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Abstract Selective serotonin reuptake inhibitor (SSRI)-
type antidepressants are often prescribed to depressive
pregnant women for their less adverse side effects. How-
ever, growing evidences have shown increased congenital
malformations and poor neonatal adaptation in the peri-
natal SSRI-exposed human infants as well as animal pups.
In this study, we examined the effects of early exposure of
fluoxetine, the most popular SSRI-type antidepressant, on
the developing somatosensory system. Physiological saline
or fluoxetine (10 mg/kg) was subcutaneously injected into
neonatal rats from PO to P6. Somatosensory-related
behaviors were examined in adolescence (P30-P35).
Morphological features of the primary somatosensory
cortex were checked at P7 and P35. The tactile and thermal
perceptions as well as locomotor activity were affected by
neonatal fluoxetine treatment. At the morphological level,
the number of branch tips of thalamocortical afferents to
the somatosensory cortex was reduced in the fluoxetine-
treated rats. Furthermore, the spiny stellate neurons in the
layer IV somatosensory cortex had reduced dendritic span
and complexity with fewer branches, shorter dendritic
length, and smaller dendritic field. The spine density of
spiny stellate neurons was significantly reduced whereas
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the spine length of mushroom- and branched-type was
increased. Taken together, these results indicate that neo-
natal fluoxetine administration has long-lasting effects on
the function and structure in the somatosensory system.
Sensory information processing may be disturbed in the
neonatal fluoxetine-treated animals due to the structural
deformation in the thalamocortical afferents and dendritic
structures of the spiny stellate neurons in the layer IV
somatosensory cortex.
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Introduction

Depressive disorders are often experienced among women
during their childbearing years (Blazer et al. 1994). As
such, antidepressants may be given to pregnant women for
treating depression (Ververs et al. 2006). Selective sero-
tonin reuptake inhibitor (SSRI)-type antidepressants are
often prescribed due to their less adverse side effects
(Kédllén 2004). SSRIs easily pass through the blood—brain
barrier, inhibit the serotonin transporter (SHTT), and
increase the extracellular serotonin level in the brain
(Baumann and Rochat 1995). Serotonin toxicity resulting
from SSRI ingestion has been noted and cautioned (Nelson
et al. 2007). Moreover, growing evidence from both human
and animal studies underscore congenital malformations
and poor neonatal adaptation in perinatal SSRI-exposed
infants and pups (Chambers et al. 1996; Laine et al. 2003;
Moses-Kolko et al. 2005; Sanz et al. 2005; Bar-Oz et al.
2007; Borue et al. 2007; Noorlander et al. 2008; Van den
Hove et al. 2008). Early SSRI exposure might be linked to
cardiovascular malformations (Bar-Oz et al. 2007),



Neurotox Res (2009) 15:212-223

213

whereas SSRI administration during late pregnancy could
be associated with serotonin withdrawal syndromes
(Moses-Kolko et al. 2005). Since serotonin plays important
roles during brain development, the influence of SSRI on
the developing nervous system is obvious (Xu et al. 2004;
Oberlander et al. 2005; Maciag et al. 2006; Lisboa et al.
2007) yet the wunderlying mechanisms are poorly
understood.

Some SSRI-related neonatal symptoms (such as con-
vulsions, irritability, abnormal crying, and tremors) are
transient, and may disappear within few weeks (Laine et al.
2003; Sanz et al. 2005). However, some changes following
early SSRI exposure seem to be long lasting. The expres-
sion of tryptophan hydroxylase, the key enzyme for
serotonin synthesis, in brainstem raphe nuclei, the center of
pain modulation, is constantly reduced after neonatal SSRI
treatment (Maciag et al. 2006). In human studies, it has
been reported that newborns prenatally exposed to SSRI
exhibit blunted somatosensation, particularly pain reactiv-
ity, and this phenomenon persists for months (Oberlander
et al. 2005). This finding suggests that early exposure to
SSRI during a developmentally sensitive period may cause
long-term alterations in brain development and function.

Pharmacological treatments, including SSRI, in rodents
which elevate serotonin levels cause impaired axonal pat-
terning in the somatosensory cortex (Cases et al. 1996;
Vitalis et al. 1988; Young-Davies et al. 2000; Xu et al.
2004). It is most effective when the drugs are given within
an early period, first two postnatal weeks, which corre-
sponds to the third trimester of human fetal stage (Romijn
et al. 1991). The rodent whisker-to-somatosensory cortex
pathway is an excellent model system for examining the
mechanisms in the cortical development (Gaspar et al.
2003; Luo et al. 2003). Patches of thalamocortical afferent
(TCA) arbors and their postsynaptic partners, layer IV
spiny stellate neurons, form discrete modules known as
“barrels” that replicate the patterned distribution of whis-
kers on the contralateral snout (Woolsey and Van der Loos
1970). An earlier study has demonstrated that neonatal
SSRI administration from postnatal day O (date of birth,
P0) to P8 reduces the size of the cortical barrels by inter-
fering with the refinement of the TCA arbors (Xu et al.
2004). These results provide the possible anatomical
basis for the early SSRI exposure-related functional
impairments.

Neonatal SSRI exposure might disorganize the shaping
of axonal and dendritic structures, which lead to altered
behavioral performances. To test this hypothesis, we
examined structural alterations in the barrel cortex of flu-
oxetine-treated rat pups and their somatosensory-related
behaviors. The results demonstrate that neonatal fluoxetine
administration has long-lasting effects on the structure and
function of the somatosensory system.

Materials and Methods
Subjects

Newborn (postnatal day 0, PO) Wistar rat pups of both
sexes were used in this study. All rat pups were kept with
their mother until weaned after three weeks of age. Ani-
mals were housed in the Laboratory Animal Center of
National Taiwan University College of Medicine under
12-h light/dark cycle with free access to food and water.
Some rats were sacrificed for TCA labeling at P7. Others
were raised and used for behavioral examinations (P30-—
P35). After behavioral tests, all rats were sacrificed and the
brains were processed for Golgi-Cox impregnation. Body
weight of rat pups was measured weekly. All animal han-
dling was in accordance with a protocol approved by
National Taiwan University College of Medicine and
College of Public Health Institutional Animal Care and Use
Committee.

Drug Treatment

Rat pups received physiological saline (Control, n = 36) or
fluoxetine hydrochloride (F 0-6, n = 42, 10 mg/kg/day in
physiological saline) subcutaneously from PO to P6. The
dosage was comparable to the previous neonatal SSRI
studies (Xu et al. 2004; Maciag et al. 2006; Ansorge et al.
2008). This period was chosen because the thalamocortical
afferents achieve adult-like pattern by the end of the first
postnatal week (Rebsam et al. 2002). This period also
corresponds to the third trimester in human pregnancy
(Romijn et al. 1991).

Behavioral Examinations

Adolescent rats (P30-P35) of control group (n = 15) and
fluoxetine-treated group (n = 12) were used in behavioral
tests.

Hotplate Test

The hotplate test was conducted by placing the rat on a
metal surface of the hot plate meter (Ugo Basile, Comerio,
Italy) maintained at 50°C. The latency to first licking of a
hind paw was recorded. The tested animal was removed
after 60 s if no response was made to prevent tissue
damage and 60 s was given as a record.

Gap-Crossing Test
The gap-crossing apparatus was modified from Hutson and

Masterton (1986). In brief, the custom-made apparatus
(78 x 29.5 x 29.5 cm in length x width x height) was
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built from wood. The floor was 21 c¢cm high and composed
of two platforms (39 cm long) with a gap in between
(Fig. 3a). One platform was covered with a ceiling as the
dark side, and the other platform was left uncovered as the
bright side. Once placed in the bright side, all rats moved to
the dark side instinctively without training. To reduce the
explorative activity, a set of transparent plastic wall was
used to form a no return path in the bright side. The gap
distance between two sides could be widened centimeter by
centimeter. The gap-crossing procedure was conducted in a
series of increasing gap distance until the maximum
crossable distance was determined.

Open Field Test

The open field behavioral testing was conducted by using
a photobeam activity system (San Diego Instruments, San
Diego, CA) under low light conditions. Animals were
habituated to the testing environment 30 min before test.
The animal was placed into the center of the clear plastic
activity chamber (45.7 x 45.7 x 38 cm in length X
width x height) equipped with 16 x 16 infrared beams
in each directions with 2.5 cm interval and then the
horizontal activity was detected. Vertical activity was
detected with another set of photobeams 5.5 cm above
the chamber floor. Activity was recorded for 15 min.
Central (17.5 x 17.5 cm?) and peripheral counts for fine
movement, ambulation, and total rearing counts were
recorded.

Histology
Dil Labeling of Thalamocortical Afferents

One day after the last drug treatment (P7), rats (for control
group, n = 21; for fluoxetine-treated group, n = 30) were
sacrificed by overdose of chloral hydrate and perfused
transcardially with phosphate-buffered saline followed by
fixative (4% paraformaldeyhde in phosphate buffer, pH
7.4). After perfusion, the brain was extracted and postfixed
in the same fixative. Sections were cut at a nonconven-
tional angle combination to preserve the thalamocortical
projections (Lee et al. 2005a). Cutting angles were slightly
adjusted for the rat pups. Two to three thick sections
(300 pm) per hemisphere were taken for TCA labeling.
One small crystal of Dil (Molecular Probes, Eugene, OR)
was picked and inserted into the ventroposteromedial
nucleus of thalamus with a 30-gage needle under a dis-
section microscope. Sections were then placed in the
fixative and kept in the dark for 4-6 weeks at room tem-
perature for dye diffusion. Dil-labeled thalamocortical
afferents were then examined under a fluorescence or
confocal microscope for image processing.
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Golgi-Cox Impregnation

After the behavioral examinations, adolescent rats (for
control group, n = 15; for fluoxetine-treated group,
n = 12) were sacrificed, perfused, and fixed for morpho-
logical analyses. To visualize dendritic structures, Golgi-
Cox method was used (Lee et al. 2005b). In brief, flattened
cortices were immersed into an impregnation solution
(mixture of solution A: 1.0 g potassium dichromate and
1.0 g mercuric chloride in 85 ml distilled water with
solution B: 0.8 g potassium chromate and 0.5 g sodium
tungstate in 20 ml distilled water) at room temperature for
4-5 days. After impregnation, specimens were cut tan-
gentially at thickness of 100 pm with a vibratome. Sections
were collected and reacted with 15% ammonium hydroxide
for 2 min and rinsed thoroughly in distilled water. Subse-
quently, sections were placed in diluted (1:5) rapid fixer
solution (Ilford, Marly, Switzerland) for 10 min and rinsed
thoroughly in distilled water. All sections were then
counterstained with cresyl violet (Nissl stain), dehydrated
through series of alcohols and mounted with Depex
(Electron Microscopy Sciences, Washington, PA).

Morphometric Analysis
Axons

Dil-labeled thalamocortical afferents were examined under
a Leica TCS SP2 confocal microscope (Heidelberg, Ger-
many). Cases in which a single axon could be traced from
the internal capsule were collected. Reconstructions were
made from image stacks using imageJ software (1.36, NIH,
Bethesda, MD) and photoshop software (Adobe, San Jose,
CA). The lateral extent and terminal tips of each individual
afferent arbor were measured.

Dendrites

Golgi-Cox-impregnated neurons from adolescent rats were
examined under an Olympus light microscope (Tokyo,
Japan) with a 40x lens and reconstructed using a camer-
alucida drawing tube. Layer IV spiny stellate cells were
chosen for morphological examinations by the following
criteria: (1) in the barrel wall; (2) spiny appearance; (3)
orientated dendrites; and (4) complete dendritic arbor. The
dendrites derived directly from the soma are the first-order
branches or primary dendrites. The daughter branches
arising from that are second-order branches, and so on. The
point at which a dendrite gives rise to two daughter bran-
ches is called a branching point. The termination of a
dendrite is called a terminal ending. The dendritic field
area was defined as the outline of terminal endings. The
somatodendritic parameters, the soma size, dendritic field
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area, and total dendritic length were measured from the
two-dimensional display by ImageJ program. The number
of primary dendrites, branching points, and terminal end-
ings were counted manually. The concentric sphere method
of Sholl (1953) was used to analyze dendritic branching
complexity.

Dendritic Spines

The number of total dendritic spines was counted from
Golgi-Cox-impregnated layer IV spiny stellate neurons.
The spine density was determined from the 1st to 4th
dendritic orders. Dendritic spines were further classified by
their morphology (Sorra and Harris 2000): mushroom
(spine head is greater than 0.6 pm in diameter), branched,
stubby (short without head), and thin (long with a head less
than 0.6 pm in diameter). The length of individual spines
(distance between the spine tip and stalk of dendrite) was
also measured.

Statistical Analysis

The two-tailed Student’s #-test was applied for statistical
evaluation of mean. Data were expressed as mean = SEM.
The statistical criterion for significance was P < 0.05.

Results
Body Weight

During and after fluoxetine treatment, rat pups had sig-
nificantly reduced body weight (24% reduction at P7, as
compared with saline-treated rats, Fig. 1). It was compa-
rable with the result of neonatal paroxetine injections (Xu
et al. 2004). After the cessation of drug treatment, the body
weight of fluoxetine-exposed rats gradually caught up. At
P28, there was no significant difference in body weight
between saline- and drug-treated rats.

Somatosensory-Related Behavioral Performances

The structure of the somatosensory cortex is affected by
neonatal SSRI treatment (Xu et al. 2004). We therefore
tested if the somatosensory-related behavioral perfor-
mances were likewise affected. The function of spino-
thalamic pathway (carrying pain and thermal information)
was examined by hotplate for determining the threshold
for thermal pain. Compared with the control animals
(17.8 & 5.73 s), fluoxetine-treated rats have longer
latency (37.8 £ 13.01 s, P < 0.001) to the first licking on
the hotplate, implying a higher thermal threshold (Fig. 2).
This result corresponded well with the blunted pain
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Fig. 1 Body weight of rats in saline (control) and drug-treated (F 0—
6) groups. Animals were weighed every week after birth (PO). They
had comparable body weight at the beginning (P0). After treatment,
fluoxetine-exposed rats had slightly but significantly reduced body
weight at the first (P7), second (P14), and third (P21) weeks. At the
fourth week (P28), however, rats in both groups had similar body
weight. Results are mean £+ SEM. (*P < 0.05, ***P < 0.001, Stu-
dent’s t-test)
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Fig. 2 Threshold for thermal pain. Compared with the control
animals (n = 15), fluoxetine-treated (F 0-6) rats (n = 12) had longer
latency to the first licking, implying a higher thermal threshold.
Results are mean £ SEM. (***P < 0.001, Student’s r-test)

reactivity of prenatal SSRI-treated infants (Oberlander
et al. 2005) and suggested that early fluoxetine exposure
may cause long-term perceptual effects on the pain
system.

To examine the function of medial lemniscal sensory
pathway (carrying tactile information), a gap-crossing test
was used (Fig. 3). A rat was placed in the bright side of the
testing apparatus and would scuttle to the dark side by
animal nature without training. Normally, the maximum
crossable gap distance of adolescent rats (P30-P35) was
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Fig. 3 The gap-crossing test. Lateral and top views of the testing
apparatus are illustrated (a). Normally, the maximum crossable gap
distance of adolescent rats (P30-P35) was between 6 and 8 cm
(7.07 cm in average). The fluoxetine-exposed (F 0-6) rats (n = 12)
had significant shorter crossable gap distance compared with the
saline-treated (control) rats (n = 15) but similar to whisker-cut rats
(n=13) of the same age (b). Results are mean £ SEM.
(***P < 0.001, Student’s #-test)

between 6 and 8 cm (7.07 & 0.22 cm, n = 15). Rats are
tactile animals and many behaviors are reliant on whisker-
specific perception. To prove the maximum crossable dis-
tance is whisker dependent, another set of same-aged rats
were used. All whiskers on both sides of the face were
completely cut right before the gap-crossing test. These

whisker-cut rats behaved normally while crossing short gap
distance (0—4 cm). When the gap distance was widened up
to 5 cm, some extended their head and spent much more
time by the edge. The maximum crossable distance of the
whisker-cut rats was significantly reduced (5.05 +
0.28 cm, P < 0.001, n = 13) compared with controls.
Fluoxetine-exposed adolescent rats had significant shorter
maximum crossable gap distance (4.54 £ 0.37 cm, P <
0.001, n = 12) compared with saline-treated (control) rats
but similar to the age-matched whisker-cut rats (Fig. 3b).
The whisker function-dependent gap-crossing performance
was altered in the fluoxetine-treated rats. This result
implied that in these rats, the whisker-specific tactile
function is impaired.

While the perceptive function of the adolescent rats is
affected by neonatal fluoxetine treatment, their explorative
activity may be affected as well. To test this possibility, an
open field test was conducted. Total fine movement counts
were indistinguishable between two groups (160.4 + 6.8 in
controls, 154.3 + 6.6 in fluoxetine-treated rats, respec-
tively, P = 0.54, Fig. 4a). However, the total ambulation
counts in the drug-treated rats were reduced (1106.12 +
75.14, n =12, as compared with controls, 1380.22 +
97.81, n =15, P < 0.05), especially in the central area
(212.1 £ 30.61, as compared with controls, 335.92 +
29.33, P < 0.05, Fig. 4b). No significant difference in the
peripheral area was found (1044.3 £ 104.21 in controls,
894 + 50.71 in fluoxetine-treated rats, respectively, P =
0.24). Furthermore, the counts of rearing were also reduced
in these rats (144.81 £ 8.52) compared with controls
(178.22 £+ 10.64, P < 0.05, Fig. 4c). These results sug-
gested that the altered explorative behavior was due to
neonatal fluoxetine treatment.
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Fig. 4 Locomotor activity in the open field. For saline (control,
n = 15) and fluoxetine-treated (F 0-6, n = 12) animals, the total fine
movement counts within 15 min were indistinguishable (a). However,
fluoxetine-treated (F 0-6) rats, exhibited less ambulation within
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15 min compared with controls practically in the central region (b).
The rearing counts in fluoxetine-treated (F 0-6) rats were also reduced
(¢). Results are mean &+ SEM. (*P < 0.05, Student’s z-test)
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Thalamocortical Afferent Arbors

The anatomical basis for the somatosensory-related func-
tional impairments was then examined. Barrel patterns are
composed of patches of TCA arbors and their postsynaptic
partners, layer IV cortical neurons. The TCAs reach the
adult-like pattern by the end of the first postnatal week
(Rebsam et al. 2002); therefore, we examined the mor-
phology of Dil-labeled TCAs in P7 rats. Individual TCAs
were imaged and reconstructed from the image stacks
(Fig. 5a, b). TCAs in P7 control rats had adult-like afferent
arbors (Fig. 5a) whereas in the drug-treated group, TCA
patches appeared smaller (Fig. 5b). However, in some
cases, overshoot or much wider arbors were seen (Fig. 5b,
the two from the right). Due to great variation within the
drug-treated group, no significant difference in the widest
extent was found between the two groups (281.4 &+ 36 pm
in controls, n = 9 arbors, 6 animals; 293.9 4+ 34 pm in
fluoxetine-treated rats, n = 28 arbors, 12 animals,
P = 0.79, Fig. 5c). The heterogeneity in lateral extent of
individual TCAs just fits well with the previous observation
of smaller and less segregated TCA patches in neonatal
paroxetine-treated rats (Xu et al. 2004). Individually
reconstructed TCAs provided more detailed information.
The branching pattern of TCAs was analyzed. In fluoxe-
tine-treated animals, the TCAs had fewer branches and the
number of terminal tip was significantly reduced
(19.84 & 2.92 as compared with controls, 40.33 4+ 2.32,

P < 0.01, Fig. 5d). These findings were similar to the
phenotype in mice lacking monoamine oxidase A
(MAOA), the key enzyme that catalyzes serotonin (Reb-
sam et al. 2002).

Dendritic Arbors

The major postsynaptic targets of TCAs are the layer IV
cortical neurons in the somatosensory cortex. The layer IV
spiny stellate neurons are glutamatergic, receiving excit-
atory inputs from TCAs and relaying sensory information
to other layers within a cortical column (Liibke et al. 2000).
These cells are located in the barrel wall and orientate most
of their dendrites toward the barrel hollow forming syn-
apses with TCA arbors (Datwani et al. 2002). Golgi-Cox-
impregnated neurons in the barrel field were chosen
according to their location, orientation, and spiny appear-
ance (Fig. 6a). The cells from the control (n = 52 neurons
from 8 animals) and fluoxetine-exposed rats (n = 76 neu-
rons from 8 animals) had comparable soma size (P = 0.1)
and same number of primary dendrites (3.1 £ 0.16 vs.
3.1 £0.1, P=0.99), ensuring that the same type of
cells was collected. These reconstructed neurons were
then subjected to morphometric analysis. Compared with
the neurons in saline-treated rats, those in fluoxetine-
treated rats had smaller (26.6% reduction) dendritic field
(64036.22 + 2182.51 umz, as compared with control,
85291.14 + 3987.52 pmz, P < 0.001, Fig. 6b) and shorter

Fig. 5 Dil-labeled A B
thalamocortical afferents of P7 —_— S —
rats. Thalamocortical afferents
were labeled with Dil and Normal F 0-6
reconstructed (a, b). TCAs in
fluoxetine-treated group (F 0-6, -
n = 28) have smaller arbor - = - -
clusters compared with the
control ones (n = 9) but not
statistically significant (c). Note - - - = -
that in some cases, overshot or
much wider arbors were seen
(two from the right in b).
Nevertheless, TCAs in —_
fluoxetine-treated rats exhibited
fewer terminal tips within layer C D
IV compared with the controls 350 - 45 -
(d). Layer 1V is delineated by ]- 404
the two short bars. Bar is 80 um £ 300 1 o 351
in (a) and (b). Results are 2 2504 =
mean £ SEM. (**P < 0.01, 2 5
Student’s #-test) % 200 1 é 25 1 **

:_; 150 4 o 20 A I

‘qh-) 100 ‘S5 151
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Fig. 6 Layer IV spiny stellate
cells in the rat barrel cortex.
Golgi-Cox-impregnated layer
IV spiny stellate cells were
reconstructed with the aid of
cameralucida drawing system.
In this illustration, all dendritic
spines are omitted (a). The layer
IV spiny stellate cells in
fluoxetine-treated rats (n = 76
neurons) had smaller dendritic
field (b) and reduced total
dendritic length (¢) compared
with normal ones (n = 52
neurons). Dendritic complexity
was estimated by Sholl analysis
(d). The number of intersections
in the proximal region (within
40 pm from the soma) was
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total dendritic length (653.62 + 16.92 pm, as compared
with controls, 821.91 £ 27.91 um in controls, P < 0.001,
Fig. 6¢). Neurons in fluoxetine-treated rats also had
reduced dendritic complexity: fewer intersections in the
distal region of Sholl’s concentric rings (Fig. 6d), less
dendritic orders (5.12 £ 0.14 as compared with controls,
6.52 + 0.16, P < 0.001, Fig. 6e), and fewer terminal
endings (653.63 + 17.42 um, as compared with controls,
821.92 + 2791 pum, P < 0.001, Fig. 6f).

Dendritic Spines

The density and shape of dendritic spines of layer IV spiny
stellate neurons in the barrel field were also examined
(Fig. 7). The highest dendritic order in all examined neu-
rons was between 4 and 8; therefore, the calculation of
spine density was limited from the 1st to 4th dendritic
orders. The primary dendrite had the lowest spine density
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in both saline-treated and fluoxetine-treated groups and no
difference was found between two groups. However, in the
neurons of fluoxetine-treated rats, the spine density was
significantly (P < 0.001) reduced in the 2nd (0.59 £ 0.11/
pm, vs. 1.21 £ 0.11/pum of controls), 3rd (0.69 + 0.04/pm,
as compared with controls, 1.18 £ 0.05/pm), and 4th
(0.79 £ 0.07/pum, as compared with controls, 1.32 £ 0.13/
pm) dendritic orders (Fig. 7b). With decreased spine den-
sity and presynaptic TCA terminal tips (Fig. 5d), these
findings indicate that the functional synaptic contacts
between TCAs and layer IV cortical neurons might be
greatly reduced.

Dendritic spines were further classified by their mor-
phology: mushroom, branched, stubby, and thin (Sorra
and Harris 2000). The length of mushroom-type and
branched-type spines was increased in the neurons of flu-
oxetine-exposed rats (mushroom-type: 1.52 £ 0.06 pm in
fluoxetine-treated rats, 1.31 & 0.06 um in controls,
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Fig. 7 Density and length of A
the dendritic spines. The
dendritic spines of layer IV
spiny stellate cells in the
somatosensory cortex were
revealed by Golgi-Cox
impregnation method (a). Spine
density was determined at each
dendritic order (1st to 4th). The
density of total spine was
significantly reduced in
fluoxetine-treated (F 0-6) rats
compared with controls,
especially in the 2nd, 3rd, and
4th dendritic orders (b).
However, in the fluoxetine-
treated rats, the length of
mushroom- and branched-type
spines was increased (c). Bar is
5 pum in (a). Results are

mean + SEM. (*P < 0.05,
#*%kP < (0.001, Student’s z-test)

P < 0.05; branched-type: 1.93 & 0.11 pum in fluoxetine-
treated rats, 1.42 £ 0.07 pm in controls, P < 0.001).
However, the length of stubby and thin spines was not
affected by neonatal fluoxetine treatment (Fig. 7c¢).

Discussion

This is the first study demonstrating that neonatal fluoxe-
tine exposure during the first postnatal week,
corresponding to the third trimester of human pregnancy,
causes long-lasting effects on the structure and conse-
quentially the function of the somatosensory system. At the
behavioral level, fluoxetine-treated rats exhibit blunt ther-
mal and tactile perceptions and less explorative activity. In
the structural aspect, thalamocortical afferents to the
somatosensory cortex have fewer branches in layer IV and
layer IV spiny stellate neurons have reduced dendritic
occupancy, complexity, and spine density but elongated
length in mushroom and branched spines. The results
suggest that sensory information processing may be dis-
turbed in the neonatal fluoxetine-treated animals due to
structural deformation in thalamocortical afferents and
dendritic structures of the spiny stellate neurons in layer IV
somatosensory cortex.

Serotonergic Regulation in the Developing
Somatosensory Cortex

For neural development in rodents, the critical window for
the somatosensory system formation is the first two
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postnatal weeks (see Inan and Crair 2007 for a review).
During this period, serotonin transporter (5-HTT), the tar-
get of SSRI, and serotonin;g receptor (5-HTgR) display
transient high expression level in the TCAs (Bennett-
Clarke et al. 1993, 1996; Lebrand et al. 1996, 1998). The
serotonin level, as well as 5-HTT and 5-HT;gR functions,
are highly regulated; any manipulation that results in ele-
vated serotonin level, reduced 5-HTT function, or activated
5-HTgR activity disturbs TCA patterning and barrel for-
mation (Cases et al. 1996; Vitalis et al. 1988; Young-
Davies et al. 2000; Persico et al. 2001; Salichon et al. 2001;
Kesterson et al. 2002; Rebsam et al. 2002; Xu et al. 2004).
Electrophysiological recordings have demonstrated that
serotonin inhibits the glutamatergic neurotransmission
between thalamic axons and neurons in the barrel cortex
and the serotonin-induced reduction of glutamate release is
mediated by 5-HTgR (Rhoades et al. 1994; Laurent et al.
2002). In other words, increased serotonin level resulted
from SSRI treatment may activate 5-HT;gR and thus
suppressing the release of glutamate. Many lines of evi-
dence have suggested synaptic activity-dependent ret-
rograde signaling system is involved in the shaping of
axonal arbors (see Debski and Cline 2002; Schmidt 2004
for reviews). Reduced neurotransmitter release may thus
weaken this system and interfere with the refinement of
TCAs. In fact, insufficient glutamate release has been
shown to be a pathogenic factor for the exuberant TCA
morphology in the barrelless mice (Lu et al. 2006). In this
study, pharmacological blockade of 5-HTT by fluoxetine
during early postnatal period may build excess serotonin
surrounding the developing TCA terminals, activating
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5-HT,gR, inhibiting the release of glutamate, and lead to
disorganized TCA morphology (Fig. 5).

In addition to the altered TCA arbors, the dendritic
characteristics of their postsynaptic partners, layer IV
cortical neurons are also affected by neonatal fluoxetine
treatment (Fig. 6). In adult animals, continual fluoxetine
administration to rodents increases the total dendritic
length of hippocampal CA1 neurons (Norrholm and Oui-
met 2000) as well as newly generated granule cells in the
dentate gyrus (Wang et al. 2008). These results seem
opposite to the present finding. However, the time window
chosen in this study is quite unique, the 5-HTT and
5-HTgR are transiently expressed in the barrel field during
this period. Rather than the trophic effect (Brezun and
Daszuta 2000), serotonin here suppresses the dendritic
development and presumably through interfering with the
excitatory neurotransmission. In supporting this hypothe-
sis, data have shown that blockade of synaptic currents
during the first postnatal week leads to decreased total
length of basal dendritic tree of CA1 hippocampal neurons
in rat (Groc et al. 2002). Taken together, the present
findings suggest that serotonin acts as a regulator of
glutamatergic transmission during neural development for
the sculpting of growing TCAs and their postsynaptic
partners (Erzurumlu and Kind 2001; Gaspar et al. 2003).

In the cortex-specific NMDAR knockout mice, the
synaptic activity in the barrel cortex is reduced (Iwasato
et al. 2000) and disorganized TCAs and altered dendritic
structures in layer IV spiny stellate cells are reported
(Datwani et al. 2002; Lee et al. 2005a). However, the
phenotypes of the knockout mice are somewhat different
from the present findings. These discrepancies may indi-
cate different compensatory mechanisms in response to
genetic and pharmacological manipulations yet also imply
that in addition to the glutamatergic pathway, other sys-
tems are as well affected by early SSRI treatment. It is
known that the 5-HT,,Rs are also transiently expressed in
the developing barrel cortex (Mansour-Robaey et al. 1998).
Since, misexpression of 5-HT,;,R affects dendritic mor-
phogenesis (Bou-Flores et al. 2000), it is very likely that
5-HT, AR plays important role in the dendritic phenotype
observed in the SSRI-exposed animals. Agonist and
antagonist of 5-HT,5R are now being used to test this
possibility. Moreover, the involvement of other serotonin
or glutamate receptors in the process of axonal and den-
dritic refinement still remains to be clarified (Mufoz et al.
1999; Hannan et al. 2001; Spires et al. 2005).

Morphological abnormalities in dendritic spine are often
seen in various types of mental disorders (Kaufmann and
Moser 2000; Fiala et al. 2002; Calabrese et al. 2006). Spine
number is decreased in patients and animal models of
schizophrenia (Glantz and Lewis 2000; Silva-Gmez et al.
2003), epilepsy (Swann et al. 2000), and Alzheimer’s
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disease (Baloyannis et al. 2007; Knobloch and Mansuy
2008), whereas elongated spines are present in mentally
retarded children (Purpura 1974) and animal models (Mc-
Kinney et al. 2005; Khelfaoui et al. 2007). This study
demonstrates for the first time that neonatal fluoxetine
exposure alters dendritic structures. Reduced dendritic
length, complexity, and spine density are signs of devel-
opmental defects (Kaufmann and Moser 2000), whereas
elongated spine length is associated with immaturity
(Khelfaoui et al. 2007). How fluoxetine affect the devel-
opmental program of dendritic structures is largely
unknown.

SSRI in the Developing Sensory System

Neonatal fluoxetine exposure reduces the number of pre-
synaptic TCA terminal tips (Fig.5) and density of
postsynaptic dendritic spine in layer IV spiny stellate cells
(Fig. 7). The functional synaptic contacts are presumably
reduced, rendering excitatory synaptic transmission inad-
equate. Consequently, the animals are less perceptive to the
environmental information. In deed, with intact whiskers,
however, the drug-treated rats exhibit short crossable gap
distance similar to the whisker-cut rats, implying that their
whisker-dependent sensory system is impaired (Fig. 3). A
recent study, using functional measurement, local cerebral
glucose utilization, has reported that the neural activity in
the somatosensory system is reduced in the 5-HTT
knockout mice (Esaki et al. 2005). These results validate
the functional impairments reported here in fluoxetine-
treated rats. Moreover, rodents are tactile animals and
whiskers on the face are their major sensory organ; there-
fore, many behaviors are reliant on whisker functions
(Brecht 2007; Petersen 2007; Diamond et al. 2008). With
altered somatosensations, fluoxetine-exposed rats also
exhibit less explorative activities (ambulation and rearing,
Fig. 4), implying the distortion in sensory integration for
sensory-related decision making (Celikel and Sakmann
2007) with or without concomitant impairment in sensory-
motor coordination. In fact, in a mouse model lacking
monoamine oxidase A (MAOA), the key enzyme that
metabolizes serotonin, excess serotonin level, absence of
barrels, exuberant TCAs, and impaired beam walking
ability are reported (Salichon et al. 2001; Rebsam et al.
2002). Clinically, whether early SSRI exposure in human
fetuses may generate signs of sensory integration dys-
function (such as sensory ataxia and abnormal stance or
gait) later in life has not yet been examined.

Oberlander and colleagues (2005) have reported new-
borns that prenatally exposed to SSRI exhibit blunted pain
reactivity and this phenomenon persist for months. These
findings suggest that transplacental exposure of SSRI
during a developmentally sensitive period may cause
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long-term alterations in brain development and function
(Oberlander et al. 2005). In this work, we demonstrate that
neonatal fluoxetine treatment increases the threshold of
thermal pain (Fig. 2). Together, evidences from human and
animal studies suggest that early-life fluoxetine exposure
may cause long-term perceptual effects on the pain system.

The sensitivity of pain is regulated by serotonin at
various levels, including peripheral effects (Millan 2002;
Sommer 2004). Originally, serotonin is conceived as
an analgesic. In rodents and primates, 5-HTT is tran-
siently expressed in the nonserotonergic sensory ganglion
(Lebrand et al. 1998, 2006). SSRI inhibits the reuptake of
serotonin and builds excess extracellular serotonin in the
sensory pathway, thus attenuate the pain sensation. How-
ever, there are still different points of view. Neonatal
chronic SSRI treatment (P8-P21) downregulates the
expression of tryptophan hydroxylase, the key enzyme for
serotonin synthesis, in the brainstem serotonergic raphe
nuclei (Maciag et al. 2006). This long-term effect of SSRI
treatment may be achieved by a negative feedback regu-
lation of serotonin biosynthesis and explains the reduced
serotonin level in 5-HTT knockout mice (Vogel et al.
2003). Therefore, the hyperalgesic effect of serotonin
should also be considered (Millan 2002). Formalin-induced
pain reaction is greatly reduced by serotonin depletion
(Svensson et al. 2006). When the synthesis of serotonin is
disrupted prenatally, the formalin-evoked pain behaviors
are significantly decreased later in life (Butkevich et al.
2003). Our current project is to explore the impact of early
fluoxetine exposure on the development of pain sensitivity
and differentiate the roles (analgesic or hyperalgesic) of
serotonergic modulation involved.

Emotional Effect of Serotonin

Altered locomotor activity can also be associated with
emotional disorders. Anxiety, for example, can be evaluated
with the open field test for anxious animals tend to avoid the
central region of the field. The 5-HTT knockout mice are
known for their anxiety-like behaviors (Holmes et al. 2003).
In the open field test, 5S-HTT knockout mice show reduced
vertical exploration and reduced central but not peripheral
horizontal activity (Kalueff et al. 2007). In this study, exact
same results are generated in the neonatal fluoxetine-
exposed rats (Fig. 4). These results, on one hand, imply that
the anxiety-like behaviors might have, at least in part,
apathetic perceptual basis. The reduced neural activity in
the somatosensory system of 5-HTT knockout mice in a
glucose utilization functional assay also supports this
scheme (Esaki et al. 2005). Abnormal behaviors may be due
to abnormal perception and recognition. On the other hand,
we can not exclude the emotional effect of neonatal fluox-
etine treatment on the behavioral performances, although it

may take several months to build its effect on locomotor
activity (Ansorge et al. 2008). Whether early-life fluxetine-
exposed rats are more anxious can be examined by
numerous behavioral tests. However, these are beyond
the scope of the present work. Nevertheless, our findings
provide solid anatomical evidences for the impaired
somatosensory-related behavioral performance in the drug-
treated animals.

In summary, fluoxetine exposure to rat pups during the
critical time window corresponding to the third trimester in
human pregnancy has long-lasting adverse effects on the
function and structure of the somatosensory system. Cur-
rent clinical guideline permits the use of fluoxetine for
treatment of depressive disorder during pregnancy. The
present results demonstrate that early SSRI exposure might
have more serious long-term sequelae than have been
previously assumed. Therefore, caution should be taken
with regard to taking SSRI during pregnancy.
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