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Thyroid hormones are necessary for brain development.
y-Amino-butyric acid (GABA)ergic interneurons comprise the
bulk of local inhibitory circuitry in brain, many of which con-
tain the calcium binding protein, parvalbumin (PV). A previ-
ous report indicated that severe postnatal hypothyroidism
reduces PV immunoreactivity (IR) in rat neocortex. We ex-
amined PV-IR and GABA-mediated synaptic inhibition in the
hippocampus of rats deprived of thyroid hormone from ges-
tational d 6 until weaning on postnatal d 30. Pregnant dams
were exposed to propylthiouracil (0, 3, 10 ppm) via the drink-
ing water, which decreased maternal serum T, by approxi-
mately 50-75% and increased TSH. At weaning, T, was re-
duced by approximately 70% in offspring in the low-dose
group and fell below detectable levels in high-dose animals.
PV-IR was diminished in the hippocampus and neocortex of
offspring killed on postnatal d 21, an effect that could be re-
versed by postnatal administration of T,. Dose-dependent de-

creases in the density of PV-IR neurons were observed in
neocortex and hippocampus, with the dentate gyrus showing
the most severe reductions (50-75% below control counts).
Altered staining persisted to adulthood despite the return of
thyroid hormones to control levels. Developmental cross-fos-
tering and adult-onset deprivation studies revealed that early
postnatal hormone insufficiency was required for an alter-
ation in PV-IR. Synaptic inhibition of the perforant path-den-
tate gyrus synapse evaluated in adult offspring, in vivo, re-
vealed dose-dependent reductions in paired pulse depression
indicative of a suppression of GABA-mediated inhibition.
These data demonstrate that moderate degrees of thyroid hor-
mone insufficiency during the early postnatal period perma-
nently alters interneuron expression of PV and compromises
inhibitory function in the hippocampus. (Endocrinology 148:
92-102, 2007)

IT IS WELL ESTABLISHED that thyroid hormones are
necessary for normal brain development. Severe hor-
mone deprivation leads to reductions in physical growth and
mental retardation, particularly if insufficiency occurs in the
early postnatal period (1-3). Traditionally animal studies
examining the effect of thyroid hormones on brain develop-
ment were designed to mimic extreme conditions of hor-
mone deprivation (2, 3). In light of mounting evidence that
subtle impairments in cognitive abilities accompany mild
and circumscribed periods of hormone insufficiency, recent
studies have begun to examine the dose-response character-
istics of thyroid hormone disruption on brain development
(4-7). In addition, significant attention has now focused on
not only evaluating the persistence of effects mediated by
early hormone insufficiencies but also including an analysis
of the functional consequences induced by such perturba-
tions (5, 8, 9).
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Disruptions in excitatory synaptic transmission in hip-
pocampus in rats after in utero and early postnatal thyroid
hormone insufficiency have been reported (10-13). Impair-
ments evident in cornu ammonis (CA1) and dentate subre-
gions of the hippocampal formation endured to adulthood
despite return of hormonal status to control levels. In adult
assessments of hippocampal long-term potentiation, a cel-
lular model of memory, impairments evident in dendritic
recording sites, were accompanied by a curious increase in
indices of somatic output as measured by the population
spike, suggestive of altered inhibitory function (5, 14-16).

Somatic output of cortical networks is modulated by local
circuit interneurons, the majority of which have y-amino-
butyric acid (GABA) as their neurotransmitter (17-20). A
subset of inhibitory interneurons also synthesize the calcium
binding protein, parvalbumin (PV). PV confers on the inter-
neuron specific electrical and metabolic properties that can
impact their function (17-22). PV-expressing interneurons
are basket cells and chandelier cells that synapse directly on
the soma or initial axonal segment of principal cells of hip-
pocampus and neocortex. Activation of these local circuit
neurons effectively limits the firing of action potentials by
pyramidal cells of the cortex and hippocampus and granule
cells of the dentate gyrus (18-20, 23). Previous work iden-
tified a decrease in PV immunoreactivity (IR) in the neocor-
tex of adult hypothyroid animals exposed to a hormone
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synthesis inhibitor throughout life and thyroidectomized
shortly after birth to produce a persistent and severe state of
hypothyroidism (24). Recently reductions in PV-IR have
been also reported in the hippocampus of mice with muta-
tions of the TRal gene (9, 25). We sought to determine
whether severe hormone deprivation was necessary for al-
tered PV-IR or whether modest reductions during critical
developmental windows were sufficient. We describe a re-
duction in PV-IR in cortex similar to that reported by Berbel
et al. (24) and extend these observations to the cortex and
hippocampus of animals with moderate degrees of hormone
insufficiency. Importantly, although some recovery ensued
on termination of exposure and return to euthyroid status in
adulthood, significant suppression of PV-IR remained. These
persistent alterations in PV-IR in hippocampal interneurons
were associated with functional deficits in inhibitory syn-
aptic transmission in the dentate gyrus.

Materials and Methods
Subjects

Pregnant Long-Evans rats were obtained from Charles River (Ra-
leigh, NC) on gestational day (GD) 2 and housed individually in stan-
dard plastic hanging cages in an Association for Assessment and Ac-
creditation of Laboratory Animal Care-approved animal facility. All
animal treatments were in strict accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. All efforts
were made to minimize the number of animals and their suffering.
Animal rooms were maintained on a 12-h light, 12-h dark schedule, and
animals were permitted free access to food (rat chow; Purina, St. Louis,
MO) and water.

Hormone insufficiency during development

Beginning on GD 6 and continuing until postnatal day (PN) 30, dams
were rendered hypothyroid by addition of 0, 3, or 10 ppm (0, 18, or 59
uM solutions, respectively) of the thyroid hormone synthesis inhibitor
propylthiouracil (PTU; Sigma, St. Louis, MO) to the drinking water. The
day of birth was designated PNO and all litters were culled to 10 pups
on PN4, retaining the maximal number of males per litter. On PN30, the
offspring were weaned, transferred to plastic hanging cages (two to
four/cage) and were permitted free access to food and tap water. A
subset of animals (one per litter) was killed on PN14, PN21, and PN77
for Western blot analysis. A second series of pups was killed on PN23
and PN86 and processed for immunohistochemical assessment of PV
staining in cortex and hippocampus. A third set of littermates was
prepared for electrophysiological assessment of inhibitory function in
the dentate gyrus as described below. These conditions produced
graded levels of thyroid hormone reduction in dams and pups as pre-
viously reported in Sui et al. (16), and serum hormones had fully re-
covered at the time adult animals were killed.

Critical window of exposure

To determine whether a critical window of hormone insufficiency
was necessary for altered immunostaining, a cross-fostering study was
conducted. Beginning on GD6 and until birth (PNO0), 13 dams were
placed on 0 ppm (n = 6) or 10 ppm (n = 7) PTU in the drinking water.

On PN1, litters were culled to 10 pups, and half of each litter was
tattooed via a sc injection of India ink to the paw of the forelimb and
cross-fostered to a dam from the opposite dose group, creating inde-
pendent groups of pups exposed to one of four in utero/postnatal ex-
posure conditions: control /control, prenatal /control, control /postnatal,
and prenatal/postnatal. Pups from each condition were killed for im-
munohistochemistry on PN23.

Thyroid hormone replacement study

Thyroid hormone replacement was accomplished by dosing pups
from 10-ppm exposed dams (n = 6) with 100 ug/kg T, (Sigma) or saline,
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ip, in a volume of 25 pg/ml once daily between PN8 and PN14 corre-
sponding to time window over which PV is first expressed in the cortex
and hippocampus (26). Three pups from each litter received saline or T,.
All pups were killed on PN27 via intracardiac perfusion and the brains
were prepared for immunohistochemistry.

Adult dosing study

To determine whether hormone insufficiency induced in adult ani-
mals could alter PV-IR, a group of 15 naive adult male rats was placed
on0,3, or 10 ppm PTU in the drinking water for 33 d, beginning on PN56.
This duration of PTU exposure was sufficient to produce asymptotic
levels of hormone reduction at the specified doses comparable with
those achieved in lactating dams at weaning. Animals were killed on the
final day of PTU exposure and prepared for immunohistochemistry as
described below.

Thyroid hormones

Thyroid hormone data for the developmental study were previously
reported by Sui et al. (16). In the cross-fostering and adult exposure
studies blood was sampled from the heart before saline perfusion and
allowed to clot on ice for a minimum of 30 min. Serum was separated
via centrifugation and stored at —80 C for later analyses. Serum con-
centrations of total T, and total T; were analyzed by RIA (Diagnostic
Products Corp., Los Angeles, CA). All samples for total T, and total T
were run in duplicate and the intra- and interassay variations ranged
from 9 to 12%. The lowest calibrator used for hormone analysis was 10
ng/dl and 5 ng/ml for the T; and T, assays, respectively. The minimum
detectable concentration (MDC) for each assay was determined statis-
tically (3 sp above background levels). For all T; assays (n = 4), the MDC
was 7.8 ng/dl and for all T, assays (n = 4), the MDC was 4.9 ng/ml. In
cases in which the sample result was below the level of detection, the
result was set by default to the MDC for statistical purposes.

Immunohistochemistry

Animals were deeply anesthetized with an overdose of phenobarbital
(100 mg/kg, ip) and perfusion fixed through the aorta with 4% para-
formaldehyde. The brain was removed after perfusion of the animal and
stored in 4% paraformaldehyde for several days before being transferred
to cryoprotectant and subsequently sectioned at 50 um using a vi-
bratome. Every section throughout the hippocampus was saved in five
consecutive bins such that each bin contained sections throughout the
hippocampus at 200-um intervals. Immunohistochemical staining was
performed on control and experimental tissue using batch processing
according to the methods of Goodman and Sloviter (27). Briefly, the
sections were washed in Tris buffer (pH 7.6) followed by incubation in
1% hydrogen peroxide to remove endogenous peroxidase activity. Sec-
tions were then washed sequentially in Tris followed by Tris A (0.1 M
Tris plus 0.1% Triton X-100) and then Tris B (0.1 m Tris, 0.1% Triton
X-100, 0.05% BSA). The sections were then incubated in antibody for 48 h
at 4 C. Anti-PV antiserum (1:100,000 dilution, monoclonal; Sigma) was
used to identify PV-containing neurons. On the second day of process-
ing, the sections were incubated in biotinylated secondary antiserum
(horse antimouse, dilution 1:400; Vector Laboratories, Burlingame, CA)
followed by avidin-biotin complex (ABC Elite; Vector Laboratories;
1:1000 dilution), and visualized with diaminobenzidine as the chromo-
gen. Stained sections were mounted on glass slides, dehydrated, and
coverslipped. A series of sections from a minimum of five animals from
each dose group (developmental study, hormone replacement study,
adult dosing study) and exposure condition (cross-fostering study) were
qualitatively evaluated by an observer blinded to the group designation
of each subject. GABA neurons were identified by staining sections from
animals in the developmental study with anti-GAD67 antiserum (1:7000
dilution, monoclonal; Chemicon, Temecula, CA). GAD-67-IR neurons
were visualized using the methods described above.

Stereological assessment of PV-IR

The density of PV-IR neurons was determined in the hippocampus
and somatosensory cortex in coronal sections from PN23 animals using
unbiased stereological techniques. In the hippocampus the principal cell
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body layers of the dentate gyrus and CAl and CA3 subregions of the
hippocampal formation were outlined, and the cell density was esti-
mated for each region independently. The decrease in PV-IR in the cortex
of exposed animals was so severe that we were unable to assess cell
density in specific cortical layers. To ensure that the same area of cortex
was analyzed for each animal, the right hemisphere of each section was
outlined from the cingulate cortex to the rhinal fissure. A minimum of
five sections were evaluated for each of five to seven animals/dose
group. Cell density was determined using the optical fractionator ste-
reological probe of Stereolnvestigator (Microbrightfield, Williston, VT).

The following method was used to quantify the decrease in process
staining of PV-IR neurons in the dentate gyrus. Cells were selected for
evaluation using the optical fractionator probe (Stereolnvestigator) and
a 40-by-40-pm frame was placed over each PV-positive cell. A score of
3, indicative of rich process staining, was assigned if processes ema-
nating from the cell touched three or four sides of the frame. Moderate
process staining was enumerated by a score of 2 if processes contacted
one or two sides of the frame. A score of 1, indicating minimal staining,
was assigned if the processes did not expand to touch any wall of the
frame. A total of five sections from each of five animals in each dose
group was assessed in this manner, resulting in 21-33 cells/section
evaluated in the 0 ppm group, four to 19 cells/section in the 3 ppm
group, and two to 12 cells/section in the 10 ppm group. Scores were
averaged across sections for a given animal and the mean score/animal
was subjected to statistical analysis.

Western blot analysis

One animal from each litter was killed by decapitation on PN14,
PN21, and PN78, the brain removed, and the hippocampus dissected,
frozen on dry ice, and stored at —80 C for later analysis. Tissue was
homogenized by brief sonication in ice-cold solubilizing buffer contain-
ing 1% Triton X-100, 20 mm Tris (pH 7.5), 150 mm NaCl, 1 mm EDTA,
10% glycerol, 1 mm NaF, 1 mm Na3VO4, and 0.5% protease inhibitors
(Protease Inhibitor Cocktail III; Calbiochem, La Jolla, CA). The insoluble
material was removed by centrifugation at 10,000 X g for 10 min at 4 C.
An aliquot of the supernatant was taken for protein determination, and
the remaining supernatant was added to an equal volume of Laemmli’s
sample buffer (Bio-Rad, Hercules, CA) to give a final protein concen-
tration of 2.0 mg/ml, and samples were boiled at 100 C for 5 min.
Samples were resolved by SDS-PAGE on 4-15% Tris-HCl gels (161-1122;
Bio-Rad) followed by electrophoretic transfer onto polyvinyl difluoride
membranes (162-0218, Bio-Rad). The blots were blocked for 1 h with 5%
nonfat dried milk (Bio-Rad) at room temperature and then incubated
overnight at 4 C with an antibody specific to PV (AB11427, rabbit
polyclonal to rat skeletal muscle PV; Abcam, Cambridge, MA). After
three short washes, the blots were incubated for 1 h with 1:10,000
horseradish peroxidase-conjugated goat antirabbit antibody (074-1506;
KPL, Gaithersburg, MD). The blots were visualized using a chemilu-
minescence substrate (34076, SuperSignal West Dura extended duration
substrate; Pierce, Rockford, IL), and the light images of the 13.1-kDa
band were collected and analyzed photometrically with a Fluor-S Mul-
tilmager and Quantity One software (version 4.3.1; Bio-Rad). For all
Western blots, two to three lanes on each gel were reserved for molecular
weight standards (161-0374, PrecisionPlus dual color; Bio-Rad) and
quality control (QC) samples. The QC samples were prepared from a
pool of a hippocampi harvested from naive young adult rats, and ali-
quots of the pool were maintained at —80 C. One aliquot was used for
each gel or series of gels run at one time. After correction for background
chemiluminescence, the signals from target bands on a gel were nor-
malized to the average signal for the QC sample bands to simplify
comparison across gels and reduce intergel variability. The coefficient of
variation for the QC values across gels was typically less than 10%.

Animal surgery

Adult male offspring (4-10 months of age) were anesthetized with
urethane (1-2 gm/kg, ip), mounted in a stereotaxic frame and electrodes
placed into the perforant path and dorsal dentate gyrus according to
standard techniques (see Ref. 14). Briefly, a stimulating electrode (bi-
polar twisted stainless steel wire, 250 um in diameter, insulated except
for the cut tips, crimped onto gold-plated Amphenol pins) was lowered
into the angular bundle of the perforant path according to flat skull
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stereotaxic coordinates (7.2 mm posterior to bregma, 4.1 mm lateral to
the midline). An insulated monopolar nichrome wire-recording elec-
trode was lowered into the ipsilateral dentate gyrus 3.5 mm posterior to
bregma and 2-2.2 mm lateral to the midline. Nominal depths for stim-
ulating and recording electrodes were 2.2 and 3.5 mm below dura,
respectively, but optimal depth placement was achieved through elec-
trophysiological monitoring of the response evoked in the dentate gyrus
after a single-pulse perforant path stimulation. Stimulation of the per-
forant path evokes a monosynaptic extracellular field potential that can
be reliably recorded from electrodes placed in the hilar region (28, 29).
The field potential is comprised of an initial positive component, the
excitatory postsynaptic potential and a negative compound action po-
tential, the population spike (PS) (see Fig. 9). The dendritic response
provides an index of synaptic activity comprising the summed excita-
tory postsynaptic potentials. PS amplitude was estimated by calculating
the value of the tangent that extends from the lowest value of the
negative potential to the point of intersection of a line connecting the
positive peaks that mark the beginning and the end of the negative spike
potential (29). Two animals were assessed each day, and dose groups
were counterbalanced over days to equate the mean age across groups.
Data represent 21 0-ppm, 24 3-ppm, and 13 10-ppm animals sampled
from 14, 15, and 9 litters, respectively. No more than two animals from
any given litter are represented.

Paired pulse depression/facilitation

Once optimal electrode placement based on response morphology
and amplitude was achieved, responses evoked by single-pulse stim-
ulation of the perforant path (biphasic square wave pulses, 0.1 msec
duration using a Grass S-88 stimulator and PSIU-6 constant current
converters) were monitored at 30-min intervals for the next 2 h to ensure
stability before commencement of formal testing (30). Responses were
amplified, digitized (33 kHz sampling rate), averaged using LabWin-
dows (National Instruments, Austin, TX) and custom designed software,
and stored on a personal computer for later analysis. Upon stability of
the field potential recording, two pulses (conditioning pulse followed by
the test pulse) of equal stimulus intensity were delivered at a variety of
interpulse intervals (IPIs = 10, 20, 30, 70, and 250 msec) and stimulus
intensity levels. Intensities were chosen to produce PS amplitudes of the
first pulse (conditioning pulse) equivalent to 20, 50, and 100% of the
maximal population spike amplitude recorded at 1500 nA. Ten pulse
pairs were averaged at each IPI and each intensity. Data were expressed
as a ratio of test pulse to conditioning pulse PS amplitude and converted
to a percent. A value of less than 100% reflects paired pulse depression,
a ratio greater than 100%, paired pulse facilitation.

Statistical analyses

Results of cell counts, neuronal process staining, and Western blot
analyses were assessed using one-way ANOVA, and where appropriate
mean contrast tests were performed using Tukey’s t test. Cell counts for
saline vs. T, groups in the replacement studies were evaluated using a
t test. Paired-pulse functions were assessed using a three-way repeated-
measures ANOVA. Repeated factors included three levels of intensity
and five levels of IPI. Step-down ANOVAs and Tukey’s mean contrast
tests were used in the event of significant two-way (dose X intensity or
dose by interval) or three-way (dose X intensity X interval) interactions.

Results
Hormone insufficiency during development and adulthood

Serum thyroid hormone levels for animals in the devel-
opmental study were previously reported and are reiterated
here to provide a context of the level of hormonal disruption
induced by developmental exposures to PTU (5, 16). At
weaning, 3 ppm PTU reduced T, by 70% relative to controls.
All animals in the high-dose group fell below the level of
detection of the assay. Serum levels of T; were reduced by 30
and 70%, respectively, in the 3- and 10-ppm dose groups. In
the cross-fostering study, hormone analyses for postnatal
only or prenatal + postnatal exposure were consistent with
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those of the 10-ppm dose group reported in Sui et al. (16).
PTU-exposed pups cross-fostered to control dams at birth
had thyroid hormone levels within the normal range at
weaning. Hormone levels of all groups had returned to con-
trol values by PN77 (earliest postweaning time sampled) well
in advance of adult immunochemical and neurophysiolog-
ical assessments. Hormone levels in the adult dosing study
were also reduced in a dose-dependent manner. One month
of exposure to 3 ppm PTU beginning in adulthood resulted
in a 78% reduction in serum T, concentration from control
levels of 48.7 = 4.46 ng/ml. Serum T, in all 10-ppm animals
fell below the level of detection of the assay (4.9 ng/ml).
Concentrations of T; were reduced by 31 and 61% of control
values (82.0 = 8.75 ng/dl) for low- and high-dose groups,
respectively.

PV immunohistochemistry is reduced by
hormonal insufficiency

Bands of cell body staining with rich expansion of the
axonal and dendritic plexuses are characteristic of PV-IR in
the neocortex (Fig. 1A). In hippocampus, PV-IR neurons
exhibit a striking lamellar distribution with cell bodies con-
centrated in stratum pyramidale of areas CA1 and CA3 and
in the granule cell layer including the subgranular zone of the
dentate gyrus. The dendrites and axons of PV-IR neurons
within the hippocampus penetrate the dendritic and axonal
layers of pyramidal and granule cell body layers (Fig. 1D).

PV-IR was dramatically reduced in the neocortex and hip-
pocampus of PN23 animals exposed to PTU throughout ges-
tation and lactation. Figure 1, A-C, displays representative
sections of somatosensory cortex from control and PTU-
exposed animals in which a pattern of decreased immuno-
reactivity is evident in treated animals. Cell body and ex-
tensive neuronal process staining present in the cortex of
control animals was greatly diminished in low-dose animals
(Fig. 1B), and PV-IR of cell bodies and processes was almost
completely absent in subjects from the high-dose group (Fig.
1C). Qualitatively, in all cases (five of five 3 ppm and five of
five 10 ppm animals), clear differences from control were
observed, but a distinction was not always possible between
the high- and low-dose groups. Similarly in hippocampus,
pyramidal cell layers and the dentate gyrus displayed a

0 ppm

Fia. 1. PV-IR is suppressed in hypothyroid
animals before weaning. PV-IR in neocortex
(A—C) and hippocampus (Hippo; D-F) is re-
duced on PN23 in animals exposed perina-
tally to 3- or 10-ppm PTU. Animals remained
on PTU until the time the animals were
killed. Clear diminution of PV-IR fiber stain-
ing is apparent in neocortex (B) and hip-
pocampus (E) of low-dose animals. At high
doses of PTU, cell body in addition to neuro-
nal process staining for PV is severely sup-
pressed (calibration, 500 um).

Cortex

Hippo
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diminished pattern of immunoreactivity, with striking re-
ductions in both cellular and neuronal process staining (Fig.
1, D-F).

Estimates of cell number using unbiased stereological
methods revealed significant, dose-dependent reductions in
the density of PV-immunopositive neurons in neocortex [Fig.
2,F(2,17) = 14.47, P < 0.0002] and all three subregions of the
hippocampus [dentate gyrus F (2,13) = 329.28, P < 0.0001;
CA1F (2,13) = 182.6, P < 0001; P < 0.0001; CA3 F (2,13) =
79.12, P < 0.0001]. In cells with a positive PV-IR profile,
neuronal process staining was diminished in treated animals
in both cortex and hippocampus (see Figs. 1 and 3). Quan-
tification of axonal and dendritic plexus staining was per-
formed for PV-IR cells in the dentate gyrus according to
procedures outlined in Materials and Methods. Significant
dose-dependent reductions were observed in the mean
plexus score [F (2,12) = 115.1, P < 0.0001, Fig. 3E] and the
percent of cells/animal exhibiting a high degree of neuronal
process staining [F (2,12) = 79.56, P < 0.0001, Fig. 3F]. This
assessment of neuronal process immunoreactivity was lim-
ited to the level of the interneuron cell body and as such
underestimates the magnitude of the effect of hormone in-
sufficiency on neuronal process expression (see Fig. 3). None-
theless, clear dose-dependent reductions were evident as a
function of PTU exposure.

Thyroid hormone replacement

Offspring from five 10-ppm exposed litters were admin-
istered saline or T, on PN8-PN14, the time of peak expres-
sion of PV in the forebrain (26). T, replacement during this
window resulted in a significant increase in the PV-IR on
PN27 in both neocortex and hippocampus relative to PTU
animals receiving injections of saline (Fig. 4). Quantification
of PV-IR neuronal density in the neocortex confirmed our
qualitative impressions, revealing a significant augmenta-
tion of PV-IR neurons in 10-ppm pups receiving T, (mean =
7814 + 323 cells/mm?®) relative to saline (mean = 4901 + 597
cells/mm?, P < 0.001). The reduction of PV-IR loss by direct
supplementation of pups with T, indicates that the decrease
in PV-IR is thyroid hormone dependent.

3 ppm
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PV-IR Neurons in Cortex and Hippocampus
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FiG. 2. Cell density of PV-IR cells (mean cells/mm?® + SE) in cortex
and subfields of the hippocampal formation of PTU-exposed animals.
In PN23 animals the density of cells expressing PV was dose-depen-
dently reduced in neocortex as a function of PTU exposure. Subre-
gional assessment in hippocampus revealed a similar pattern in area
CA1, CA3, and dentate gyrus (DG), and the magnitude of reduction
appeared greater in the dentate gyrus than other hippocampal sub-
regions (Tukey’s; *, P < 0.05).

Cell loss vs. phenotypic expression

It is important to determine whether developmental PTU
exposure leads to a lower number of GABA cells in general
or simply alters the phenotype of GABAergic interneurons.
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Fic. 3. High magnification of PV-IR neurons in the dentate gyrus
from a control (A) and 10-ppm (B) animal demonstrate reduced stain-
ing of neuronal processes in PTU-exposed animals on PN23. Boxed
area is enlarged in C and D. Quantitative estimates of the degree of
neuronal process staining were performed as described in Materials
and Methods. Neuronal plexus staining at the level of the interneuron
cell body was rated on a scale of 1-3 (see text), with a score of 3
indicating a rich plexus with multiple processes and a score of 1
indicating few processes were evident. PTU-exposed animals showed
a dose-dependent reduction in the mean (+SE) neuronal process score
(E) and percent of cells/animal (mean =+ SE) with rich plexus staining
attaining a high score of 3 (F) (Tukey’s; *, P < 0.05) (calibration A and
B, 250 uM; C and D, 125 um).
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To distinguish between these two possibilities, the GABA-
ergic neurons were visualized by immunostaining for glu-
tamic acid decarboxylase (GAD-67), a synthesis enzyme for
GABA. Unlike PV, GAD-67 is expressed in the majority of
GABA interneurons including those that also express PV
(17-20, 22). We did not detect a qualitative difference in GAD
immunoreactivity between control (n = 3), 3-ppm (n = 3),
and 10-ppm (n = 3) PTU-exposed animals (Fig. 5). This
observation, coupled with findings from the hormone re-
placement experiment, indicates that the decrease in PV-IR
resulted from an alteration in phenotypic expression of PV,
rather than neuronal loss.

Alterations in PV-IR persist to adulthood

PV-IR remained abnormal in the neocortex and hippocam-
pus of adult offspring of hypothyroid dams (Fig. 6). PTU-
induced reductions in cellular and neuronal staining re-
mained in cortex (Fig. 6, A-D) and hippocampus (Fig. 6,
E-H), despite a return to euthyroid status. It is apparent from
comparisons of Fig. 1 (PN23) and Fig. 6 (PN86) that signif-
icant recovery has occurred with age and return to control
levels of thyroid hormones. In adulthood, differences be-
tween groups were less striking and variability in the degree
of staining within a dose group was higher. The variability
can be seen in Fig. 6 by comparing cortex (Fig. 6, C and D)
and hippocampus (Fig. 6, G and H) from two different an-
imals in the high-dose group. Nonetheless, PV-IR was still
clearly suppressed relative to controls in four of five 3-ppm
and five of five 10-ppm animals evaluated. These findings
indicate that developmental hormone insufficiency pro-
duced a permanent alteration in the expression of PV in both
of these brain regions.

Western blots performed on hippocampus from litter-
mates killed on PN14, 21, and 78 were consistent with dose-
dependent reductions in PV observed immunocytochemi-
cally (Fig. 7). Protein levels increased with age in control
animals and were dose-dependently suppressed in PTU-
treated animals at all time points [PN14 F (2,21) = 38.44, P <
0.0001; PN21 F (2,24) = 38.16, P < 0.0001; PN78 F (2,30) =
3.51, P < 0.04]. As with the immunohistochemistry findings,
the effects of thyroid hormone insufficiency appeared more
robust at the early time points (PN14 and PN21) when an-
imals were maintained on PTU with some recovery evident
by PN78. However, both immunohistochemistry (Fig. 6) and
Western blot analyses (Fig. 7) indicate lasting reductions in
PV expression in adulthood despite normal thyroid status.

Postnatal hormonal insufficiency is required

A cross-fostering study was performed to determine
whether a critical window of hormone insufficiency was
necessary to produce alterations in expression of PV. PV-IR
in the cortex and the hippocampus of animals deprived of
thyroid hormone in the prenatal (Pre) period only [i.e. pups
born to hormone-deficient dams but fostered to control (Con)
dams at birth) did not differ from control pups (Con vs. Pre,
Fig. 8, A and C, E and G)]. Animals whose hormone depri-
vation began postnatally (Post) (i.e. born to control dams and
cross-fostered at birth to PTU-treated dams) showed a pat-
tern of reduced PV-IR in both cortex (Post, Fig. 8B) and
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Fic. 4. T, replacement between PN8 and PN14 signif-
icantly ameliorated the loss of PV-IR in cortex (top pan-
els) and hippocampus (Hippo; bottom panels) assessed
on PN27. Control (A and D). Littermates from 10 ppm
PTU group treated with saline (B and E) or 100 ng/kg T,
(Cand F) on PN8—-PN14. Cell counts verified conclusions
based on qualitative examination for the neocortex (see
text). Return of PV-IR with T, supplementation indi-
cates that the phenotypic expression of PV is thyroid
hormone dependent. (P < 0.05, calibration, 500 um).

Cortex

Hippo

hippocampus (Fig. 8F) relative to control and prenatal-only
exposures. However, the diminution of PV-IR in animals
experiencing hormone insufficiency restricted to the post-
natal period appeared to be less severe than in animals de-
prived continuously throughout the pre- and postnatal pe-
riod (PRE+POST, compare Fig. 8B vs. 8D and 8F vs. 8H).
Animals whose exposure to PTU began in adulthood did not
appear to show any effect of thyroid hormone insufficiency
on PV immunoreactivity (data not shown). Thus, hormone
insufficiency per se is not the critical determinant of altered
PV-IR but rather the developmental window over which it
occurs.

Synaptic inhibition

The integrity of synaptic inhibition can be assessed in
dentate gyrus field potentials by administering pairs of stim-
ulus pulses at varying interpulse intervals. A triphasic pat-
tern of depression, facilitation, and second period of depres-
sion characterizes paired pulse responses in population spike
amplitude in the dentate gyrus as the interval between pulses
is increased from 10 to 250 msec (see Fig. 9A). Graphically
these are expressed as a ratio of the amplitude of the second
response relative to the first as depicted for naive animals in
Fig. 9B. Paired pulse functions are also intensity dependent,
the greatest degree of response suppression occurring at brief
interpulse intervals and highest stimulus intensities. Figure
9, A and B, displays the interval and stimulus dependence of
field responses in the dentate gyrus and the triphasic paired
pulse function typical of naive control animals.

As previously reported, baseline population spike ampli-
tudes were diminished at high doses of PTU (5, 14) such that
a full intensity profile for paired pulse functions could not be
constructed for four of 13 animals in the 10-ppm dose group.
In the remaining high-dose animals, a diminution of early
(IPIs 10, 20, 30 msec) and late (IPI 250 msec) paired-pulse

Fic. 5. GABAergic neurons in the cortex of con-
trols (A) at PN23 as visualized by GAD-67 im-
munoreactivity were not reduced in PTU-treated
animals (B, 3 ppm, and C, 10 ppm). Together with
results on thyroid hormone replacement (Fig. 4),
these findings indicate that a full complement of
GABAergic cells remain in hypothyroid animals,
but the phenotypic expression of PV within these
cells is altered as a result of developmental thy-
roid hormone insufficiency (calibration, 250 uMm).

A

0 ppm
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10ppm+T4

depression was observed relative to controls (Fig. 9C).
Paired-pulse depression of the low PTU dose group did not
differ from controls at maximal stimulus intensities (100%
Max, Fig. 9C), but increases over control levels of paired
pulse facilitation were seen at 70 msec. This pattern of dis-
inhibition was further accentuated in a dose-dependent man-
ner as stimulus strength was systematically reduced, the
lowest intensity (20% Max) yielding the largest effects (Fig.
9E). The 3-ppm dose group exhibited deviations from control
levels of depression and facilitation at the lowest stimulus
intensity at all but the briefest interval. These findings were
confirmed by a significant effect of dose [F (2,51) = 10.63, P <
0.0001] and a significant dose X interval X intensity inter-
action [F (16,408) = 2.53, P < 0.001] in the overall ANOVA.
Step-down ANOVAs at the lowest stimulus intensity (20%,
Fig. 9E) demonstrated significant deviations from control in
both 3-ppm [dose F (1,43) = 10.91, P < 0.0019; dose X interval
interaction F (4,172) = 2.90, P < 0.0235] and 10-ppm [dose F
(1,28) = 13.43, P < 0.001; dose X interval interaction F
(4,112) = 2.85, P < 0.0271] dose groups.

Discussion

This study demonstrates that immunostaining for PV, a
calcium-binding protein selectively expressed in interneu-
rons, was dramatically reduced in neocortex and hippocam-
pus in weanling aged animals, thyroid hormone insufficient
at the time of assessment. The acute effects of thyroid hor-
mone insufficiency, however, cannot account for alterations
in staining as PV-IR remained suppressed in adult offspring
after full recovery of thyroid hormone status. Furthermore,
this pattern of diminished PV-IR was thyroid hormone de-
pendent as evidenced by recovery with T, replacement dur-
ing the window of maximal PV expression in forebrain areas.
Hormone deprivation beginning in the adult period and
continuing for 1 month before the animals were killed was

10 ppm

3 ppm
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Fia. 6. PV-IR remains suppressed in adult offspring after return to euthyroid state. PV-IR in neocortex (A-D) and hippocampus (Hippo; E-H)
remains suppressed in 3- and 10-ppm animals on PN86. Relative to reductions seen on PN23 (Fig. 1), some evidence of recovery is seen,
particularly in neuronal process staining in the 3-ppm group (B and F), but significant suppression of PV-IR remains. In these animals, PTU
exposure was terminated on PN30 and serum thyroid hormone had returned to control levels at the time the animals were killed. Two examples
of 10-ppm animals are shown to demonstrate the range of responsiveness observed within this group. The animal displayed in C and G showed
considerably more recovery than the one shown in D and H (calibration, 500 pm).

not accompanied by changes in PV-IR. A persistent change
in inhibitory modulation in the dentate gyrus accompanied
alterations in PV-IR. Paired-pulse depression was reduced
and facilitation enhanced in adult animals developmentally
exposed to PTU. The largest differences were found at mod-
est stimulus intensities when presumably inhibitory circuits
are not maximally activated and deficiencies more likely to
be revealed. Electrophysiological findings of reduced inhi-
bition are consistent with reductions in PV-IR of inhibitory
neurons in the dentate gyrus of adult offspring and suggest
PTU-induced disinhibition may derive from altered function
in this population of interneurons.

Developmental exposure and reduced PV-IR

Neither severe nor continuous hormone deprivation is
required to alter PV staining. Significant reductions in PV-IR

Western Blot Analysis for Parvalbumin

£ 12 1 -— ———— -
3
(S 10| . O ppm .
8 = 3 ppm T
N 1 10 ppm
= 8
=
=1
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— #
@
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= .
§ 2 .j
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Fic. 7. Western blot analysis of the hippocampus revealed dose-de-
pendent reductions in PV at three ages (PN14, PN21, PN78). Data
represent mean (*+ SE) normalized chemoluminescence values for the
PV band. Although reductions were more robust in younger animals
before termination of PTU treatment, adult animals still displayed
significant reductions in protein expression despite return to normal
hormonal status. (¥, Tukey’s, P < 0.05). Insets are representative from
immunoblots 0-, 3-, and 10-ppm samples at each age.

were seen in weanling aged animals in the low-dose PTU
group exhibiting a moderate level of hormone disruption,
and deficiencies in PV-IR were still apparent in adult animals
despite return of hormone levels to the normal range. Cell
counts performed in the neocortex and hippocampus re-
vealed fewer PV-IR cells in both dose groups relative to
controls. There was also a dramatic reduction in PV-IR in the
dendritic and axonal processes that normally form the rich
fiber plexus surrounding principal cells of cortex and hip-
pocampus. Quantitative assessments were performed on
PV-IR cells in the dentate gyrus and verified qualitative
impressions of diminished process staining. Results of West-
ern blot analysis were consistent with immunohistochemis-
try findings, demonstrating a reduction of PV in the hip-
pocampus of treated animals relative to controls. The
magnitude of the change in PV assayed by Western blot was
less dramatic than that seen immunohistochemically, possi-
bly due to a low signal to noise ratio for PV in hippocampal
homogenates.

Our findings are consistent with a previous report of a
reduction in the PV neuronal process staining in neocortex
of adult rats deprived of hormone in late gestation and re-
maining thyroid deficient throughout life. Berbel et al. (24)
demonstrated a diminution of PV-IR in axonal and dendritic
processes in inhibitory neurons of the sensory cortex with no
change in the number of cells expressing PV. The present
study expands on these observations and provides evidence
that PV-IR in the hippocampus is also sensitive to develop-
mental thyroid hormone insufficiency. The present findings
differ from those of Berbel ef al. (24), in that PV-IR of the cell
soma as well as the intensity of process staining were mark-
edly reduced. However, thyroid hormone replacement ef-
fectively reversed the PTU-induced decrease in PV-IR, dem-
onstrating that the PV-IR inhibitory neurons were still
present; they had just stopped making PV in the absence of
thyroid hormone. Furthermore, results of immunostaining
for a marker of GABA neurons indicate, as Berbel et al. (24)
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Hippocampus

Fi1G. 8. Postnatal thyroid hormone insufficiency is necessary for altered PV-IR in neocortex (A-D) and hippocampus (E-H). A cross-fostering
experimental design revealed that PV-IR was suppressed on PN23 in the neocortex and hippocampus of animals exposed to PTU (10 ppm)
beginning in the immediate postnatal period (B and F). More severe reductions in PV-IR were evident in animals exposed throughout gestation
and lactation (D and H). No difference from control (A and E) could be detected in the prenatal only exposure group (C and G) (calibration, 500

UM).

concluded, that the total complement of GABA-containing
neurons remains intact in hypothyroid animals. Colocaliza-
tion of PV with GABA ascribes specific electrical and met-
abolic characteristics to this population of interneurons (18,
20-22). The functional parameters conferred upon interneu-
rons by PV in its capacity to bind calcium may be altered by
its absence and ultimately be reflected as disruptions in syn-
aptic inhibition as described below.

The cross-fostering study revealed that hormone insuffi-
ciency in the early postnatal period is both necessary and
sufficient for altered expression of PV-IR in inhibitory neu-
rons. Hormone reductions restricted to the prenatal period or
initiated in adulthood were without effect on PV-IR. How-
ever, hormone insufficiency that spanned the prenatal and
postnatal period produced more profound deficits in PV-IR
that postnatal exposure alone. Severe hormone restrictions in
the high dose group that spanned the early prenatal and
postnatal period also reduced the numerical density of PV-
expressing cells in neocortex and hippocampus (Figs. 1, 2,
and 8). Of the three hippocampal subregions, the dentate
gyrus appeared to be the most severely impacted (Figs. 2 and

8).

Paired-pulse function as an index of synaptic inhibition

In the dentate gyrus, paired pulses delivered at increasing
stimulus intervals produces a triphasic function of depres-
sion, facilitation, and a second period of depression. The
triphasic pattern results from the influence of temporally
successive and overlapping phenomena including a recur-
rent inhibition, presynaptic facilitation, and a feed-forward
inhibition (29). GABA-mediated inhibition by PV-expressing
interneurons contributes to varying degrees to each of these
phases. Depression of the population spike at very short
intervals (early paired pulse depression) is mediated by
GABAergic interneurons synapsing on the soma of granule
cells and limiting the degree of granule cell firing through
feedback circuits (19-23, 29, 31-33). As the interval between
pulses is increased, this strong inhibition wanes and paired

pulse facilitation predominates (IPIs of 50-70 msec). Facili-
tation is the summed effect of presynaptic factors at the
granule cell synapse and the interneuron (32, 34-37). A sec-
ond period of depression following at longer interpulse in-
tervals (250 msec) is smaller in amplitude than that seen at
brief intervals and, unlike early paired pulse depression, is
reduced in magnitude at maximal stimulus strengths. The
mechanism underlying this late-phase inhibition is less well
understood but involves feed-forward inhibitory circuits and
can be modulated by antagonists of n-methyl-d-aspartate
glutamate receptor (38, 39). We used this in vivo field po-
tential analysis to assess integrity of GABA-mediated syn-
aptic transmission in adult offspring after perinatal thyroid
hormone insufficiency.

PV-IR and synaptic inhibition

All phases of inhibition were disrupted to varying degrees
in animals exposed to PTU and a general pattern of disin-
hibition was apparent. These effects exhibited a clear dose
dependency and were most prevalent at lower stimulus
strengths and brief intervals where inhibition is most robust.
Animals from the high-dose group displayed reduced levels
of inhibition at high stimulus intensities and facilitation
rather than depression at modest stimulus strengths. Ani-
mals from the low-dose group did not differ from controls at
maximal intensities but showed a tendency toward reduced
inhibition at the lowest stimulus strength evaluated.

With one exception the pattern of PTU exposure on paired-
pulse functions revealed a dose-dependent upward shift to
more positive ratios indicative of reduced inhibitory tone or
disinhibition. The exception occurs at the 70-msec interval in
which a comparable degree of paired pulse facilitation is seen
between control and high-dose animals (Fig. 9, D and E). The
low-dose group exhibits significant augmentations over con-
trol levels of facilitation at 70 msec at all stimulus intensities.
This interval of 70 msec corresponds to time when increases
in presynaptic transmitter release contribute maximally to
the amplitude of the field potential amplitude generated by
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Fic. 9. A, Paired-pulse functions in dentate gyrus of naive control animals are triphasic and intensity dependent. Overlaid waveforms delivered
at brief intervals (20 msec, top) show suppression of the population spike of the second pulse of the pair (broken line) relative to the first (solid
line) at maximal stimulus strength (left) that is lessened as stimulus intensity is reduced (right). Delaying the second pulse by 70 msec produces
facilitation of the second response relative to the first (middle). At the longest interval tested (250 msec), modest inhibition is evident at low
stimulus intensities (right) but is reduced at maximal stimulus strength (left) (calibration 2 msec, 5 mV). B, Expressing the relationship of
population spike amplitude as a percent of second-response amplitude relative to the first (pulse 2/pulse 1 X 100) produces a triphasic curve
of depression (percent < 100), facilitation (percent > 100), and depression (percent < 100). Stimulus dependence is shown as an upward shift
in the triphasic function with decreasing stimulus strengths (100%—20% Max). C-E, Developmental PTU exposure produces disinhibition in
dentate gyrus. A dose-dependent reduction in inhibitory tone was observed in adult animals exposed to PTU from early gestation until weaning.
Stimulus intensities were selected to produce maximal (C, 100%) and submaximal (D, 50%, and E, 20% of maximal) population spike amplitudes.
High-dose animals exhibited a greater reduction in paired-pulse suppression (mean * SE) at all intervals and all intensities relative to the 3-ppm
dose group, and effects were largest at the lowest stimulus intensity (E). However, paired-pulse facilitation at 70 msec was not distinct from
control values at 20 and 50% stimulus intensities in the high-dose group (D and E) but was significantly increased in the low-dose group.
Impairments in presynaptic release mechanisms in addition to altered inhibitory function may underlie this pattern in high-dose animals (see
text; *, Tukey’s, P < 0.05).

the second pulse of the pair (24, 33, 36, 39, 40). Decrements
in facilitation in the high dose relative to the low-dose group
may reflect an independent reduction in the processes that
control presynaptic transmitter release that summate and
outweigh reductions in GABA-mediated inhibition at high
doses of PTU. Deficits in presynaptic transmitter release as
measured using paired pulse techniques have been previ-
ously reported for excitatory postsynaptic potentials in area
CAT1 of hippocampal slices derived from hypothyroid ani-
mals (12, 13, 16).

Our data clearly demonstrate that thyroid hormone in-
sufficiency correlates with a decrease in PV-IR in the hip-
pocampus and reduced inhibitory function in the dentate
gyrus. The absence of PV in soma and dendrites of inter-

neurons may affect the firing properties of these cells and
alter the network response to excitatory neurotransmission.
The extensive loss of the PV-IR neuronal plexus in the hip-
pocampus raises the question of whether the cell processes
and the synaptic contacts they make are absent or simply
failing to express PV. In a TRal mutant mouse model, altered
PV-IR could be reversed in adulthood with exogenous ad-
ministration of a high dose of T; (25). In the present study,
T, replacement during the peak period of PV expression
provided significant protection against loss of PV-IR. How-
ever, full recovery did not occur after termination of PTU
treatment and return of thyroid hormones to control levels
in adult offspring. Reduced PV expression in adult offspring
of hormone insufficient dams was also accompanied by im-
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paired inhibitory function. Altered PV-IR has been associ-
ated with seizure activity in hippocampus in some epilepsy
models (41), and enhanced seizure susceptibility has been
reported in hypothyroid animals (4, 42, 43). Disinhibition
may also contribute to paradoxical increases in long-term
potentiation of the population spike previously reported in
dentate gyrus and area CAl after developmental thyroid
hormone insufficiency (5, 14-16).

In summary, we have identified perturbations in the ex-
pression of a protein selectively expressed in interneurons of
the hippocampus and cortex and correlated these anatomical
aberrations with deficits in synaptic function. Thyroid hor-
mone insufficiency in the early postnatal period is critical for
the alteration in PV expression, and only modest and tran-
sient periods of hormone insufficiency are required to induce
permanent changes in anatomical and functional indices.
Although excitatory glutamatergic neurons far outnumber
inhibitory GABAergic neurons in the forebrain, their expan-
sive dendritic trees and rich synaptic plexus account for
30-40% of all cortical synapses (44). As such, the functional
consequence of even a minor shift in the balance of excitation
and inhibition can be profound. Disruption in the genesis,
migration, and synaptic connectivity of interneurons has
been linked to a number of developmental and psychiatric
disorders including childhood epilepsy, autism and schizo-
phrenia (45). We propose that altered protein expression in
interneurons in dentate gyrus may underlie some of the
impairments in synaptic plasticity and cognition character-
istic of thyroid hormone insufficiency during development.
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Erratum

In the article “Testicular Edema Is Associated with Spermatogonial Arrest in Irradiated Rats” by Karen L.
Porter, Gunapala Shetty, and Marvin L. Meistrich (Endocrinology 147:1297-1305), the authors note that the
units for Fluid Volume in Fig. 4A should be ml (milliliters) not wl (microliters). The authors regret the error

and apologize for any problems that this may have caused.
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