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Sex Differences and Thyroid Hormone Sensitivity of Hippocampal

Pyramidal Cells

Elizabeth Gould, Anita Westlind-Danielsson, Maya Frankfurt, and Bruce S. McEwen
Laboratory of Neuroendocrinology, Rockefeller University, New York, New York 10021

In an effort to determine if sex differences exist in the mor-
phologic characteristics of pyramidal cells and granule cells
of the hippocampal formation and whether sex plays a role
in determining thyroid hormone sensitivity of these neuronal
populations, we used single-section Golgi impregnation to
examine the effects of neonatal thyroid hormone adminis-
tration on hippocampal cells from the brains of adult rats of
both sexes. Quantitative analyses of control brains revealed
sex differences in the number of primary dendrites and the
number of spines on the apical dendritic shaft of CA3 py-
ramidal cells. These differences showed opposite trends;
females possessed more primary dendrites, whereas males
showed more apical excrescences. Neonatal treatment with
thyroid hormone resulted in long-lasting and dramatic
changes of the entire CA3 pyramidal cell. CA3 pyramidal
cells from thyroid hormone-treated animals showed signif-
icantly larger cell body areas, greater numbers of dendritic
branchpoints, and longer dendrites. In addition, CA3 pyra-
midal cells from thyroid hormone-treated animals showed
changes in the morphological characteristics which were
shown to be sexually dimorphic; treatment resulted in sig-
nificantly greater numbers of both primary dendrites and
apical excrescences. These treatment differences occurred
in both sexes and were of equal magnitude, regardless of
sex.

On the other hand, no sex differences in the morphologic
parameters examined were detected for pyramidal cells in
the CA1 region. Moreover, neonatal thyroid hormone treat-
ment did not affect the cell body area, dendritic branch points,
or the length of dendrites of these cells. However, neonatal
thyroid hormone treatment resulted in a significant increase
in dendritic spine density of both the apical and basal den-
dritic trees. No significant sex differences or thyroid hor-
mone effects were observed for granule cells of the dentate
gyrus.

These observations suggest that developing hippocampal
pyramidal cells of the CA3 region are dramatically affected
by excess thyroid hormone and that the resultant effects are
persistent well into adulthood. Furthermore, sex differences
exist in this neuronal population, but both sexes respond in
an equal manner to thyroid hormone. Within the hippocampal
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formation, these effects appear to be somewhat specific to
CA3 pyramidal cells as no sex differences were observed
in CA1 pyramidal cells and granule cells.

The hippocampus has received considerable attention due to
its proposed role in a number of important behavioral functions,
such as emotional responses (Papez, 1937, Green, 1964) and
memory (Olton, 1983; Squire, 1983), as well as its involvement
in a variety of pathological conditions, including Alzheimer’s
disease (Hyman et al., 1984) and epilepsy (Green, 1960). An
understanding of the factors which influence the development
and maintenance of the principal efferent source of the hippo-
campus, the pyramidal cells, is necessary in order to elucidate
the neuroanatomical substrates of these processes and diseases.
The hippocampus appears to be particularly sensitive to thyroid
hormone as developmental thyroid dysfunction yields a variety
of morphologic aberrations (Rabie et al., 1979; Lauder and
Mugnaini, 1980; Rami et al., 1986a, b). The presence of thyroid
hormone receptors in this neural region strongly reinforces this
contention (Dratman et al., 1982). In addition, previous studies
support the notion that the hippocampus is sensitive to repro-
ductive hormones because biochemical measures are altered
with administration of sex steroids (Luine, 1985; Harrelson and
McEwen, 1987) and neurochemical and morphological sex dif-
ferences exist in this structure (Wimer and Wimer, 1985; Loy
and Sheldon, 1987; Wimer et al., 1988). Some evidence suggests
that thyroid hormones and reproductive hormones are func-
tionally linked insofar as thyroid hormone stimulates the onset
of puberty (Bakke et al., 1970; Cramer and Ford, 1977). Fur-
thermore, a few studies indicate that a sex difference may exist
in sensitivity of the brain to thyroid hormones (Ford and Rhines,
1970; Bleecker et al., 1971).

The majority of studies regarding the influence of hormones
on the hippocampus during development and adulthood have
focused largely on intrinsic neurons (Lauder and Mugnaini, 1980;
Wimer and Wimer, 1985; Rami et al., 1986a; Wimer et al.,
1988) or regions of the hippocampus without reference to spe-
cific cell types (Luine, 1985; Harrelson and McEwen, 1987; Loy
and Sheldon, 1987). In comparison, the number of studies which
have focused on thyroid hormone effects on pyramidal cells are
scarce (Rami et al., 1986b), and the possibility that sex differ-
ences are affected by thyroid hormone has not yet been exam-
ined. In order to determine if sex differences exist in hippocam-
pal neurons and if sex plays a role in determining thyroid hormone
sensitivity, we examined the effects of neonatal thyroid hormone
treatment on morphologic characteristics of Golgi-impregnated
hippocampal pyramidal cells of both the CA1 and CA3 regions,
from the brains of adult rats of both sexes. In addition, intrin-



sically projecting granule cells of the dentate gyrus were ex-
amined.

Materials and Methods

Thyroid hormone treatment. Newborn Sprague-Dawley rat pups from
6 litters were used for this study. On the day after birth (P1), the rat
pups were pooled and weighed, their sex determined, and an equal
number (4-5) of male and female pups were distributed to each dam.
At this time, all pups were subcutaneously injected with either 0.5 ug/
g body weight 3,3’,5-triiodothyronine (T3) or the vehicle (25 ul sesame
oil) alone. Pups received similar treatments on P2 and P4. This treat-
ment regimen was utilized because it was sufficient to induce hyper-
thyroid behavioral characteristics (see below) and resulted in no pre-
mature death of the experimental animals. During the treatments, pups
were placed in a metal container in a 35.5°C waterbath for approximately
10 min to avoid hypothermia. All pups were weaned at P23; the males
and females were separated and housed in groups of three.

Single-section Golgi impregnation. At 2 months of age, these rats were
anesthetized and transcardially perfused with 4.0% paraformaldehyde
in 0.1 M phosphate buffer with 15% picric acid. Brains were postfixed
in a solution with the same composition as the above-described per-
fusate for 24 hr until processing for single-section Golgi impregnation
using a modified version of the protocol previously outlined by Gabbott
and Somogyi (1984). Brain sections 100 um thick were cut on a vibra-
tome in a bath of 3.0% potassium dichromate in distilled deionized
water and subsequently incubated in this solution for 24 hr. Following
this, sections were briefly washed in distilled deionized water and mounted
onto uncoated glass slides. Coverslips were glued over the tissue section
at each corner and the slide assemblies were incubated in a solution of
1.5% silver nitrate in distilled deionized water in the dark for 24 hr.
Following this, the slide assemblies were dismantled, the tissue sections
removed and then rinsed briefly in distilled deionized water, dehydrated
in 95% followed by absolute ethanol, cleared with Americlear, mounted
onto gelatinized slides, and coverslipped under Permount.

Data analysis. All slides were coded prior to quantitative analysis,
and the code was not broken until the analysis was complete. In order
to insure that we were selecting cells for analysis from the same pop-
ulation of neurons in all brains, we confined our analysis to specific
regions within the dorsal hippocampus (Fig. 1). Pyramidal cells from
the CA1l region were limited to the CAla subregion, whereas those of
the CA3 region were selected from CA3a,b subregions (Fig. 1). A recent
study has shown that pyramidal cells of the CA3 region can be divided
into 2 major groups in the basis of morphologic characteristics; those
with short apical shafts and those with long apical shafts (Fitch et al.,
1989). In order to minimize morphologic heterogeneity of CA3 pyram-
idal cells and to insure that the same cell populations were examined
between sexes and treatment groups, 50% of the selected neurons were
of the short shaft type, and the remaining 50% were of the long shaft
type for each brain. In addition, granule cells of the dentate gyrus were
selected only from the dorsal blade of this structure. No granule cells
located at the genu region of the dentate gyrus, where the dorsal and
ventral blades meet, were selected for analysis as these neurons were
morphologically distinct from other granule cells. In general, Golgi-
impregnated hippocampal neurons were selected for analysis if they
possessed the following characteristics: (1) location within the desig-
nated segments of the dentate gyrus or the CAl or CA3 regions (see
Fig. 1), (2) dark and consistent Golgi-impregnation throughout all den-
drites, (3) a cell body in the middle third of the tissue section in order
to avoid analysis of neurons extending predominantly into adjacent
sections, and (4) no impregnation of adjacent neurons to impede the
analysis of individual cells. Selected neurons were drawn by use of a
camera lucida drawing tube (500 x ) and quantitative analyses were per-
formed on these drawings with an image-analysis morphometry pro-
gram (Southern Micro Instruments). Each neuron was examined for the
cross-sectional area of the cell body, the number of primary dendrites,
the number of branch points of dendritic trees, and the length of the
longest dendrite of dendritic trees. The total length of all dendritic
segments in the plane of section was also determined for pyramidal cells
of the CA3 region. In addition, at least 2 measurements of spine density
were obtained from specific regions of the dendritic tree for each cell.
For each pyramidal cell, spine density was determined from the most
lateral tertiary dendrite on the apical tree and the most lateral secondary
dendrite on the basal tree. An additional dendritic spine density mea-
surement was obtained for CA3 pyramidal cells. In this case, the thorny
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Figure 1. Camera lucida drawing of a representative section through
the hippocampal formation showing the regions from which neurons
were selected for analysis. Pyramidal cells or granule cells with cell
bodies lying within the regions enclosed by dotted lines were selected
for analysis. dg, dentate gyrus; FI, fimbria. Scale bar, 500 um.

excrescences, specialized dendritic spines located on the apical shaft
(Lorente de No, 1934), were counted. For each granule cell, spine density
values were obtained from segments of secondary dendrites which were
proximal to the soma and those which were distal to the soma. This
latter measurement was always obtained from the longest dendrite.
Camera lucida tracings (1250 x) were drawn of selected dendritic seg-
ments which remained within the plane of focus. All spines of the
selected dendritic segment were counted, the length of the segment was
determined with the image-analysis morphometry program, and spine
density values were expressed as number of spines/10 pm dendrite. For
each of the 3 neuron types, 6-8 cells were examined per brain. In all,
264 neurons and 720 dendritic segments were analyzed. Means were
determined for each animal for a given variable, and these values were
compared by 2-way analysis of variance (treatment vs sex) with Tukey
HSD post hoc comparisons.

Results

Effects of thyroid hormone treatment: general observations
Neonatal treatment with thyroid hormone resulted in a char-
acteristic tremor in rat pups as early as the day after the first
treatment. This tremor persisted throughout the second post-
natal week and thereafter became less noticeable. Premature eye
opening was also observed in the hyperthyroid rats; treated rats
showed eye opening as early as P10, whereas control animals
did not demonstrate open eyes until the close of the second
postnatal week.

Morphologic characteristics of control hippocampal pyramidal
cells

Light microscopic examination of Golgi-impregnated tissue from
control brains revealed reliable and consistent staining of the
CA3 pyramidal cells, CA1 pyramidal cells, and granule cells.
Pyramidal cells of the CA3 region possessed large cell bodies
and showed extensive apical and basal dendritic trees (Fig. 2).
In all cases, hippocampal pyramidal cells as well as granule cells
showed a large number of dendritic spines covering dendrites.
These spines were typically short and in many instances showed
a terminal swelling or enlargement. Dendritic spines which were
localized to the proximal portion of the apical shaft of CA3
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Figure 2. Camera lucida drawings of representative Golgi-impregnated CA3 pyramidal cells from male (4, B) and female (C, D) euthyroid (4,
() and hyperthyroid (B, D) brains. Observe the increased cell body size and more extensive dendritic trees in the neurons from thyroid hormone
treated brains compared to those from control brains. Scale bar, 50 um (applies to A-D).

pyramidal cells, however, showed different characteristics. These
extensions, or thorny excrescences (see Lorente de No, 1934),
were often branched and showed more complex arrangements.

Sex differences in hippocampal cell morphology

No significant differences were observed for cell body area, den-
dritic branch points, and dendritic length between pyramidal
cells from female and male control brains (see Table 1). More-

over, no significant sex differences were observed for the density
of dendritic spines located on both the apical and basal dendritic
trees (Table 1). Significant sex differences were, however, ob-
served in the density of apical dendritic excrescences (Figs. 2—
4) and the number of primary dendrites (Figs. 2, 5). Surprisingly,
these 2 sex differences showed opposite trends: apical dendritic
excrescences were greater per unit length in the male (Fig. 4),
whereas primary dendrites were greater in number in the female

Table 1. Effects of neonatal thyroid hormone treatment on hippocampal CA3 pyramidal cell morphology

Hyperthyroid
Morphological variable Control male Hyperthyroid male Control female female
Cell body area (um?) 209.4 + 124 305.5 + 24.5¢ 219.5 + 14.5 289.2 + 13.0°
Number of apical dendritic branch points 8.1 +04 11.7 + 0.6¢ 7.4 + 09 13.6 + 2.2¢
Number of basal dendritic branch points 6.5+ 1.5 13.6 + 0.8 7.2 +0.2 12.7 + 1.4
Length of longest apical dendrite (um) 240.7 = 11.6 332.3 + 17.0¢ 262.2 + 29.6 3514 +£ 15.9¢
Length of longest basal dendrite (um) 127.0 + 3.2 186.2 + 10.8¢ 125.3 + 6.7 207.8 £ 12.5¢
Dendritic length/100 um section 12745 + 150.3 2059.2 + 72.2¢ 1372.9 + 168.5 2434.0 + 177.8
Number of apical dendritic spines/10 um 9.5+ 0.6 9.5 +£ 0.7 10.8 = 1.9 10.5 £ 2.0
Number of basal dendritic spines/10 um 79+ 1.5 9.0+ 1.2 8.5+ 0.6 8.4+ 1.6

Values represent means + SEM obtained from 3-4 animals. These data were evaluated with a 2-way ANOVA (treatment x sex) with Tukey HSD post hoc comparisons.

« Differs from same-sex control by p < 0.01.
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Figure 3. Photomicrographs of representative Golgi-impregnated CA3 pyramidal cells of female (4, B) and male (C, D), control (4, C) and thyroid
hormone treated (B, D) brains. Arrowheads indicate apical excrescences which are more abundant in the brains of thyroid hormone treated animals.
Scale bar (in D), 50 um (applies to all frames).

Table 2. Effects of neonatal thyroid hormone treatment on hippocampal CA1 pyramidal cell morphology

Hyperthyroid
Morphological variable Control male Hyperthyroid male Control female female
Cell body area (um?) 199.6 + 6.8 202.8 £ 4.7 2129 + 8.4 2019 £ 7.0
Number of apical dendritic branch points 12,6 £ 2.6 14.1 £ 0.8 152 £ 1.9 16.9 + 2.8
Number of basal dendritic branch points 95+ 1.7 9.9 +£ 0.5 79 + 1.3 9.0+ 1.0
Length of longest apical dendrite (um) 2319 £ 17.7 240.5 + 38.0 2447 = 8.9 234.9 = 10.6
Length of longest basal dendrite (um) 138.4 + 14.7 158.1 + 21.8 124.1 + 8.9 133.8 = 3.7
Number of primary dendrites 4.8 + 0.1 45+ 0.1 4.2 + 0.1 4.6 + 04
Number of apical dendritic spines/10 ym 11.§ = 0.7 17.1 £ 1.0¢ 99 £+ 1.3 16.5 = 1.8«
Number of basal dendritic spines/10 um 84 + 0.7 14.3 + 2.0° 9.0 + 2.1 15.5 £ 0.7¢

Values represent means + SEM obtained from 3-4 animals. These data were evaluated with a 2-way ANOVA (treatment x sex) with Tukey HSD post hoc comparisons.
= Differs from same-sex control by p < 0.05.
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Figure4. Number of excrescences per 10 um length of CA3 pyramidal
cell apical dendrites in euthyroid and thyroid hormone treated brains
of both sexes. Bars represent the mean + SEM obtained from 3-4
animals per group. Two-way ANOVA revealed no significant interac-
tion between sex and treatment. Post hoc comparisons showed signif-
icant sex differences in both the control and treated groups. Asterisks:
differs from male value of the same treatment group, p < 0.01.

(Fig. 5). Moreover, excrescences of males were more complex
in appearance, showing larger clusters with more extensive
branching than those of females (Figs. 2, 3). The greater number
of primary dendrites observed in female brains appeared to be
the result of significantly more basal dendrites; the number of
apical dendrites was consistent between sexes (Fig. 2). In ad-
dition, the basal dendritic tree of females also appeared to span
a greater width (Fig. 2), possibly due to the increased number
of basal dendrites.

No significant sex differences were observed in cell body area,
dendritic branch points, length of the longest dendrite, or den-
dritic spines for pyramidal cells of the CA1 region (Table 2) and
granule cells of the dentate gyrus (Table 3).

Effects of thyroid hormone treatment on hippocampal cell
morphology

Examination of Golgi-impregnated pyramidal cells of the CA3
region from thyroid hormone-treated rats revealed morphologic
characteristics which were roughly similar to control neurons
(Fig. 2). Although no differences were observed in the general
organization of CA3 hippocampal pyramidal cells, quantitative
analyses of thyroid hormone-treated and control CA3 pyramidal
cells revealed striking differences in morphologic parameters
between the 2 groups (Table 1). CA3 pyramidal cells from brains
of hyperthyroid animals showed significantly larger cell bodies,
as well as greater numbers of primary dendrites (Fig. 5). The
average length of the longest dendrite, the total dendritic length
within a plane of section, and the number of branch points on
both the apical and basal dendritic trees were also significantly
greater in the brains of animals which had been treated with
thyroid hormone neonatally (Table 1, Fig. 2). Dendritic branch
points appeared to be more scarce on the distal portions com-
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Figure 5. Number of CA3 pyramidal cell primary dendrites in control
and thyroid hormone-treated brains of both sexes. Bars represent means
+ SEM obtained from 3—4 animals per group. Two-way ANOVA re-
vealed no significant interaction between sex and treatment. Post hoc
comparisons showed significant sex differences in both the control and
treated group. Asterisks: differs from male value of the same treatment
group, p < 0.01.

pared to the proximal portions of the apical dendritic tree of
CA3 pyramidal cells (Fig. 2). Following the trend observed for
cell body area, dendrite number, branch points, and length, the
density of excrescences was significantly greater in the thyroid
hormone-treated animals compared with controls (Figs. 3, 4).
In addition, these dendritic spines were more complex and
showed a greater degree of branching than those observed on
control pyramidal cells (Figs. 2, 3). Interestingly, neonatal thy-
roid treatment caused no difference in the density of spines of
the apical and basal dendritic trees of CA3 pyramidal cells (Ta-
ble 1).

Despite the alteration in the number of primary dendrites and
excrescences with neonatal thyroid hormone treatment, the sex
differences observed in controls were preserved in the treated
group (Figs. 4, 5). There did not, however, appear to be an
interaction between sex and thyroid hormone treatment, as both
sexes showed increases in morphologic characteristics which
were comparable in magnitude (Figs. 4, 5).

Quantitative analysis of CA1 pyramidal cells revealed no sig-
nificant effects of neonatal thyroid hormone treatment on cell
body area and number of primary dendrites (Table 2). Fur-
thermore, the number of dendritic branch points and the length
of the longest dendrite of both the apical and basal dendritic
trees were unchanged by neonatal thyroid hormone treatment
(Table 2). However, the density of spines located on the apical
and basal dendritic trees of CA 1 pyramidal cells was significantly
increased with thyroid hormone treatment (Table 2).

Examination of granule cells of the dentate gyrus showed no
significant differences in cell body area, number of primary den-
drites, number of dendritic branch points, or the length of the
longest dendrite with thyroid hormone administration (Table
3). In addition, spines located on both proximal and distal gran-



The Journal of Neuroscience, March 1990, 10(3) 1001

Table 3. Effect of neonatal thyroid hormone treatment on hippocampal granule cell morphology

Hyperthyroid
Morphological variable Control male Hyperthyroid male Control female female
Cell body area (um?) 165.4 + 4.1 155.7 + 0.6 162.3 = 7.7 154.3 = 19.1
Number of dendritic branch points 5.4 +0.2 5.2+0.7 5305 5.1 +£0.7
Length of longest dendrite (um) 171.5 + 9.6 169.4 + 14.3 190.2 + 5.0 189.6 + 19.3
Number of primary dendrites 27 +03 23 +0.1 22 +0.1 1.8 + 0.2
Number of proximal spines/10 um 6.2 + 1.0 7.1 £ 1.4 6.4 + 0.7 6.7+ 1.2
Number of distal spines/10 um 8.8 +0.9 9.1 +£2.7 9.4 + 0.5 10.8 = 1.9

Values represent means + SEM obtained from 3-4 animals. These data were evaluated with a 2-way ANOVA (treatment x sex) with Tukey HSD post hoc comparisons.

ule cell dendrites showed no significant change with neonatal
thyroid hormone treatment (Table 3).

Discussion

Methodologic considerations

Although it is not possible to predict which hippocampal cells
will become impregnated using the Golgi method, the selection
criteria by which Golgi-impregnated neurons were chosen for
analysis (see above) make it likely that the cells analyzed in this
study were selected from the same populations across sexes and
treatment groups.

Sex differences in pyramidal cell morphology

The observations described in this report demonstrate sex dif-
ferences in morphologic characteristics of CA3 hippocampal
pyramidal cells. CA3 pyramidal cells of male brains consistently
showed increased numbers of excrescences on the apical den-
dritic shaft. In addition, these spines appeared to be more com-
plex in appearance, with larger and more highly branched clus-
ters, than observed in female brains. Excrescences have been
identified ultrastructurally as postsynaptic elements to granule
cell mossy fibers (Raisman et al., 1965; Lauder and Mugnaini,
1980). It is possible that this difference in excrescence charac-
teristics observed between sexes may reflect a similar sex dif-
ference in the number of mossy fibers. The recent observation
that male mice have greater numbers of hippocampal granule
cells than females (Wimer and Wimer, 1985; Wimeret al., 1988)
suggests this may be the case.

The increased number of primary dendrites observed in CA3
hippocampal pyramidal cells of female brains appears to be due
largely to an increase in basal dendrites, which probably ac-
counts for the accompanying wider basal dendritic span. It is
unclear at present what the functional significance is of such a
difference. Since basal dendrites of CA3 pyramidal cells pri-
marily receive inputs from neighboring pyramidal cells (Rais-
man et al., 1965; Bayer, 1985), an increase in the number of
these elements might reflect increased communication within
this neuronal population. Moreover, the change in the span of
basal dendrites could alter the pattern of inputs necessary for
summation to occur in a given pyramidal cell. It is not known,
however, whether these sex differences arise from direct effects
of gonadal steroids or through indirect actions on connected
neuronal populations. Some evidence suggests that pyramidal
cells bind estradiol (Loy et al., 1988), but further studies will
be needed to determine if estradiol is directly involved in the
expression of these dimorphisms. Sex differences have also been
observed in the development of the cholinergic septohippocam-

pal system (Loy and Sheldon, 1987). Since cholinergic synapses,
arising from the medial septal nucleus, have been observed on
hippocampal pyramidal cells (Frotscher and Leranth, 1985), it
is also possible that sex differences in these neurons arise from
primary sex differences in the cholinergic neurons of the basal
forebrain (A. Westlind-Danielsson, E. Gould and B. S. McEwen,
unpublished observations).

No sex differences were observed in CA1 pyramidal cells and
granule cells for any of the morphologic parameters examined
in this study. Previous morphologic studies have demonstrated
sex differences in the responsiveness of hippocampal granule
cells, as well as visual cortical cells, to environmental stimuli
(Juraska, 1984; Juraska et al., 1985). These reports suggest that
differences between sexes may not be morphologically detect-
able in animals reared in noncomplex environments.

Persistent effects of thyroid hormone on hippocampal
morphology

The results presented here demonstrate a profound effect of
neonatal thyroid hormone treatment on the morphologic char-
acteristics of hippocampal pyramidal cells of the CA3 region.
A previous study has shown that developmental hypothyroid-
ism causes stunted dendritic trees of hippocampal pyramidal
cells at postnatal days 6 and 10 (Rami et al., 1986b). No evidence
exists, however, to suggest whether this neuronal population is
permanently affected by neonatal thyroid dysfunction. Our re-
sults show that a small dose of thyroid hormone, administered
during a discrete neonatal period, is sufficient to cause extensive
and long-lasting changes in these cells. This is particularly sur-
prising because a variety of other neural parameters, which are
influenced by thyroid hormone, appear to be only transiently
affected by thryoid dysfunction. For example, pyramidal cells
of the hyperthyroid cerebral cortex show a premature devel-
opment of dendritic spines, but, by the close of the first postnatal
month, spine density is no longer elevated in the thyroid hor-
mone-treated brains (Salas et al., 1977). Rami and colleagues
(1986b) have shown that developmental hypothyroidism results
in more profound changes in dendritic morphology of CA3 than
CAl1 pyramidal cells at P6 and P10. The results presented in
this report show that neonatal hyperthyroidism, at least using
the treatment regimen of this study, affects the morphology of
CA3 pyramidal cells more dramatically than CA1 pyramidal
cells. It is conceivable that these differential effects occur because
the 2 populations of pyramidal cells are in different stages of
dendritic differentiation at the time of treatment; CA3 pyrami-
dal cells undergo extensive dendritic restructuring during the
first 2 postnatal weeks, whereas CA1 pyramidal cells do not
(Rami et al., 1986b). Further experimentation is needed to de-
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termine if thyroid hormone treatment administered during a
time of CA 1 pyramidal cell dendritic differentiation would cause
more profound morphologic changes in this cell population as
well.

The underlying mechanisms whereby thyroid hormone stim-
ulates dendritic growth are not yet known. Considerable evi-
dence, however, suggests that thyroid hormone increases the
synthesis of a variety of cytoskeletal elements, primarily mi-
crotubule-associated proteins, which have been linked to neurite
outgrowth (Francon et al., 1977; Nunez, 1985; Hargreaves et
al., 1988). Developmental hyperthyroidism and hypothyroid-
ism have been demonstrated to accelerate and prevent, respec-
tively, the dendritic compartmentalization of MAP1 in hip-
pocampal pyramidal cells (Gould, 1988; N. J. Woolf, E. Gould,
and L. L. Butcher, unpublished observations). These observa-
tions suggest that MAP1 may be required for the development
of normal morphologic characteristics in this neuronal popu-
lation.

Itis conceivable that the hippocampus is permanently affected
by thyroid dysfunction because it contains a population of neu-
rons, granule cells, which undergo a final cell division during a
relatively late developmental period (Bayer, 1980). Since the
mossy fibers of the granule cells provide major afferents to the
CA3 pyramidal cells, a change in these neurons may have pro-
found influences on their target cells. A considerable number of
studies support the notion that dendritic spines can be induced
by presynaptic fibers during development (Hammori, 1973).
The present study did not demonstrate a thyroid hormone effect
on somata or dendritic morphology of granule cells. However,
changes in the number of dentate gyrus granule cells and the
number and distribution of mossy fibers in the hippocampus
have been reported with developmental hypothyroidism and
hyperthyroidism, respectively (Lauder and Mugnaini, 1980;
Rami et al., 1986a). Thus, by directly changing its afferents,
morphologic changes of excrescences could be elicited in CA3
pyramidal cells.

It is conceivable that indirect effects could account for the
thyroid hormone-induced changes in dendritic spines of CAl
pyramidal cells as well. Since thyroid hormone treatment did
not alter the cell body area, number, length, or complexity of
the CA 1 pyramidal cell dendrites, the increase in dendritic spine
density may not reflect a generalized growth response to thyroid
hormone. Instead, thyroid hormone may directly affect an af-
ferent population of the CA1 pyramidal cells. In this regard, it
is interesting that CA3 pyramidal cells, which respond dra-
matically to neonatal thyroid hormone treatment, send a sub-
stantial projection, via Schaffer collaterals, to both the apical
and basal dendritic trees (Bayer, 1985). Since cholinergic basal
forebrain neurons send widespread projections to the hippo-
campus, the recent observation that these cells are also affected
permanently by thyroid dysfunction (Gould and Butcher, 1989)
is also consistent with the notion of indirect effects on pyramidal
cells.

The presence of thyroid hormone-concentrating cells in the
pyramidal cell layer of the adult hippocampus (Dratman et al.,
1982) suggests, however, that thyroid hormone may elicit some
direct effects on hippocampal pyramidal cells as well. It is likely
that neonatal thyroid hormone administration directly stimu-
lates CA3 hippocampal pyramidal cells to grow more extensive
dendritic trees, while thyroid hormone-induced changes in af-
ferent populations may indirectly cause increases in both CA3

pyramidal cell excrescences and CAl pyramidal cell apical and
basal dendritic spines.

Thyroid hormone alterations of sexually dimorphic
characteristics

In addition to the effects of thyroid hormone on cell body area,
dendritic branch points, and dendritic length, neonatal thyroid
hormone treatment also significantly changed those morpho-
logic characteristics which were sexually different. The change
in these 2 sexually dimorphic characteristics, primary dendrites
and apical excrescences, with thyroid hormone treatment was
of equal magnitude, regardless of sex. This suggests that no sex
difference in sensitivity to thyroid hormone exists within this
neuronal population. The observations that the dendritic ele-
ments which are sexually dimorphic can be altered by thyroid
hormone and that thyroid hormone influences the morphology
of the entire neuron, suggest that sex hormones may play a
similar but perhaps more subtle role in shaping hippocampal
morphology.

As indicated above, thyroid hormone appears to be necessary
for the onset of puberty, as well for as the development of normal
estrous cycling in rats (Bakke et al., 1970; Cramer and Ford,
1977). It is possible that thyroid hormone influences on the
expression of secondary sex characteristics are mediated through
the hippocampus since this structure is particularly sensitive to
thyroid hormone (Rami et al., 1986a, b), shows a variety of sex
differences, and has additionally been implicated in the onset
of puberty (Willoughby and Martin, 1978). The existence of sex
differences and thyroid hormone sensitivity in the principal ef-
ferent source of the hippocampus, the pyramidal cells, suggests
that thyroid hormone may influence puberty onset by affecting
the hippocampus. It is unclear, however, whether the sex dif-
ferences observed in the present study arise before or after thy-
roid hormone exerts an influence over this neuronal population.
Developmental studies will be necessary to determine the timing
of the thyroid hormone effects as well as the appearance of sex
differences.

Functional considerations

Since the major output source of the hippocampus arises from
the pyramidal cells, it is likely that a change in the morphologic
characteristics of this population, as observed in the present
study, might result in altered electrical activity.

The hippocampus is recognized as having a relatively low
threshold for seizures (Green and Shimamoto, 1953; Maclean,
1957) and a considerable number of studies have been aimed
at understanding the factors and conditions which may elicit
abnormal electrical activity in this structure. In this regard, it
is interesting to note that a sex difference appears to exist in
prevalence of epilepsy in humans (Pond et al., 1960). Further-
more, sex hormones have been demonstrated to alter the thresh-
old for seizures (Woolley and Timiras, 1962) as well as the
excitability of hippocampal pyramidal cells in rodents (Teyler
et al., 1980). It is conceivable that the morphological sex dif-
ferences observed in this study contribute in some way to these
previously reported physiological sex differences. Although it is
likely that sex hormones have a multitude of actions and a
variety of targets, it is possible that sex differences in pyramidal
cell morphology are related to sex-specific responsiveness to
seizure-inducing conditions and factors. Clearly, studies aimed
at correlating morphological and physiological characteristics



of the adult hippocampus will be necessary before such possi-
bilities can be confirmed.
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