differs from the bootstrapping threshold, calculated 
from resampling of the controls in that same voxel. 
Therefore, we can obtain clear images of all the surrounding 
neural networks, connected to that seed. 

The fMRI session lasted 30 min, and the MR sequence was 
a multi-slice sagittal gradient echo sequence (TR/TE=200/ 
5 ms, 7 slices of 2-mm thickness, FOV 30×30 mm2, 64×64 
matrix, 140 temporal points). The acquisition of seven con- 
secutive slices was due to a precise strategy to obtain fMRI 
signals at the highest-frequency content (that in fMRI is 

around 0.3 Hz). Such spectral content is adequate for investi- 
gating resting state networks that are characterized by a low- 
frequency content (typically around 0.1 Hz, see for example 
de Pasquale et al. (2010)). The analysis stream consisted of a 
pre-processing and then a seed-based statistical approach with 
a bootstrap resampling technique, both implemented in home- 
made software (developed in MATLAB). The pre-processing 
was based on image realignment, to reduce the artifacts due to 
animal movement (Canese et al. 2009), and temporal smooth- 
ing, using a moving average method (span width = 5 temporal 
points). Those rats showing excessive movement of the head 
(defined as rapid changes of signal larger than 20 % during the 
fMRI study) were excluded from the analysis. The number of 
excluded animals consequently determined the number of 
animals used for analysis: they were n=7 and n=6 for the 
adolescent-treated and control groups, respectively. Seed- 
based resting state fMRI connectivity maps for the two groups 
of animals were generated as follows. Initially, in order to 
assess temporal reproducibility for the adolescent-treated an- 
imals, the 30-min fMRI session (run without any stimulation) 
was split into three sub-sessions of 10 min each. 
Subsequently, ten different seeds were placed on brain images, 
located in five relevant forebrain areas: amygdala, Hip, NAcc, 
dStr and OFC in both hemispheres. Then, for each given seed 
(out of these ten), the correlation between its timecourse and 
the voxel timecourses from the rest of the brain was computed. 
This step was performed on each data set individually; there- 
fore, separate correlation maps were obtained for every sub- 
session of every rat. One template image was generated from 
these correlation maps for the adolescent-treated group, and a 
threshold was applied by adopting the statistical values as 
follows. Correlation maps of control animals were resampled 
with replacement using bootstrapping (Efron and Tibshirani 
1988), in order to assess the data reliability and reproducibility 
and to set significance threshold for active voxels. Resampling 
is a powerful technique used in fMRI analysis, in particular, to 
overcome the problem of the test-retest method (Noll et al. 
1997) and/or to assess the significance of activation clustering 
(Auffermann et al. 2002) using the bootstrap or jackknife 
method. This resampling was carried out by preserving the 
spatial information for each voxel. To identify significant 
changes, the 99th percentile of the resampled data set was 
computed for each voxel. On the mean template map of 
adolescent-treated animals, correlations higher than the corre- 
sponding threshold (from the resampled control maps) have 
been labelled as significant changes in connection. The output 
images index the extent of such change, since algebraic dif- 
ferences between the mean correlation value for the adoles- 
cent-treated group and the corresponding threshold value of 
the same voxel are presented (see Fig. 2). The ten maps, one 
for each seed, represent the brain regions in which the strength 
of connection with the seed is significantly higher than con- 
trols, due to adolescent LP-211 exposure. 
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then assessed using Pearson linear correlation. Data are 
expressed as mean±SD. Significance level was set at P≤0.05. 

Stereological analysis of Golgi-stained NAcc neurons 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Voxels showing differences between the correlation maps, related 
to a particular seed for the adolescent-treated animals, with respect to the 
threshold (namely, the 99th percentile of the resampled distributions of 
control animals). As a first step, fluctuations of the blood oxygen level 
dependent (BOLD) signal allowed generation of a set of individual maps 
of connectivity for each seed, which were then averaged to obtain one 
template of adolescent-treated animals for each seed. The sagittal images 
shown here, obtained with a seed positioned in the right amygdala (green 
square), denote those pixels whose connectivity to the seed was enhanced 
as a long-term consequence of adolescent LP-211 exposure. Rat brain 
atlas diagrams (Paxinos and Watson 1998), corresponding to the centre of 
the MRI slices, are over-imposed to the difference maps. The overall 
results are shown in Supplementary Fig. 1s and summarized in Table 2 

 
 
 

MRS protocol 
 

Single voxel-localized 1H MR spectra (PRESS, TR/TE= 
4,000/23 ms, ns=256) were collected from the Hip (volume 
33.6 µL) in order to detect metabolite alterations (in particular 
those related to neurogenesis, by analyzing the signal at 
1.28 ppm). A quantitative MRS protocol, including water T2 
measurements, was applied (Canese et al. 2012). Localized 
shimming was performed up to water linewidths ranging 
between 7 and 10 Hz. Spectra were analyzed using 
LCModel (Provencher 1993). Metabolite concentrations are 
expressed in millimole per liter (mM). The effect of treatment 
on T2 values and metabolite concentrations was assessed 
using ANOVA with treatment as factor (Statview II, Abacus 
Concepts, CA, USA). In addition to the 1.28-ppm signal, the 
following seven metabolites were considered: glutamine 
(Gln), glutamate (Glu), myo-inositol (Ins), N-acetyl-aspartate 
(NAA), taurine (Tau), sum of glicero-phospho-choline and 
phospho-choline (GPC+PCh), sum of creatine and phospho- 
creatine (Cr+PCr). The potential relationship, between those 
metabolites whose concentrations differed significantly, was 

Golgi staining (Izzo et al. 1987) was performed on coronal 
sections (60-µm thickness) containing striatal neurons from 
rats of the second cohort (n=3 per group). At sacrifice, the 
brains were removed from the skulls and entirely immersed in 
solutions of the Rapid Golgi-Stain Kit (GolgiStain™ by FD 
NeuroTechnologies, Columbia, MD, USA), following manu- 
facturer instructions. Coronal sections (60 µm) were cut from 
the chunk of tissue on a cryostat. Medium spiny neurons in the 
ventral striatum (NAcc) were analyzed by an observer blind to 
treatment. Five neurons per animal were analyzed by micros- 
copy with a × 100 magnification lens (Leica). The randomly 
chosen neurons were totally and completely impregnated, 
clearly distinguishable from adjacent cells, and characterized 
by continuous, unbroken dendrites. 

Dendritic branches and spines were traced using 
Neurolucida 8.0 (MBF Biosciences, Williston, VT, USA) 
following the structures through the Z axis. Cell tracings were 
analyzed by Neurolucida Explorer 4.0. The 3D morphometric 
analysis uses concentric spheres with a distance of 10 µm 
between each sphere (Sholl 1981). The smallest sphere is 
centred within the soma. Spine length and spine density were 
determined using the measuring tool available on the Stereo- 
Investigator software (MicroBrightField, Inc., Colchester, VT, 
USA). These morphometric parameters were also estimated 
using the branch order method (Greenough and Chang 1985). 
The developmental effect of adolescent treatment on a total of 
nine morphometric parameters (number of dendrites, number 
of dendritic intersections, number of spines, total length of 
dendrites, total surface of dendrites, total volume of dendrites, 
spine volume, spine length, distance from spine head to den- 
drite) was determined by a multivariate analysis of variance 
(MANOVA), due to the potentially high correlation between 
these dependent variables. Pillai’s statistic was used. 
Univariate ANOVAs were then conducted for each variable 
(Statview II, Abacus Concepts, CA, USA). Data are expressed 
as mean±SD. Significance level was set at P≤0.05. 

 
Results 

 
Light/dark test 

 
Time spent in the lit chamber and latency to enter into the dark 
chamber Subjects that had been treated during adolescence 
with LP-211 spent a significantly increased amount of time in 
the lit chamber compared to controls, revealing a decrease of 
anxiety-like behaviour (treatment F1,18=6.24, P=0.022; Fig. 3, 
left panel). LP-211-pre-treated subjects showed increased 
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latencies to perform the first passage into the dark chamber 
when compared to vehicle (VEH) controls (treatment F1,18= 
4.54, P=0.047; LP-211 37.60±5.32 s; VEH 22.90±4.39 s). 

 
Other parameters The number of passages between compart- 
ments did not differ among groups (LP-211 13.9±4.1; VEH 
13.8 ± 4.6; ns). We did not find significant differences in 
locomotor activity between groups neither in the lit nor in 
the dark chamber (data not shown). No difference was found 
in body weight (LP-211 257.9±5.3 g; VEH 265.9±6.2 g; ns). 

 
Circadian cycle 

 
Data collected from the automated ActiviScope system 
showed that circadian activity patterns were not affected by 
adolescent pre-treatment, neither in diurnal rest pattern nor in 
nocturnal activity pattern, with a complete overlap of the 
expected peaks of activity (data not shown). 

 
Novel object recognition test 

 
Total duration of object exploration As expected, during the 
acquisition session, subjects spent a comparable time explor- 
ing objects a1 and a2 (a1 14.29±1.84 s; a2 16.54±1.85 s; ns). 
By contrast, during the retention session, they spent a signif- 
icantly higher amount of time exploring object b compared to 
a3 (session x object F1,12=7.75, P=0.017; a3 14.96±1.54 s; b 
25.63 ± 2.44 s), confirming novelty recognition. No pre- 
treatment-dependent differences emerged (data not shown), 
suggesting that LP-211 exposure during adolescence did not 
affect, on the long-term, the episodic-like memory 
performances as a whole. 

 
Exploration pattern The average duration of single explora- 
tion episodes was calculated, by dividing the cumulative time 
spent exploring one object by the number of times exploration 

of that object was initiated. During the retention session, the 
exploration episodes elicited by object b were significantly 
longer compared to all other objects (session x object F1,12= 
5.39, P=0.039; acquisition session, a1 1.69±0.15 s; a2 1.97± 
0.15 s; retention session, a3 1.91±0.22 s; b 3.24±0.41 s). 
However, the duration of exploration episodes shown by 
control rats did not vary across sessions and objects. By 
contrast, the duration of exploration episodes shown by LP- 
211-pre-treated subjects depended on the explored object 
(object x treatment F1,12=3.44, P=0.088). 

Multiple post hoc analyses revealed that exploration epi- 
sodes, specifically directed by LP-211-pre-treated subjects 
towards object b on retention session, were significantly lon- 
ger compared to both object a3 (the familiar one on retention 
session, P≤0.01) and object a2 (same position on acquisition 
session, P≤0.01). Such a profile of results was absent in 
vehicle controls (Fig. 3, right panel). This finding indicates 
that adolescent LP-211 exposure permanently affected the 
exploration pattern: a novel object was able to elicit deeper 
exploration episodes but only in pre-treated subjects, whereas 
episodes were of a similar duration (and initiated more fre- 
quently) in control subjects. 

 
Forced swim test 

 
No pre-treatment-dependent differences emerged in any of the 
behavioural parameters considered (struggling, LP-211 63.75 
±7.06 s; VEH 58.39±7.31 s; ns; floating, LP-211 102. 25± 
7.79 s; VEH 106.02±8.02 s; ns). 

 
DTI analysis 

 
Results of FA, MD, D|| and D⊥ quantitative analyses are 
reported in Table 1. Data reveal, in the group of LP-211-pre- 
treated animals, significant long-term changes in the brain 
regions. Amygdala showed a significant reduction of MD, 

 

 
 

Fig. 3 Anxiety-related behaviour in adult rats (PND>60) that had re- 
ceived a sub-chronic administration with LP-211 (0.250 mg/kg/day i.p.) 
or vehicle (0.5–1 % DMSO in saline) during adolescence (PND 43–45 to 
47–49). a Time spent in the “lit chamber” (100 lux) of a two-side light/ 
dark apparatus (start point lit chamber, single 15-min session). LP-211- 
pre-treated subjects spent a significantly increased amount of time in the 
lit chamber (N=20, first cohort). b Exploration pattern (i.e. average 
duration of single exploration episodes) in the novel object recognition 

test. Episodes directed towards object b (the novel one on retention 
session) were significantly longer, compared to both object a3 (the 
familiar one on retention session) and object a2 (same position on 
acquisition session), in LP-211-pre-treated but not control subjects 
(N=14, third cohort). Data are expressed as mean±SEM; (*P≤0.05; 
**P≤0.01) compared to vehicle controls (CTR) or when comparing 
object b to objects a2 and a3 
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Table 1 FA, MD, D|| and D⊥ mean values in selected regions. Effects of 
adolescent LP-211 exposure is denoted by statistically significant differ- 
ences (*P<0.05) between adolescent-treated and control group (unpaired 
two-tailed Student’s t test). Data are expressed as mean±SD (n=10) 

 

Amygdala Controls Treated 
FA 0.38±0.12 0.43±0.12 
MD (x10−3 mm2/s) 0.84±0.06 0.77±0.05 * 
D|| (x10−3 mm2/s) 1.19±0.2 1.09±0.2 
D⊥ (x10−3 mm2/s) 0.67±0.06 0.62±0.06 * 

Hippocampus (Hip) Controls Treated 
FA 0.28±0.04 0.43±0.14 * 
MD (x10−3 mm2/s) 0.75±0.02 0.76±0.03 
D|| (x10−3 mm2/s) 0.97±0.09 1.15±0.11 * 
D⊥ (x10−3 mm2/s) 0.67±0.08 0.66±0.05 

N.Accumbens (NAcc) Controls Treated 
FA 0.46±0.08 0.38±0.08 
MD (x10−3 mm2/s) 0.79±0.07 0.74±0.04 
D|| (x10−3 mm2/s) 1.14±0.09 1.02±0.04 * 
D⊥ (x10−3 mm2/s) 

Dorsal Striatum (dStr) 
0.55±0.03 
Controls 

0.59±0.03 * 
Treated 

FA 0.36±0.04 0.37±0.07 
MD (x10−3 mm2/s) 0.73±0.02 0.74±0.05 

Orbital pre-frontal cortex (OFC) Controls Treated 
FA 0.44±0.06 0.46±0.06 
MD (x10−3 mm2/s) 0.76±0.062 0.70±0.04 

 

due to changes in D⊥. A significant increase of FA was found 
within the Hip, due to an increase in axial (D||) but not radial 
(D⊥) diffusivity. No effects were found within the dStr nor the 
NAcc. However, the NAcc showed a significant decrease in 
axial together with an increase in radial diffusivity. 

Changes in connectivity within the limbic/cortical loop 

We detected an increase in the strength of connectivity between 
some of the seeds, placed a posteriori, and specific voxels in 
the brain. The complete set of images is shown in 
Supplementary Materials while one representative example 
(with the seed positioned in the amygdala, see green square) 
is shown in Fig. 2. Here, as a long-term consequence of 
adolescent LP-211 treatment, we observed an increased con- 
nectivity of the amygdala to the contralateral NAcc, as well as 
the following surrounding regions: the ipsilateral dStr, the 
ipsilateral Hip, both ipsilateral and contralateral thalami. 
Interestingly, only connection to right ipsilateral Hip was re- 
ciprocal (i.e. the ipsilateral amygdala was identified back with 
a seed placed on the right Hip); only connection to contralateral 
NAcc and ipsilateral dStr was specular (i.e. results were repli- 
cated for two seeds located in symmetric regions of opposing 
hemispheres). The overall results are summarized in Table 2, 
listing those regions where changes in connectivity were ob- 
served (for seeds located in a given region). 

Moreover, Hip and dStr showed the most evident and 
bilaterally specular changes. The former showed a markedly 
enhanced connectivity to the ipsilateral Hip (namely, to hip- 
pocampal regions surrounding the seed itself), as well as to the 
ipsilateral and contralateral dStr. The latter, interestingly, was 
found to show an enhanced connectivity to the ipsilateral pre- 
frontal cortex (PFC) as well as to the contralateral frontal 
(motor) cortex. Notably, all these connections were bilaterally 
specular (i.e. replicated for two seeds located in symmetric 
regions of opposing hemispheres), yet not reciprocal (i.e. 
increased connectivity was found from the seed to the target 
regions, but the seed region was not returned when a seed was 
placed in the target region). 

Interestingly, if we follow these unidirectional cross- 
correlations, we argue that resting state fluctuations apparently 
cross the hemispheres repeatedly: namely, from the (right) 
amygdala to the (left) NAcc and then to the (right) dStr; from 
the (left) amygdala bilaterally through the superior Collicolus/ 
Tectum to OFC and hence to medial hypothalamus; from the 
(right) Hip to the (left) dStr, then to both (right and left) dorso- 
lateral PFC as well as to the (left) cerebellum. All these 
regions do identify limbic and cortical loops (see 
“Discussion”). In addition, the connections of the right Hip 
turned out to be reciprocal: both contralateral NAcc and 
ipsilateral amygdala—specifically—were detected among tar- 
get regions (with enhanced connection) for a Hip seed; con- 
sistently, upon positioning of the seed on either of them, the 
Hip itself was detected in turn. 

 
MRS analysis in the hippocampus 

 
The MRS investigation provided evidence of long-term met- 
abolic changes in the Hip as a consequence of adolescent LP- 
211 exposure (see Fig. 4). No significant differences, howev- 
er, were detected in the 1.28-ppm signal, a putative marker of 
neurogenesis in vivo (see “Discussion”). Water T2 analyses 
confirmed that no changes occurred in the T2s between the 
groups (the T2s being 60±2 and 59±2 ms in adolescent- 
treated vs control Hip, respectively; P=0.38). Glutamate and 
total creatine concentration were significantly increased in the 
Hip of adult rats exposed to LP-211 when adolescent (F1,17= 
12.38, P=0.003 and F1,17=6.70, P=0.019, respectively). No 
treatment-dependent differences emerged for the remaining 
five metabolites. The individual levels of glutamate and total 
creatine were then correlated using Pearson linear correlation. 
A strong positive correlation emerged between the two me- 
tabolites (R=0.641; threshold = 0.575 for α=0.01 and N=19). 

 
Stereological analysis of Golgi staining 

 
Compared with control animals, neurons of the LP-211-pre- 
treated rats exhibited a series of clear-cut long-term modifica- 
tions along the whole extent of the dendrites, as shown in 

 
 



 

Psychopharmacology 
 

Table 2 Summary of brain regions showing an increase in the strength of 
connectivity. Brain regions listed are those which exhibit a significant 
increase in the strength of connectivity to the seed, depending on its 
placement in either hemisphere. The template cross-correlation map for 

that seed, originating from LP-211-pre-treated rats, was compared with 
the threshold, calculated from control rats after resampling with a boot- 
strap approach 

 
 

Seed Placed in: Right lobe Left lobe 

Amygdala - contralateral NAcc, ipsilateral dorsal Striatum 
- ipsilateral Hippocampus (mutual) 
- ipsi and contralateral Thalamus 
- lateral cerebellum 

Hippocampus (Hip) - ipsi and contralateral Hippocampus 
- ipsi and contralateral Striatum / N.Accumbens (mutual) 
- ipsi and contralateral Amygdala and internal capsula 

N.Accumbens (NAcc) - cortex (spread regions) 
- ipsi and contralateral (dorsal) Striatum 

 
Orbital pre-frontal cortex (OFC) - ipsilateral Superior Colliculus / Tectum 

- Medial hypothalamus 
- Medial pre-frontal cortex 
- ipsi and contralateral internal capsula 

Dorsal Striatum (dStr) - ipsi and contralateral pre-frontal cortex (dorso-lateral) 
- contralateral frontal (motor) cortex 
- contralateral cerebellum (anterior) and 

Hippocampus (mutual) 
- ipsi and contralateral Thalamus 

- contralateral NAcc, ipsilateral dorsal Striatum 
- contralateral Amygdala 
- ipsi and contralateral Superior Colliculus / Tectum 

 
- ipsilateral Hippocampus 
- ipsi and contralateral (dorsal) Striatum (mutual) 
- contralateral Thalamus and hypothalamus 
- contralateral midbrain 
- contralateral Hippocampus (mutual) 
- contralateral Striatum/N.Accumbens 
- ipsilateral Superior Colliculus / Tectum 
- Medial pre-frontal cortex 

 
 

- ipsi and contralateral pre-frontal cortex (dorso-lateral) 
- contralateral frontal (motor) cortex 
- contralateral Striatum 
- ipsilateral cerebellum 
- mid, ipsi and contralateral Thalamus 

 
 

 
Fig. 5. The MANOVA revealed a significant main effect of 
treatment (Pillai’s Trace F9,20=2.74, P=0.029). Univariate 
tests showed significant main effects for number of dendritic 
intersections (+34.8 %, F1,28=12.61, P=0.001), number of 
spines (+38.4 %, F1,28=9.36, P=0.005), total length of den- 
drites (+36.4 %, F1,28=9.50, P=0.005), total surface of den- 
drites (+40.3 %, F1,28=10.21, P=0.003), total volume of 
dendrites (+44.4 %, F1,28=9.84, P=0.004) and distance from 
the spine head to dendrite (+26.55 %, F1,28=5.71, P=0.024) 
in neurons of LP-211 compared to vehicle-pre-treated rats. A 

 
 

Fig. 4 Metabolite concentrations obtained from in vivo 1H spectra, 
collected from the hippocampal voxel, by using a quantitative protocol 
(which uses water as internal standard) and LCModel fitting program. 
Metabolite assignments: glutamine (Gln), glutamate (Glu), myo-inositol 
(Ins), N-acetyl-aspartate (NAA), taurine (Tau), sum of glicero-phospho- 
choline and phospho-choline (GPC+PCh), sum of creatine and phospho- 
creatine (Cr+PCr), lipids (Lip 1.28 ppm). Data are expressed as mean± 
SD; (*P≤0.05, **P≤0.01) compared to controls (CTR) 

tendency towards a significant main effect was also found for 
spine length (F1,28=3.32, P=0.079). No treatment-dependent 
differences emerged for number of dendrites and spine vol- 
ume. Comparable results were observed with Sholl analysis, 
in which a specific dendritic segment (the first 100 µm from 
soma) of each dendrite was analyzed (data not shown). 

 
 

Discussion 
 

We report plastic rearrangements within forebrain regions and 
networks as a long-term consequence of a developmental 5- 
HT7-R stimulation, using a battery of MR analyses. In addi- 
tion, to confirm suggestions from MR analyses, in a second 
cohort of rats, we studied morphology (by ex vivo histology) 
in the NAcc. As far as behaviour is concerned, adult rats that 
had received a developmental LP-211 exposure during ado- 
lescence spent, in a light/dark apparatus, an increased amount 
of time in the lit chamber (known to be perceived as highly 
aversive) and showed higher latencies to escape from it. In the 
novel object recognition test, control animals explored the 
novel object for longer cumulative time, as expected 
(Ennaceur and Delacour 1988). This, by means of an in- 
creased number of exploration episodes, whose mean duration 
was the same of those episodes directed towards the familiar 
object. Thus, as expected in controls, the novel object elicited 
an approach-avoidance conflict: a drive to explore the unfa- 
miliar object is present, but at the same time, the novelty itself 
generates a certain degree of anxiety. Such a neophobic be- 
haviour is thought to reflect an animal’s fear of novelty 

 
 



 

 
 

Fig. 5 Effects of adolescent 
exposure to LP-211 on NAcc 
neurons of adult rats. LP-211 
administration induced an 
increase in the number of 
dendritic intersections (a), 
number of spines (b), total length 
of dendrites (c), total surface of 
dendrites (d) and total volume of 
dendrites (e), along the whole 
extent of the dendrites; the 
distance from spine head to 
dendrite was also significantly 
increased (f). Data are expressed 
as mean±SD; (*P≤0.05, **P≤ 
0.01, ***P≤0.001) compared to 
controls (CTR) 
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(Brown 2002). As a result, the novelty-exploration pattern in 
itself remains fragmented. Anxiety is often characterized by 
repeated transitions from ongoing behaviours (e.g. explora- 
tion, feeding) to escape (flight) or other defensive behaviours 
(Steimer 2011). Similarly, LP-211-pre-treated animals ex- 
plored the novel object for longer cumulative time. 
However, the number of exploration episodes directed to- 
wards the new object did not increase. This, because the mean 
duration of each exploration episode was consistently longer. 
Such a profile suggests carry-over consequences in subjects 
that had been treated during adolescence with LP-211. The 
latter group was apparently less affected by the anxiety- 
inducing component, intrinsic to the new object. As a result, 
their exploration pattern was much less fragmented. This 
interpretation is in agreement with the less anxious profile, 
obtained for LP-211-pre-treated subjects in the light/dark test. 

 
DTI study: structural adaptation in the limbic circuitry 
(amygdala, Hip and NAcc) 

 
The DTI approach provides clear evidence of plastic rear- 
rangements in brain structures and circuitries for LP-211 
compared to vehicle-pre-exposed animals. The increase in 
FA values reported for the Hip was driven primarily by an 
increased axial diffusivity, with no change in the radial 

diffusivity. This finding shall be compared with previous 
evidence showing an increase in FA, which correlated with 
histologically verified axonal plasticity during post-injury 
remodelling (Laitinen et al. 2010). Enhanced axial diffu- 
sivity may suggest increased number or calibre of axonal 
prolongations, a notion that may well fit with the hypoth- 
esis of both increased Hip function and enhanced Hip 
connections to the amygdala, dStr and NAcc (see below). 
Regarding the amygdala, the reduction of MD (mainly due 
to decreased radial diffusivity) may suggest an increased 
number of cells (Blumenfeld-Katzir et al. 2012) and/or 
increased dendritic arborization. Present changes in DTI 
(reduced MD) and behaviour (reduced anxiety) appear in 
agreement with a recent work (Juranek et al. 2012) 
reporting a relationship between MD and anxiety levels in 
a pediatric population. 

On the other side, data indicate a reduction in axial diffu- 
sivity within the NAcc, together with an increase in radial 
diffusivity. This picture is opposite to what observed within 
the amygdala and the Hip. Since FA and MD were almost 
unaffected, it is unlikely that changes in the gross number of 
cells occurred. A more complex micro-structural remodelling 
(such as dendritic spines in neural cells and/or of prolonga- 
tions in glial cells) is thus suggested. An increase in the extent 
of dendritic arborization was confirmed in ex vivo samples 
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(see below). This increased arborization is consistent with 
increased radial diffusion of water. 

 
Morphometric analysis in the NAcc and effects of adolescent 
exposure to LP-211 

 
A long-lasting increase was identified for LP-211-pre-treated 
rats in the length of dendrites, in the number of intersections, 
together with alterations in spine size on the medium spiny 
neurons (the major output cells of the NAcc). These data are in 
agreement with the increased spherical geometry of water 
diffusion in this region, detected in vivo by the DTI approach 
(see above). Plastic changes in the brain are characterized by 
alterations in patterns of synaptic connectivity. Function of the 
5-HT7-R system is involved in the regulation of neuronal 
structure in the striatal area (Kvachnina et al. 2005), underly- 
ing neuro-behavioural adaptive responses (Hyman et al. 2006; 
Kelley 2004). Indeed, agonist-induced activation of endoge- 
nous 5-HT7-R increases neurite length in striatal neuron cul- 
tures (Leo et al. 2009; Speranza et al. 2013). We report here, 
accordingly, a plastic neuronal remodelling, as a consequence 
of selective pharmacological stimulation of the 5-HT7 recep- 
tor during a developmental window (van Praag et al. 2000). 

Long-lasting neuronal modifications are involved in learn- 
ing processes and/or adaptive recovery of behavioural func- 
tions that can persist for long time (Robinson and Kolb 1997). 
Furthermore, many studies have demonstrated that complex 
environments and learning experiences in rodents can increase 
the length of dendrites as well as the density of dendritic 
spines, and can produce changes in patterns of synaptic con- 
nectivity (Kolb et al. 1998; van Praag et al. 2000; Withers and 
Greenough 1989). Interestingly, quite opposite results were 
found with amphetamine (Kolb et al. 2003). The ability of 
experience to alter the dendritic structure is generally consid- 
ered advantageous and is thought to be the primary mecha- 
nism by which past experience influences subsequent behav- 
iour (Kolb et al. 1998). This notion is relevant since, in the 
present experiment, all rats were housed during adolescence in 
enriched, stimulating, complex and changing environment. 
Therefore, we conclude that adolescent exposure to LP-211 
induced dendritic arborization and a persistent change in 
spine’s morphology, possibly via a potentiation of the effects 
induced by experience-dependent plasticity, which was still 
evident within the NAcc of adult animals. 

 
fMRI connectivity study: changes within the limbic loop 

 
Resting state fMRI signals have been proposed to represent 
synchronous spontaneous fluctuations of large-scale brain 
networks (Vincent et al. 2007) that occur at low frequencies. 
Spontaneous fluctuations were detected in isoflurane- 
anaesthetized rats with a magnitude of ~2 %, fully comparable 
to the drug-induced BOLD signal found previously under 

similar anaesthetic conditions (Canese et al. 2009). Bilateral 
patterns of connectivity have been so far observed by applying 
seed-based analysis under various anaesthetic regimens 
(Herman et al. 2011; Kannurpatti et al. 2008; Pan et al. 
2011; Pawela et al. 2009; Wilson et al. 2011). 

In our hands, persistent changes appeared as a consequence 
of developmental LP-211 exposure. Such enhancement iden- 
tifies well-known forebrain circuits including ventral striatum 
(NAcc), amygdala, OFC and hypothalamus (limbic loop) as 
well as Hip, dStr, medial / dorso-lateral PFC and cerebellum 
(cortical loop). Such circuits have been demonstrated to sup- 
port affective versus motor/executive functions, respectively 
(Alexander et al. 1990). Some elements of the limbic loop 
showed changes in strength of their individual connections to 
the cortical loop: noteworthy, the OFC showed increased 
connectivity to the medial PFC; the NAcc also showed in- 
creased connectivity to the dStr both directly and indirectly 
through the Hip; direct mutual changes in connections be- 
tween amygdala and Hip were detected. All these data point 
(i) to the amygdala as a central region to the limbic loop, being 
in turn connected to the other limbic regions and (ii) to the Hip 
as a central region to the cortical loop, being in turn connected 
to the other executive motor regions. 

Noteworthy, the function of these limbic areas (NAcc, 
OFC) may be directly regulated by the activity of 5-HT7-R. 
Indeed, in our recent phMRI study, an increased BOLD signal 
within these brain areas was induced by administration of the 
selective 5-HT7-R antagonist, SB-269970 (Canese et al. 
2011). It is possible to hypothesize that 5-HT7-R-targeting 
drugs may tap onto the limbic loop directly, as suggested by 
the present as well as by our previous study (Canese et al. 
2011), and that rearrangement of the cortical loop is an indi- 
rect adaptation. 

 
How can developmental 5-HT7-R stimulation change 
the network connections? 

 
It is known that neuronal activity can reorganize neuronal 
circuits and connections (Maletic-Savatic et al. 1999) and that, 
beyond acting as a neurotransmitter, serotonin (5-HT) may 
also modulate neurite outgrowth and synaptogenesis (Udo 
et al. 2005). Accordingly, 5-HT7-R activation promotes hip- 
pocampal neurite outgrowth (Kvachnina et al. 2005), as well 
as an increase of dendritic protrusions (Kobe et al. 2012) and 
an elevation of spinogenesis. 5-HT is an obvious candidate for 
subserving plasticity of synaptic contacts (Gould 1999). 
Intriguingly, together with 5-HT1A receptors, 5-HT7 ones 
are critical in the developing PFC (Beique et al. 2004). 
Therefore, present findings suggest that pharmacological 
stimulation of 5-HT7-R during a still plastic developmental 
window may (i) generate persistent changes in the adult 
morphology of the limbic loop as well as (ii) strengthen the 
connectivity to, and within, the cortical loop. Further work is 
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warranted to ascertain whether the present results could ex- 
tend to other developmental phases. 

 
MRS study indicating metabolic Hip changes 

 
The finding of increased Glu and increased Cr+PCr sug- 
gests enhanced hippocampal function. Glu levels might 
regulate the excitatory synaptic tone, thus allowing a better 
contribution to the neural information processing. 
Conversely, increased levels of total creatine (i.e. Cr+PCr) 
may provide hippocampal neurons with higher energetic 
resources (Marco et al. 2007). It has been recently shown 
that activation of 5-HT7-R accounts for the 5-HT7- 
mediated effects on hippocampal-related learning (Costa 
et al. 2012; Eriksson et al. 2008; Gasbarri et al. 2008). 
Behavioural processes mediated by the Hip, such as 
(spatial) learning and memory, are improved as a persistent 
consequence of developmental LP-211 exposure (Ruocco 
et al. 2014a). It has also been reported that 5-HT7-R 
stimulation impairs short-term memory, while improving 
long-term memory (Meneses et al. 2008; Meneses 2014). 
The suggestion is that memory acquisition requires silenc- 
ing, while consolidation requires activation of 5-HT7-R 
(Horiguchi et al. 2011; Perez-Garcia and Meneses 2005, 
2009; Sarkisyan and Hedlund 2009; Waters et al. 2012). 

 
Methodological limitations 

 
All the MR techniques present limitations. First, DTI is a 
direct measure of water diffusion; therefore, changes in DTI 
parameters are not specific markers, so that any hypothesis 
about structural effects of a given drug treatment should be 
confirmed by histology. Functional connectivity is a fairly 
recent technique, not yet widely employed in animal studies, 
where anaesthetic regimen can be an important confounding 
factor. Finally, localized MRS requires a priori choice of the 
investigated region and can reveal and quantify only those 
metabolites which are relatively abundant (i.e. present at milli- 
molar concentration). 

Another limitation of MR studies is the work effort 
and cost per each subject, hampering the possibility of 
several drug dosages, of comparison with other drugs 
and/or reference compounds, and of comparing more 
than just one age phase in developmental studies. Drug 
dosage was chosen based on studies from our group, 
whereby the LP-211 appeared the most promising among 
new 5-HT7-R agonists (Leopoldo et al. 2011; Adriani 
et al. 2012); the 0.250 mg/kg dose was more effective 
compared to others (Ruocco et al. 2014a, b). The age 
stage of adolescence was investigated as it models an 
important turning point for humans, during which many 
neuropsychiatric disorders may emerge (Laviola et al. 
2003; Marco et al. 2007). 

Conclusion 
 

We propose that the limbic loop is under developmental, 
modulatory control of, among others, the 5-HT7-R system 
(Canese et al. 2011; Romano et al. 2014). As a consequence of 
the developmental exposure to LP-211, we provide evidence 
of a rearrangement within forebrain: (i) altered diffusion due 
to increased dendritic arborization and number of spines with- 
in the NAcc; (ii) enhanced connection in neural networks, 
centered by the amygdala/NAcc as well as Hip/dStr; (iii) a 
potentiated metabolic activity of the Hip. 

It is not possible to completely exclude that LP-211 could 
also act on 5-HT1A receptors, considering that low micromo- 
lar affinity has been reported (Costa et al. 2012; Hedlund et al. 
2010) and that 5-HT1A and 5-HT7 receptors may 
heterodimerize (Renner et al. 2012; Herrick-Davis 2013). 
The clear-cut behavioural effects on anxiety-related behaviour 
as well as the MR results for the amygdala would be in 
agreement with the notion that LP-211 could partially act on 
5-HT1A receptors (De Vry 1995). Enduring modifications, 
however, should in turn reflect over other profiles of behav- 
iour, including disinhibition, sensation seeking (Ruocco et al. 
2014b), lower vulnerability to semi-automatic habits 
(Romano et al. 2014) and potentiated spatial memory 
(Ruocco et al. 2014a; Freret et al. 2014). 
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