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A B S T R A C T

We have previously demonstrated that congenitally hypothyroid rat pups exhibit altered behavioral

response to formalin pain induction during postnatal period. In the present study, using NADPH-

diaphorase histochemistry and NOS immunostaining, we investigated the effect of congenital

hypothyroidism on the NOS expression in spinal cord of intact neonates at postnatal days of 15 and

21. We also examined the effect of thyroid dysfunction on the NADPH-d/NOS expression in response to

formalin nociception. Congenital hypothyroidism induced by propylthiouracil (PTU) treatment started

from gestational day 16 and continued to postnatal day 15 or 21. Congenitally hypothyroid pups

exhibited marked reduction in NADPH-d reactive cells (84% and 66% in P15 and P21, respectively;

P < 0.001) and NOS-ir cells (52% and 91% in P15 and P21, respectively; P < 0.001) in superficial lumbar

dorsal horn laminae (I–II) as compared to that of normal pups. Moreover, in congenitally hypothyroid

pups the NADPH-d/NOS expression following hindpaw formalin injection did not change significantly.

Our results demonstrate that congenital hypothyroidism affect developmental expression of NOS in

spinal dorsal horn, which may in part explain the altered behavioral pain response as we previously

reported in hypothyroid pups.

� 2009 ISDN. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In the past few years, there has been an increasing interest in
the diagnosis and treatment of neonatal pain, especially those born
very prematurely which are most susceptible to the long-term
effect of early painful experiences. It has been well established that
neonatal insults have drastic effects on CNS plasticity which can
lead to altered behavior and sensation in adulthood (Ruda et al.,
2000; Al-Chaer et al., 2000). Pain sensation requires a developed
neural pain system (Vanhatalo and Nieuwenhuizen, 2000).
Congenital hypothyroidism as a common endocrine disorder
causes morphological alterations leading to functional impairment
of CNS circuits. Neurodevelopmental impairment similar to that
seen in congenital hypothyroidism was also observed in very low
birth weight and premature babies (Chan and Kilby, 2000). Despite
extensive studies on the development of pain pathways in normal
infant animals, there are relatively few reports assessing the
development of pain mechanism in hypothyroid neonates. Bruno
Abbreviations: NOS, nitric oxide synthase; NADPH-d, nicotinamide adenine

dinucleotide phosphate diaphorase; PTU, propylthiouracil.
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et al. (2005) reported that in contrast to the adult hypothyroid rats,
2 weeks old congenitally hypothyroid rat pups show an analgesic
response to tail-flick (acute) pain. However, in our recent study, we
found that in congenital hypothyroid pups, behavioral pain response
in formalin test changes considerably. These changes include
hyperalgesia in 15-day-old pups as demonstrated by an increased
nociceptive sensitization during the 1st phase, 2nd phase and the
subsequent recovery phase. In 21-day-old hypothyroid pups, we
observed reduced pain behavior in the first and second phase of
formalin test. Moreover, there was no subsequent recovery phase in
these pups at both ages. Indeed, compared to normal pups, high
nociceptive score in hypothyroid pups persisted after the second
phase (see Rohani et al., 2009 in details). Thus, it would be of great
interest to investigate the effect of congenital hypothyroidism on the
spinal neural circuit underlying nociceptive behavioral expression
during postnatal development.

Nitric oxide makes an important contribution to spinally
mediated hyperalgesia and allodynia (Meller and Gebhart, 1993). A
number of studies report the increase of nNOS expression in the
lumbar spinal cord following formalin-induced nociception
(Herdegen et al., 1994; Lam et al., 1996).

Recent studies show that thyroid hormones differentially
regulate the expression of nNOS in different brain regions (Serfozo
et al., 2008; Sinha et al., 2008; Ueta et al., 1995). Postnatal
development of NOS expression in the superficial dorsal horn of
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Fig. 1. Superficial dorsal horn was divided into A and B region corresponding to

medial and lateral boxes, respectively. Roman numbers in this and other figures

indicate the various spinal cord laminae.
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lumbar spinal cord has been demonstrated by NADPH-d histo-
chemistry and NOS immunostaining in normal rats (Liuzzi et al.,
1993; Soyguder et al., 1994). These qualitative analyses report the
adult pattern of spinal NOS expressing neurons by the time of
weaning. However, to our knowledge, developmental expression
of NOS containing neurons in the spinal cord of normal and
congenitally hypothyroid pups – in formalin pain model – has not
been evaluated yet. Therefore, the aim of the present study was to
investigate NADPH-d reactivity and NOS immunostaining in the
lumbar spinal cord at two time points after birth (15 and 21
postnatal days) in normal and congenitally PTU-induced hypothyr-
oid pups following hind paw formalin administration.

2. Materials and methods

2.1. Experimental animals

All animal experiments were carried out in accordance with the guidelines for

animal care set forth by IASP. Sprague Dawley rats weighing 250–280 g were obtained

from Pastur’s Institute (Tehran, Iran). Rats were housed under standard condition at

22–24 8C under natural light/dark cycles; food and water were available ad libitum.

Timed pregnant female rats were randomly assigned into two groups of normal and

hypothyroid. Hypothyroid groups were given 0.005 g/100 ml of anti-thyroid drug

propylthiouracil (PTU) in their drinking water from gestation day 16 to postnatal day

15 (P15) or 21 (P21). Administration of PTU in drinking water blocks the oxidation of

iodide to iodine, reducing the formation of T4 and T3 in the maternal thyroid. In

addition to blocking synthesis, PTU also inhibits the peripheral deiodination of T4 to

T3. Because PTU readily passes the placental barrier and is also transmitted to the

suckling pups in the mother’s milk, the fetus and neonate become hypothyroid (Blake

and Henning, 1985). Control groups were given tap water during the experiment. The

day of birth was designated as postnatal day 0. Two days later, the litters were culled

to seven–eight pups for each dam. On days 15 and 21 of age, the pups received a

unilateral injection of 10 ml of 2% and 10% formalin, respectively. Formalin was

administered subcutaneously in the plantar surface of the right hind paw. Throughout

the remainder of this paper, we refer to the right side of spinal cord as the ipsilateral (to

the formalin injection) and the left side of the spinal cord as the contralateral side. The

volume and concentration of formalin were derived from previous study in our lab

(Rohani et al., 2009). The pups were perfused 90 min post-formalin injection. Intact

pups both normal and hypothyroid, without formalin injection, were randomly taken

from the same litters.

2.2. Tissue preparation

The pups were weighed, deeply anesthetized (100 mg/kg ketamin and 5 mg/kg

xylazine) and perfused transcardially with 0.9% saline, followed by cold 4%

paraformaldehyde in 0.1 M phosphate buffer saline (PBS, PH 7.4). Four animals

were used for NADPH-d histochemistry and ten for nNOS immunostaining. Lumbar

spinal cord (L4–L6) was removed by dorsal laminectomy. The blocks of tissue were

postfixed in the same fixative for at least 24 h and cryoprotected in 30% sucrose at

4 8C overnight. Serial frozen sections from the lumbar enlargement of the spinal

cord were cut in a cryostat (Leica, Nussloch, Germany). Sections were collected in

0.1 M PBS (PH 7.4) for histochemical processing.

2.3. NADPH-d histochemistry

Forty micron transverse sections were processed for NADPH-d reactivity using

histochemical procedure as follows: sections were preincubated in 0.2% Triton X-

100 in 0.1 M PBS (pH 7.4) for 20 min and then reacted for 1 h at 37 8C in a solution

containing 0.5 mg/ml b-NADPH (Sigma, Saint Louis, MO, USA), 0.6 mg/ml nitroblue

tetrazolium (NBT, Sigma, Saint Louis, MO, USA), 0.3% Triton X-100 dissolved in

0.1 M PBS (PH 7.4). The reaction was monitored under the microscope. At the end of

the staining, sections were rinsed in 0.1 M PBS (PH 7.4) and then mounted on

gelatinized glass slides, dehydrated in the graded alcohol, cleared in xylene and

coverslipped with Entellan.

2.4. Immunocytochemistry

Thirty micron transverse frozen sections of the entire lumbar spinal cord were cut

and every third section was collected in 0.1 M PBS (pH 7.4). Sections were processed

for immunocytochemistry by the avidin–biotin–peroxidase (ABC) method. The free-

floating sections were treated with 3% hydrogen peroxide for 30 min to quench

endogenous peroxidase activity. Tissue sections were then incubated in blocking

solution of 0.1% bovine serum albumin (BSA) for 1 h and then in the primary antibody,

rabbit anti-brain nitric oxide synthase (NOS) (1:500, N 7280, Sigma, Saint Louis, MO,

USA) diluted (w/v) in PBS containing 0.1% BSA and 0.3% Triton X-100, for 72 h at 4 8C.

Afterwards, NOS immunoreactivity was detected using a peroxidase conjugated goat

anti-rabbit IgG (1:500, Sigma, Saint Louis, MO, USA). To visualize peroxidase activity,

the sections were immersed in 0.05% diaminobenzidine tetrahydrochloride and 0.01%
hydrogen peroxide in 0.05 M Tris–HCl buffer (pH 7.2). Then the sections were

dehydrated and coverslipped with Entellan.

2.5. Counting procedure and image analysis

Sections were examined under the light microscope to localize cells exhibiting

NADPH-d and NOS-ir staining. A computer based imaging system (Olympus BX60.

DP12 Olysia soft imaging system, Japan) was used to determine the number of stained

cells. Eight randomly selected sections per animal were counted. To count the number

of NADPH-d/NOS-positive cells, three regions of the spinal lumbar segment was

determined (Fig. 1) as follows: the superficial laminae (I–II), deep lamina (III–IV) and

pericentral area (lamina X); within a 250-mm radius of the center of the central canal.

The mean number of cell counts per region was calculated by pooling the number of

cells showing NADPH-d activity or NOS immunoreactivity from selected sections for

each animal. The staining of perikarya following NADPH-d histochemistry or NOS

immunocytochemistry was always from weak to strong. For the weakly stained

NADPH-d/NOS-positive cells, only the cell bodies were observed, whereas for the

strongly stained cells, the cell bodies and their fine processes were visible.

2.6. Statistical analysis

All data were expressed as mean � SEM. Statistical differences between means of

labeled cells of different groups, were determined by Student’s t-test. P < 0.05 was

considered significant.

3. Results

Consistent with our previous results, PTU-treated pups showed
reduced weight gain at P15 (25%; 17.87 � 0.8 g vs. 23.9 � 1.8 g) and
P21 (50%; 19.4 � 0.9 g vs. 39.1 � 1.7 g) compared to normal pups.

Regardless of staining intensity, NADPH-d/NOS expression
appeared predominantly in dorsal horn and lamina X. Although a
few NADPH-d or NOS-ir cells were scattered in other regions, only
those which were observed in dorsal horn laminae and around the
central canal were considered in our study. For quantitative analysis,
the superficial dorsal horn of the lumbar spinal cord was divided into
two parts: A and B, corresponding to medial and lateral parts of
dorsal horn, respectively (Fig. 1). The results are presented in detail
according to the different reactive regions for strongly stained cells
except where we noted significant results for weakly stained cells.

3.1. NADPH-diaphorase reaction

NADPH-d positive cells were differentiated by a dark blue
staining of the soma and processes, but their nuclei were devoid of
staining. In superficial dorsal horn laminae (I–II), small labeled
cells generally had fusiform soma that emitted processes extend-
ing for short distances. In deep laminae (III–IV), reactive cells had
large multipolar soma with long ramified processes extended in all
directions, sometimes their processes elongated towards super-
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ficial layers. Moderately stained fiber plexus were seen in
superficial laminae. In lamina X, a cluster of large bipolar or
polygonal NADPH-d reactive cells were observed. Some of these
cells had an elongated process extended dorsally to the superficial
laminae. Occasional close contact of the stained processes with
vessels was observed. In weakly stained NADPH-d positive cells,
round or oval in shape, only the cell bodies and proximal part of
processes were stained.
Fig. 2. Representative photomicrographs showing NADPH-d reactive cells in the dorsal h

and G), higher number of NADPH-d reactive cells was located in superficial layer. In conge

deep laminae. Scale bar = 100 mm.
3.1.1. Dorsal horn laminae

In normal pups, the spatial distribution of NADPH-d reactive
cells in medial and lateral parts of superficial dorsal horn laminae
was not uniform. The main population of NADPH-d reactive cells
was concentrated in the lateral portion of these laminae (63% at
P15 and 66% at P21). There was no noticeable difference in the
distribution pattern of reactive cells in hypothyroid pups of both
ages (Fig. 2).
orn laminae of lumbar segment in P15 (A–D) and P21 (E–H). In normal pups (A, C, E

nitally hypothyroid pups (B, D, F and H), most of the reactive cells were appeared in



Table 1
The distribution of NADPH-d positive cells in dorsal horn laminae of intact pups at

P15 and P21.

Groups Laminae

I–II III–IV

Ipsilateral Contralateral Ipsilateral Contralateral

P15

Normal 91�5.1 96�7.2 34.2�3.3 32�5.4

Hypo 14.75�2.13*** 10.25�2.9*** 27.2�1.5 21.75�2.9

P21

Normal 86.25�4.11 88�5.6 25.2�3.1 22.75�4.4

Hypo 29.5�3.7***,y 32.5�4.57***,y 36.75�3.9 34.3�5.1

Number of NADPH-d cells per animal. Values are means� SEM.
*** P�0.001 compared to normal ones.
y P<0.05 compared to corresponding 15-day-old hypothyroid pups.

Table 2
The number of NADPH-d positive cells in lamina X at P15 and P21.

Groups Age (days)

15 21

Normal-intact 54.5�4 56.5�3.8

Normal-FOR 45.2�3.4 51.5�3.1

Hypo-intact 53.7�3.2 52.5�3.5

Hypo-FOR 49�5.4 61.5�2.9

Values are means� SEM of positive cells per animal.
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Laminar distribution of NADPH-d staining in hypothyroid pups
was remarkably different compared to normal ones. As shown in
Table 1, most NADPH-d reactive cells tended to be localized in the
superficial laminae in normal pups and deep laminae in
hypothyroid pups.

It should be noted that the congenital hypothyroidism caused
marked reduction in the number of NADPH-d reactive cells of
superficial laminae compared to normal pups at P15 (84%) and P21
(66%) (P � 0.001). In hypothyroid pups, the number of NADPH-d
reactive cells in deep dorsal horn laminae was slightly increased
compared to normal pups at P21. Contradictory results were
obtained in 15-day-old pups. Unlike normal pups, the number of
NADPH-d reactive cells in superficial laminae was increased along
with age in hypothyroid pups (P < 0.05, Table 1).

The ratio of strongly/weakly stained cells was greater in normal
pups (60%) compared to hypothyroid pups (40%) at both age
groups.

Following formalin pain induction in normal pups, NADPH-d
reactivity were increased in ipsilateral superficial dorsal horn
compared to the contralateral side (59% in P15, P < 0.001 and 25%
in P21, P < 0.01) (Fig. 3A). In hypothyroid pups, after formalin
injection the number of ipsilateral reactive cells in superficial
Fig. 3. The number of NADPH-d reactive cells after formalin injection in superficial and d

means � SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to contralateral side.
laminae was increased at both ages. However, the difference was
not statistically significant (Fig. 3B). In deep laminae, the number
of NADPH-d reactive cells was increased significantly in ipsilateral
compared to contralateral side in 15-day-old normal and 21-day-
old hypothyroid pups (P < 0.05, Fig. 3). Our results (not shown)
revealed that hypothyroidism induced only a slight decrease in cell
size of NADPH-d reactive cells.

3.1.2. Lamina X

In the pericentral region, there were no significant differences
in NADPH-d staining between P15 and P21 of intact normal and
hypothyroid pups. Moreover, after formalin injection the number
of reactive cells of lamina X was not changed statistically in normal
and hypothyroid pups at both ages (Table 2, Fig. 4A and B).

3.2. NOS immunohistochemistry

Morphological features of NOS immunoreactive cells (NOS-ir)
resembled those of NADPH-d reactive cells. Immunostaining for
NOS was observed in the cell bodies and processes but not in the
nuclei. In lamina X, there were a group of stained cells with long
processes. Some of these processes were in close contact with
vessels.

3.2.1. Dorsal horn laminae

In normal and hypothyroid pups, distribution pattern of NOS-ir
cells in medial and lateral parts of the superficial dorsal horn was
relatively similar to that of the NADPH-d stained cells (Fig. 5).
eep lumbar dorsal horn laminae in normal (A) and hypothyroid (B) pups. Values are



Fig. 4. Representative photomicrographs showing NADPH-d reactive (A and B) and NOS-ir (C and D) cells in lamina X of 21-day-old normal and hypothyroid intact pups. Scale

bar = 100 mm.

Table 4
The number of NOS-ir cells in lamina X at P15 and P21.

Groups Age (days)

15 21

Normal-intact 67.2�3.4 57.2�3.4

Normal-FOR 59.3�1.9 52�2.8

Hypo-intact 70.7�4.1 62.1�3.6

Hypo-FOR 72.6�4 63.20�2.5

Values are means� SEM of reactive cells per animal.
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Considerable differences were found in the laminar distribution
of NOS immunoreactivity in the dorsal horn between normal and
hypothyroid groups. In normal and hypothyroid pups, NOS-ir cells
were mainly located in superficial and deep laminae, respectively.
In hypothyroid intact pups, the number of NOS-ir cells in
superficial laminae decreased in comparison to normal pups at
P15 (52%) and P21 (91%), P < 0.001. In deep laminae, the number of
NOS-ir cells in 15-day-old hypothyroid pups was more than those
in normal ones (P < 0.05). In both intact normal and hypothyroid
groups, the number of NOS-ir cells in superficial and deep dorsal
horn decreases along with age. This reduction was prominent in
21-day-old hypothyroid pups (P < 0.001, Table 3). The ratio of
strongly/weakly stained cells in the dorsal horn was equal (�50%)
in normal and hypothyroid pups.

Formalin pain induction in normal pups results in significant
increase in the number of NOS-ir cells in the ipsilateral superficial
laminae of dorsal horn as compared to contralateral side, 58% in
P15 (P < 0.001) and 33% in P21 (P < 0.01, Fig. 6A). Formalin
Table 3
The distribution of NOS-ir cells in dorsal horn laminae of intact pups at P15 and P21.

Groups Laminae

I–II III–IV

Ipsilateral Contralateral Ipsilateral Contralateral

P15

Normal 62.3�4.8 63.4�6.46 32.5�3.8 33.4�2.72

Hypo 32.1�3.5*** 34.7�3.6*** 45.4�3.9* 41.8�5.2*

P21

Normal 51.2�2.2 51.7�1.96 18.2�1.9yy 20.5�1.35yy

Hypo 4.6�1***,yyy 4.3�1.19***,yyy 20.7�2.6yy 24.78�4.8yy

Number of NOS-ir cells per animal. Values are means� SEM.
* P�0.05 compared to normal ones.
*** P<0.001 compared to normal ones.
yy P<0.01 compared to corresponding 15-day-old group.
yyy P�0.001 compared to corresponding 15-day-old group.
injection did not alter the number of NOS-ir cells in the superficial
laminae of hypothyroid pups at any age (Fig. 6B). Furthermore, the
number of NOS-ir cells in ipsilateral deep laminae was markedly
increased as compared to contralateral side in 15-day-old normal
(P < 0.01) and 21-day-old hypothyroid pups (P < 0.05, Fig. 6).

3.2.2. Lamina X

The congenital hypothyroidism did not have considerable
effects on the NOS immunoreactivity in laminae X at both ages. In
normal and hypothyroid pups, the number of NOS-ir cells in lamina
X was not found to be significantly changed following formalin
injection (Table 4, Fig. 4C and D). The number of strongly stained
cells was greater than weakly stained cells at P15 (�threefold) and
P21 (�twofold) in both normal and hypothyroid pups. It should be
noted that the number of weakly stained NOS-ir cells was half of
weakly stained NADPH-d reactive cells in all groups.

4. Discussion

Quantitative analysis demonstrated that the number of
NADPH-d stained and NOS-ir cells decreased in the superficial
dorsal horn of lumbar spinal cord in 15- and 21-day-old
congenitally hypothyroid pups. In addition, distribution pattern
of the NOS containing cells in dorsal horn laminae of hypothyroid
pups was changed compared to normal ones. Furthermore,



Fig. 5. Representative photomicrographs showing NOS-ir cells in dorsal horn of lumbar segment in P15 (A–D) and P21 (E–H). In normal pups (A, C, E and G), NOS-ir cells were

distributed mainly in the superficial laminae. In hypothyroid pups (B, D, F and H), NOS-ir cells were predominantly located in deep laminae. Scale bar = 100 mm.
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following hindpaw formalin injection no identical laminar change
in the number of NADPH-d/NOS containing cells was observed in
the normal and hypothyroid pups.

4.1. Technical consideration

The distribution pattern, but not the number of NOS-ir cells, in
the lumbar spinal cord of normal pups was comparatively similar
to that of NADPH-d reactive cells. In general, the number of
NADPH-d reactive cells in superficial dorsal horn was greater than
NOS-ir cells in intact animals, except for 15-day-old hypothyroid
pups, in which the number of NOS-ir cells was higher than that of
NADPH-d reactive cells. It has been presumed that there is
remarkable correlation between NADPH-d and NOS containing
neurons in the CNS (Dawson et al., 1991; Hope et al., 1991).
However, several studies have been shown that NADPH-d
histochemistry and NOS immunohistochemistry do not necessa-
rily label the same population of neurons (Herdegen et al., 1994;
Lukácová et al., 1999; Traub et al., 1994a,b). Indeed, NOS is not the
only enzyme which possessing NADPH-d activity and it represents
only a fraction of the total NADPH-d activity (Tracey et al., 1993).
These findings may explain the quantitative disparity between
NADPH-d histochemical and NOS immunocytochemical results in
the present study.

4.2. Congenital hypothyroidism altered the number and laminar

distribution of NADPH-d/NOS-ir cells during postnatal development

The majority of NADPH-d/NOS reactivity in normal pups was
found in superficial dorsal horn laminae at P15. The number and



Fig. 6. The number of NOS-ir cells after formalin injection in superficial and deep lumbar dorsal horn laminae in normal (A) and hypothyroid (B) pups. Values are

means � SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared to contralateral side.
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pattern of staining did not change significantly at P21 when it takes
an adult-like arrangement, with most stained cells in the super-
ficial dorsal horn and fewer numbers in deep dorsal horn. Similar
spatiotemporal pattern of distribution in normal pups reported by
Liuzzi et al. (1993), Soyguder et al. (1994), Takemura et al. (1996)
and Vizzard et al. (1994). However, in congenitally hypothyroid
pups most of the NADPH-d/NOS reactive cells were found in deep
laminae at both ages. This distribution pattern correlates to some
extent with the findings in normal neonates before second
postnatal week of age by Liuzzi et al. (1993). Moreover, the
number of NOS but not the NADPH-d reactive cells decreased along
with increasing age in congenital hypothyroid pups. The striking
decrease in NADPH-d/NOS containing cells in lamina I–II and the
lack of change in the number of these cells in laminae III–IV of
dorsal horn in hypothyroid pups, suggests the differential
sensitivity of these two distinct neural pools to thyroid hormone
deficiency. In superficial dorsal horn laminae of hypothyroid pups,
there was less decrease of NOS-ir cells at P15 and greater decrease
of these cells at P21 when compared to NADPH-d reactivity. It
seems that thyroid hormone deficiency differentially affects the
NADPH-d and nNOS expression during postnatal development.
Considering that NADPH-d histochemistry demonstrates all three
isoforms of NOS (Garbossa et al., 2005); it is conceivable that
neuronal isoform of NOS is more vulnerable to thyroid hormone
deficiency as also proposed by Serfozo et al. (2008).

Superficial dorsal horn neurons are the last one of the spinal
neurons to mature (Fitzgerald, 2005). It was shown that spinal cord
neurons possess functional thyroid hormone receptors (Barakat-
Walter, 1999). Thyroid hormones deficiency affects differentiation
and maturation of calretinin-expressing neurons in different spinal
laminae (Barakat-Walter et al., 2000). Therefore, the changes
observed in the number and the laminar distribution pattern of
NADPH-d/NOS reactivity in congenitally hypothyroid pups could
be related to the effect of hypothyroidism on the evolution of
spinal dorsal horn neurons.

There is controversy about the effect of thyroid hormone
deficiency on the expression of NOS enzyme in other CNS regions.
Sinha et al. (2008) showed the increase of nNOS-ir neurons in fetal
neocortex under maternal thyroid hormone deficiency. On the
other hand, it has been found that NOS expression and activity in
the cerebral cortex of neonatal rats decreased following induction
of postnatal hypothyroidism by PTU-treatment (Serfozo et al.,
2008). In addition, NOS expression in supraoptic and paraven-
tricular hypothalamic nuclei decreased in adult rats treated with
PTU (Ueta et al., 1995).

4.3. The effect of formalin-induced pain on the expression of dorsal

horn NO-synthesizing cells

Ninety minutes following formalin injection, the NADPH-d/NOS
containing cells increased in the ipsilateral superficial dorsal horn
laminae in normal pups at both ages. However, in hypothyroid
pups there was no considerable change in the NADPH-d/NOS
reactivity in laminae I–II after formalin pain induction. Interest-
ingly, NADPH-d/NOS expression markedly increased in laminae
III–IV in normal P15 and also in hypothyroid P21 pups after
formalin injection. These findings may be related to differential
contribution of spinal NO-synthesizing neurons to nociception at
different developmental stages. An increase in NOS expression in
the lumbar dorsal horn several hours following formalin injection
in adult rats has been previously reported by Herdegen et al. (1994)
and Lam et al. (1996). The difference in the time course of NOS
expression in our study could be explained by a greater sensitivity
of developing animals to formalin pain compared to adult ones
(Fitzgerald, 2005).

In our previous behavioral study (Rohani et al., 2009), 15-day-
old hypothyroid pups showed hyperalgesic second phase response
with a pronounced increase in flex/shaking behavior, which is
known to be modulated at the spinal level (Okuda et al., 2001).
Moreover, 21-day-old congenitally hypothyroid pups showed
attenuated long lasting second phase with exaggerated flexes/
shakes, and almost without any licking behavior (a supraspinally
mediated response). The neurogenesis of superficial dorsal horn
projection neurons is completed prior to that of local spinal
interneurons (Bice and Beal, 1997a,b) and the expression of a
normal recovery phase in the formalin test requires a well
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developed descending inhibitory system (Guy and Abbott, 1992).
The observed impaired pain response accompanying a marked
decrease in NADPH-d/NOS expression in superficial dorsal horn
laminae of hypothyroid pups could be explained by the immature
local spinal circuit and/or an undeveloped supraspinal descending
modulatory systems.

A large body of evidence indicates that NO-synthesizing neurons
contribute to sensory/nociceptive processing in the spinal cord (Dun
et al., 1992; Malmberg and Yaksh, 1993; Meller and Gebhart, 1993).
Co-localization of NOS and GABA in many of spinal NOS containing
neurons (Bernardi et al., 1995) suggests that they may be inhibitory
interneurons (Hoheisel et al., 2000; Puskar et al., 2001). Moreover,
NO plays a regulatory role in synaptic function and developmental
plasticity in CNS (Contestabile and Ciani, 2004). Synaptic connection
in spinal dorsal horn undergoes substantial postnatal develop-
mental changes (Pattinson and Fitzgerald, 2004). Considering the
spatiotemporal expression pattern of NOS, Gao et al. (2008),
proposed participation of nNOS in spinal cord development. On
the other hand, it has been reported that, PTU-induced hypothyr-
oidism impairs synaptic formation and functional plasticity in the
CNS (Kobayashi et al., 2005; Sui and Gilbert, 2003). Thus by reducing
the expression of NOS enzyme, thyroid hormone deficiency may
impair functional maturity of spinal sensory circuits.

4.4. Lamina X

It has been shown that the neurons around the central canal of
the lumbosacral spinal cord are implicated in the visceral and
somatic sensory/nociceptive processing (Nahin et al., 1983; Saito
et al., 1994). Some of the NOS containing neurons in this lamina are
spinothalamic projection neurons (Lee et al., 1993). In consistent
with a previous study (Soyguder et al., 1994), our results show that
the NADPH-d/NOS reactivity was not changed in lamina X with
age. The quantitative analyses of NADPH-d and NOS-ir cells also
revealed a mismatch between NADPH-d histochemistry and nNOS
immunostaining. Hypothyroidism did not affect the number of
these neurons, which indicates region-specific effects of thyroid
hormone. Moreover, formalin injection did not cause any changes
in the number of these neurons in normal and hypothyroid pups.
The effect of pain induction on NOS containing neurons of lamina X
is controversial. While Herdegen et al. (1994) reports no increase in
NADPH-d/NOS containing neurons after formalin injection in adult
rats, an increase in the number of NADPH-d reactive neurons in
lamina X was observed 6 h following carrageenan inflammation
(Solodkin et al., 1992) and 2 days after spinal cord injury (Gonzalez
et al., 2001).

5. Conclusion

In conclusion, we demonstrated a particular reduction of
NADPH-d/NOS expression in the spinal superficial laminae in PTU-
induced congenitally hypothyroid pups. Contrary to normal pups,
formalin injection did not change the number of NO-synthesizing
cells of laminae I–II in hypothyroid pups. Therefore, decreased
NADPH-d and NOS expression in superficial dorsal horn of
hypothyroid pups, may contribute to impaired function of
nociceptive/sensory processing circuit mediating behavioral
response to pain. However, the mechanism underlying the altered
NOS expression in hypothyroid status and functional implication
of these changes requires further elucidation.
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