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ABSTRACT

In the rodent brain, insulin-like growth factor I (IGF-I} messenger
RNA is transiently expressed in sensory projection neurons during
periods of synaptogenesis and neuronal growth. Transgenic (Tg) mice
with brain IGF-I overexpression and ectopic brain expression of IGF-
binding protein-1 (IGFBP-1), an inhibitor of IGF-I actions, show
changes in brain size and myelination. We used these mouse models
to evaluate in vivo IGF-I effects on sensory pathway development by
conducting anatomical studies in the S1 barrel field. Brain size, cor-
tical area, and barrel field dimensions were increased in IGF-I and
reduced in IGFBP-1 Tg mice compared with those in wild-type (wt)
mice. The brain and cerebral cortex of Tg mice with the highest
transgene expression were the most altered in size. Cortex and barrel
field size changes were not precisely proportional, because in some Tg
mice barrels were relatively more affected than the cortex, whereas

in others the opposite was observed. Brain IGF-I overexpression in-
creased the average number of neurons per barrel, neuronal cell body
cross-sectional area, and barrel neuropil volume, whereas brain ex-
pression of IGFBP-1 reduced each. Neuronal density was greatly
reduced in IGF-I Tg mice and increased in IGFBP-1 Tg mice. No
differences in body weight, whisker pad and follicle areas, and whis-
ker pad innervation density were found among Tg and wt mice. These
observations indicate that IGF-1 enhances neuronal growth in devel-
oping sensory pathways and support the concept that modified avail-
ability of local trophie factors, such as IGF-I, changes brain, neocor-
tical, and S1 relative dimensions by altering neuronal survival and
neuropil elaboration. Study of the S1 cortex provides an excellent
model to probe the in vivo mechanisms of IGF actions. (Endocrinology
137: 5484-5492, 1996)

NCREASING evidence suggests that insulin-like growth
tactor I (IGF-I) plays an important role in central nervous
system development (1). For example, in sifu hybridization
studies have detected IGF-I messenger RNA (mRNA) in the
subventricular zone, hippocampus, retina, and cerebellum at
developmental times when glial and neuronal precursors
undergo cell division (2-6). Transient IGF-I mRNA expres-
sion occurs in the developing retina, hippocampus, cerebel-
lum, cerebral cortex, and several sensory thalamic and brain
stem nuclei during periods of neuronal growth and synap-
togenesis (2, 4). In the olfactory bulb and hypothalamus,
structures that remain plastic into adulthood, IGF-I mRNA
expression persists throughout life (2, 4). Furthermore, recent
studies in transgenic (Tg) mice show that IGF-I regulates
brain growth. Tg mice overexpressing IGF-I have increased
brain weight and size compared with their wild type (wt)
littermates (7-11). Conversely, mice carrying IGF-I genes
disrupted by homologous recombination (12), and those
with brain ectopic expression of [GF-binding protein-1
(IGFBP-1) (10, 11, 13), an inhibitor of IGF-I actions, have
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smaller brains than their wt counterparts. Changes in brain
size in these Tg mouse lines are due in part to the effects of
IGF-I on oligodendrocyte survival and function (9-12), but
there is also evidence of alterations in neuron number (7, 12,
13).

The transient early postnatal expression of IGF-1in sensory
projection neurons suggests that IGF-I may be especially
important to neuronal growth and synaptogenesis in devel-
oping sensory systems (2). To directly evaluate the in vivo
effects of IGF-1 on sensory system development, we used
IGF-I and IGFBP-1 Tg mice as models to determine whether
altered IGF-I availability influences the growth of neurons
and their circuits in the somatic sensory cortex (S1). Specif-
ically, we focused our analysis on the posterior medial barrel
subfield (PMBSF) (14), a region in cerebral cortex layer IV
that is a portion of the trigeminal thalamo-cortical pathway
(TThC). In rodents, the TThC is responsible for transmitting
tactile information from facial whiskers to the cerebral cortex.
Each of the 34 PMBSF barrels is the representation of a single
whisker in the facial whisker pad. These 3-dimensional bar-
rel structures are composed of a cell dense wall surrounding
a hollow that is predominately composed of neural connec-
tions among axon terminal fields from the ventropostero-
medial thalamic nucleus neurons and cortical layer IV den-
drites. For this reason, barrel dimensions correlate with
changes in the number of neurons and the complexity and
number of their connections (14, 15).
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We chose the PMBSF for study because 1) IGF-I is highly
expressed by thalamic and cortical cells of the TThC, with a
peak at the time of PMBSF formation (2), a finding that
suggests a critical role for IGF-I in its development; and 2)
because of its sharp anatomical definition with classical his-
tological techniques, the PMBSF permits and facilitates quan-
titative analysis of neuron growth and thus provides a near-
optimal system to evaluate the effects of IGF-I on central
nervous system neuron growth. We asked whether IGF-I
availability modifies the size, structure, and composition of
PMBSF barrels. Our observations indicate that IGF-I stimu-
lates increases in cortical and PMBSF barrel size and their
relative dimensions. In the PMBSF, IGF-I increases neuron
number and the portion of barrel volume occupied by neu-
ropil, probably by enhancing neuron survival and stimulat-
ing the growth of thalamic and cortical neuronal connections,
respectively. Each of these changes proceeded with no al-
terations in body and sensory periphery influences.

Materials and Methods
Mice and experimental design

Studies were conducted in adult (—-90 days of age) heterozygous
IGF-I(11) and IGFBP-1 (13) Tg mice carrying IGF-I and IGFBP-1 human
transgenes driven by the metallothionein-1 promoter and their wt lit-
termates. All Tg mice studied were from the third to ninth generations
and had been maintained by breeding to nontransgenic mice of the
C57/B6 strain. Mice were kept in temperature- and light-controlled
rooms, fed standard laboratory chow ad libitum, and given free access to
water containing 25 mm ZnSO,. IGF-I and IGFBP-1 transgene brain
expression in these Tg mice has been previously characterized (11, 13),
and the effects of their expression on brain size, total brain weight, and
myelination have been extensively discussed and documented (7-11,
13). Although both transgenes are widely expressed in the brain, re-
gional variations in weight result from differences in the abundance of
IGF-I and IGFBP-1 mRNAs expressed in different areas as well as dit-
ferences in transgene expression among mouse lines (11). The expression
of these transgenes in the brain begins after birth and peaks between
postnatal days 21-30, following the developmental pattern of expression
of endogenous methallothionein-1 (11, 13).

To rule out effects secondary to insertional mutations, initial studies
were carried out in multiple transgenic mouse lines (L): 26, 32, 43, 50,
and 52 IGF-I1 Tg mice, and B and C IGFBP-1 Tg mice. Because the greatest
differences in PMBSF and barrel area were found in 26L IGF-I and BL
IGFBP-1 Tg mice (see Table 1), further studies were pursued only in mice
of these lines and their wt littermates. Wt littermates of these lines were
used as controls for all experiments. In addition, to evaluate whether
altered IGF-I overexpression was directly related to changes in brain
morphology, 52L IGF-I Tg mice were cross-bred with BL IGFBP-1 Tg
mice (IGF-1/IGFBP-1 cross Tg mice).
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Although barrel-like structures have been described in the thalamus
(1.c. barreloids) and brain stem (i.c. barrelets) (16-18), we restricted our
analyses to PMBSF cortical barrels because they can be readily identified
in mature animals after histochemical and cresyl violet staining. This is
not true for barrelets and barreloids, even in optimal sections, whose
boundaries tend to blur as postnatal development progresses. Anatom-
ical measurements were performed blindly. All mouse protocols were
approved by an institution review committee at the University of North
Carolina-Chapel Hill.

Measurements of cortex, PMBSF, and barrel cross-sectional
areas and barrel volume

To determine the cross-sectional area of the cortex, the PMBSF and
its constituent barrels, as well as barrel volume, anesthetized mice were
perfused with normal saline followed by 10% glycerol. The brains were
removed and weighed, and the cerebral cortex, including the olfactory
bulb, was dissected, flattened, and frozen, as described by Riddle ¢t al.
(19). Tangential sections (30 um) throughout the cortex were cut in a
cryostat. Sections were dried on the slides at 37 C for 30 min; fixed in
10% formalin, pH 7.6, at 4 C for 1 min; and rinsed in distilled water. They
were then stained for the activity of the oxidative enzyme, succinic
dehydrogenase (SDH), by reacting them with 0.05 M sodium succinate
and 0.55 mm nitro blue tetrazolium in 0.05 M phosphate buffer, pH 7.6.
The slides were rinsed again in distilled water and coverslipped with
Aqua-Mount (Lerner Laboratories, Pittsburgh, PA). Cortical and PMBSF
two-dimensional maps were then traced at final magnifications of X3
and x40, respectively, using a camera lucida. Completed maps were
digitized, and cortical, PMBSF, and barrel cross-sectional areas were
measured using the Image-Pro imaging analysis system (Media Cyber-
netics, Silver Spring, MD), based upon methods described by Riddle ¢t
al. (19). Total barrel area was determined by adding cross-sectional areas
of PMBSF barrels.

To rule out the possibility that altered or compromised oxidative
metabolism, ie. altered SDH activity, accounted for the differences in
barrel area between wt and Tg mice, sets of sequential tangential sections
of the cortex were cut and stained alternatively with cresyl violet and
SDH histochemistry. Barrel boundaries defined by both cresyl violet and
SDH staining coincided precisely in both wt and Tg mice (see also Ref.
19 for a similar observation in rats); thus, changes in barrel area revealed
by SDH histochemistry in Tg mice demonstrate modifications in barrel
dimensions and do not simply reflect changes in metabolism.

The series of SDH-stained cortical tangential sections obtained from
26L IGF-I and BL IGFBP-1 Tg mice and their wt type littermates also
were used to estimate the average PMBSF barrel height (layer TV thick-
ness) and volume. The height of each of the 3¢ PMBSF barrels was
determined in each cerebral cortical hemisphere of 6 animals/ group by
multiplying the number of sections in which each barrel appeared by the
thickness of these sections. Barrel volume was obtained by multiplying
the barrel cross-sectional area by the section thickness and then totaling
the volumes of each section.

Possible effects of modified 1GF-I availability on other modules of
neuronal circuitry were evaluated in the olfactory bulb. The average
cross-sectional area of olfactory glomeruli (n = 1000/ group) was mea-

TABLE 1. Body and brain weight, and brain/body ratios in IGF-1, IGFBP-1, and IGF-VIGFBP-1 (52L/BL Cross) Tg mice and their wild-

type (wt) littermates

Line BW (g) Brain wt (g} Brain/body ratio
Normal (n = 6) 33.18 + 4.09 0.46 = 0.010 0.013 * 0.002
26L IGF-I (n = 6) 32.71 = 2.34 0.88 = 0.010” (91% 1) 0.026 = 0.004
50L IGF-I (n = 6) 35.60 = 6.04 0.63 = 0.020¢ (37% 1) 0.017 = 0.003
52LIGF-I(n =17 36.92 += 3.37 0.68 = 0.010“ (48% 1) 0.018 = 0.003"
2L IGF-I1(n = 7) 36.14 = 2.05 0.72 = 0.010 (56% 1) 0.019 = 0.001"
43L IGF-I (n = 8) 38.59 = 6.46 0.56 = 0.002% (22% 1) 0.014 = 0.003
IGF-VIGFBP-1 (n = 6) 32.32 + 3.74 0.53 = 0.020" (13% 1) 0.016 = 0.001
CL IGFBP-1 (n = 5) 36.25 = 3.28 0.36 = 0.003“ (22% | ) 0.009 * 0.001°
BL IGFBP-1 (n = 6) 3243 + 1.50 0.35 = 0.010¢ (24% ) 0.010 = 0.001¢

Values are the mean * SEM.
“ P < 0.0001 vs. wt mice.

b P < 0.05 vs. wt mice.

<P < 0.01 vs. wt mice.
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sured in camera lucida drawings from the same series of SDH-stained
tangential sections previously used to determine PMBSF and barrel
areas.

Estimations of size, number, and density of neurons in
PMBSF barrels

Neuron cross-sectional area and number were estimated in PMBSF
barrels using cresyl violet-stained, cryostat tangential sections (50 um)
after paraformaldehyde brain fixation. The mean neuronal area in
PMBSF barrels was estimated using previously described methods (15,
20). Single sections with clearly visualized barrel boundaries were se-
lected from both cerebral cortical hemispheres of each of three mice per
group, and about 50 neurons that had a clearly visible nucleus, nucle-
olus, and cytoplasm were traced from the hollow of each of the 34 barrels
in a hemisphere using a camera lucida at a final magnification of X1500.
A total of 9000 neuron tracings in wt and Tg mice were collected and
digitized (3000/ mouse). The mean cross-sectional area was determined
using the Image-Pro system. This sampling method is unlikely to in-
troduce a bias because the mean neuronal area changes little as a func-
tion of layer IV depth, and no regional differences in neuronal size within
barrels have been reported (15).

To estimate neuronal number in PMBSF barrels, neurons were
counted in each of the 34 PMBSF barrels in single sections previously
used for determining neuron area (15, 20). Barrel boundaries were
traced, and neuron profiles were counted in barrel sides and hollows
from each hemisphere using a camera lucida at a final magnification of
X450. The average neuron number in each PMBSF barrel was then
estimated with the formula: barrel neuron number = number of neurons
in each barrel/single section X barrel height (microns)/50 (microns;
section thickness). The PMBSF barrel neuron density was estimated
using the equation: Neuron density/mm3 = PMBSF barrel neuron num-
ber/barrel volume.

Measurements of whisker pads and whisker follicle areas
and number of axons in the infraorbital nerve

Whisker pads from the same 26L IGF-1, BL IGFBP-1 Tg, and wt mice
used to determine PMBSF and barrel areas were carefully dissected and
postfixed in 10% formalin for 7 days and then transferred to the same
fixative containing 20% sucrose until they sank. The pads were then
flattened between two microscope slides separated by 2 mm, frozen in
4-methylbutane, and cut tangentially (50 pm) in a cryostat. Whisker pad
two-dimensional maps were drawn from sequential sections using a
camera lucida (final magnification, X14). Areas of whisker pads (n =
12/ group) and follicles represented in the PMBSF (n = 408/ group) were
determined following a protocol similar to that used for measuring
PMBSF and batrels areas.

To count the number of axons in the infraorbital nerve, 26L IGF-1, BL
IGFBP-1 Tg, and wt mice (n = 6/group) were perfused with 3% para-
formaldehyde and 2.5% glutaraldehyde in phosphate buffer (pH 7.4; 0.1
™). The brain and skin were carefully removed (with exception of the
whisker pads), and the remaining head, including the infraorbital nerve,
was postfixed in the same fixative for 7 days. The samples were trans-
ferred to a 0.25-m EDTA, pH 7 4, solution for 3 days at 37 C to decalcify
the skull bones and thereby facilitate infraorbital nerve dissections.
Infraorbital nerves were thoroughly washed in phosphate buffer and
embedded in glycol methacrylate following the supplier’s protocol (En-
ergy Beam Science, Agawam, MA). Richardson’s blue-stained trans-
verse sections (5 um) were used to count the number of myelinated
axons in the infraorbital nerve, as described by Sikich ¢f al. (21).

Validation of methods

Brain shrinkage or swelling after perfusion were evaluated according
to the method described by Riddle ef nl. (19). Because paraformaldehyde
and glycerol perfusion altered brain size to the same extent in wt and
Tg mice, no corrections for brain shrinkage or swelling were introduced
in the data. Validation of the methods used in the present study comes
from the finding that values obtained for each of the morphological
parameters determined in our wt mice are fully comparable to values
reported previously in mice (15, 20-22).
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Data analysis

Means for all groups were obtained for each morphological param-
eter measured, and statistical significance was assessed by ANOVA and
later confirmed using Student’s ¢ test (StatView II). For ease of com-
parison, some differences among groups are reported as the percent
change; statistical analyses of these comparisons, however, were per-
formed with the measured parameters rather than with percent change
calculations. For some analyses, simple regressions were used.

Results

General observations

Overall brain size and cortical and barrel field cross-sec-
tional areas differed among wt and Tg mice and among
different lines of Tg mice (Table 1). Barrel number, shape, and
anatomical definition, however, were comparable in Tg and
wt mice (Fig. 1). No significant differences in body weight
were observed between wt and Tg mice (Table 1). This is
consistent with the relatively low levels of peripheral ex-
pression of both IGF-I and IGFBP-1 transgenes in these Tg
mouse lines (11, 13).

Brain weights and brain/body ratios

Consistent with previous observations (7, 8, 10, 11, 13),
IGF-I-overexpressing Tg mice showed significant increases
in total brain weight, whereas IGFBP-1 Tg mice had reduced
brain weights compared with wt mice (Table 1). In IGF-I Tg
mice, brain weight increases ranged from 22% to 91% in 43L
and 26L Tg mice, respectively. In CL and BL IGFBP-1 Tg
mice, brain weight was decreased 22% and 24%, respectively.
Cross-breeding 52L IGF-I Tg mice with BL IGFBP-1 Tg mice
(IGF-I/IGFBP-1 cross) produced animals with 13% heavier
adult brains than those in wt mice. IGF-I1/IGFBP-1 cross Tg
mice had 28% (P < 0.0001) smaller brains than native 521
IGF-1Tg mice, but 34% (P < 0.0001) larger brains than native
BL IGFBP-1 TG mice, indicating that IGFBP-1 attenuates the
effects of the IGF-I transgene on brain growth. Furthermore,
the degree of transgene expression in brain corresponded to
brain size, as assessed by Northern blot analysis (data not
shown). The rank order of transgene IGF-I mRNA abun-
dance in IGF-I Tg mice (26L > 32L >52L > 50L > 43L) was
the same as that of brain weight (Table 1), whereas the BL
IGFBP-1 Tg mice expressed more IGFBP-1 transgene and had
smaller brains than CL IGFBP-1 Tg mice. Taken together,
these findings indicate that the changes in brain size in IGF-1
and IGFBP-1 Tg mice depend upon the amount of IGF-1
available, and suggest that limitations in IGF-I availability
may impose a developmental constraint on brain, cortical,
and barrel growth (see below).

Brain weight/body weight ratios were increased in most
IGF-I Tg mouse lines and in IGF-I/IGFBP-1 cross Tg mice,
and were decreased in IGFBP-1 Tg mice compared with those
in wt mice (Table 1). These differences in brain weight/body
weight ratios are due to changes in brain weight with no
alterations in body weight. Changes in brain size in IGF-T and
IGFBP-1 Tg mice, therefore, cannot be attributable to mod-
ifications of body weight and/or body dimensions.

Cortical area, total barrel area, and barrel/cortex ratios

Cortical area was increased from 29% in 43L to 81Y% in 26L
IGF-I Tg mice compared with that in wt mice (Table 2). In
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FiG. 1. The PMBSF in wt and Tg mice. Photomicrographs from SDH-stained tangential sections throughout layer IV of 51 in wt mice (a) and
in BL IGFBP-1 (b), 26L IGF-I (¢), and IGF-I/IGFBP-1 cross Tg mice (d). The number and shape of PMBSF barrels are comparable in wt and

Tg mice.

TABLE 2. Total barrel and cortical areas, and barrel/cortex ratios in IGF-1, IGFBP-1, and IGF-I/IGFBP-1 (52L/BL Cross) Tg mice and

their wild-type (wt) littermates

Line Sum of barrel areas (mm?}

Cortex area (mm®”) Barrel/cortex ratio

Normal (n = 6)

26L IGF-I (n = 6}

50L IGF-I1 (n = 6)

52L IGF-I1 (n = T7)

32L IGF-Iin =T)

43L IGF-1 (n = 8)
IGF-VIGFBP-1 (n = 6)
CL IGFBP-1 (n = &)
BL IGFBP-1 (n = 6)

1.44 + 0.05

2.42 + 0.10° (68% 1 )
2.19 + 0.09 (52% 1 )
2.18 + 0.01 (51% 1 )
2.03 + 0.09° (41% 1 )
1.91 + 0.07¢ (38% 1 )
1.83 + 0.06% (27% 1 )
1.26 = 0.02° (12% | )
1.09 © 0.03% (24% | )

51+ 1 0.028 = 0.006
92 = 49 (81% 1 ) 0.026 + 0.002
73 + 29 (43% 1) 0.030 = 0.004
75 = 19 (47% 1) 0.029 = 0.001
83 + 29 (64% 1 ) 0.024 = 0.004"
65 = 19(29% 1 ) 0.029 = 0.006°
66 = 19(30% 1 ) 0.028 = 0.006
45 = 1% (10% | ) 0.027 =+ 0.002
41 = 1°(29% | ) 0.026 = 0.003

Values are the mean = sgm.
2P < 0.0001 vs. wt mice.
2P < 0.01 vs. wt mice.

P < 0.05 vs. wt mice.

contrast, cortical area was decreased in CL and BL IGFBP-1
mice by 22% and 24%, respectively. In IGF-1/IGFBP-1 cross
Tg mice, cortical area was increased 13% (P < 0.0001) and
37% (P < = 0.0001) above values for cortical area in wt and

native IGFBP-1 Tg mice, respectively, but was decreased 13%
(P < 0.0001) compared to those in native IGF-I 521 Tg mice.
Relative cortical area (for the IGF-I Tg mice, 26L. > 32L >
52L = 50L >43L; for the IGFBP-1 Tg mice, BL < CL) corre-
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sponded to the degree of transgene expression. Comparisons
of percent changes in brain weight and cortical area among
Tg mice, however, indicate that cortical area variations are
not precisely proportional to changes in total brain weight.
For instance, in 26L IGF-I Tg mice, brain weight increased
more (91%) than cortical area (81%), whereas in 32L IGF-I Tg
mice, cortical area increased more (64%) than brain weight
(56%; Tables 1 and 2). Ectopic expression of IGFBP-1 also
affected total brain weight and cortical area somewhat dif-
ferently. In CL IGFBP-1 Tg mice, brain weight was 22%
decreased, whereas cortical area was only decreased by 10%.
In BLIGFBP-1 Tg mice, both dimensions were more similarly
reduced (24% and 19%, respectively). The differential effects
of IGF-I and IGFBP-1 expression on brain and cortical di-
mensions also were seen in IGF-1/1GFBP-1 cross Tg mice. In
these mice, brain weight was only increased by 13%, whereas
cortical area was increased by 30% compared to those in wt
mice. Brain weight and cortical relative dimensions, thus,
were altered independently from each other to some extent,
probably due to regional variation in IGF-I availability (11,
13).

Total barrel area was increased from 33% in 43L to 68% in
26L IGF-I Tg mice compared with that in wt mice (Table 2).
In IGFBP-1 Tg mice, total barrel area was decreased 12% in
mice from the CL and 24% in those from the BL. In IGF-1/
IGFBP-1 cross Tg mice, total barrel area was increased 27%
(P < 0.0001) and 40% (P < 0.0001) compared with those in
normal and native BL IGFBP-1 Tg mice, respectively, and
was decreased 16% (P < 0.0001) compared with that in native
52L IGF-I Tg mice. Comparisons of percent changes in cor-
tical and total barrel areas among Tg mice indicate that these
changes are not proportional. Indeed, in the IGF-I Tg mouse
lines 50L, 52L, and 43L and in both lines of IGFBP-1 Tg mice,
barrels were relatively more affected than the cortex,
whereas the opposite was true for 26L and 32L IGF-I and
IGF-1/IGFBP-1 cross Tg mice. This differential response by
the cortex and barrels to the expression of both transgenes led
to small, but significant, variations in barrel/cortex ratios
among Tg mouse lines (Table 2). These ratios indicate that
larger brains do not always have correspondingly larger
barrels (compare, for instance, 50L, 52L, and 32L in Table 1).
The changes in total barrel area in our Tg mice, thus, do not
arise simply as a consequence of changes in cortical area.
These observations suggest that cortical and S1 barrel field
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relative dimensions may change to some extent indepen-
dently after variations in the availability of neurotrophic
factors, such as IGF-I.

PMBSF and barrel cross-sectional area

PMBSF and barrel cross-sectional areas were increased in
all five lines of IGF-1 Tg mice compared to those in wt lit-
termates (Table 3). The percent increase in PMBSF area, how-
ever, varied from 25% in 43L Tg mice to 60% in 26L Tg mice,
and that in barrel area ranged from 27% to 67% in these same
Tg mouse lines. Barrel cross-sectional area, thus, increased
2-12% more than PMBSF area in IGF-] Tg mice, indicating
that barrels are relatively more affected by IGF-I overexpres-
sion than the PMBSF as a whole. This is consistent with the
finding that barrels grow relatively more than ST and the
cortical mantle during postnatal brain development in rats
(19).

PMBSF and barrel cross-sectional areas were similarly af-
fected by IGFBP-1 expression; both were decreased by 13%
in CL and by 25% in BL IGFBP-1 Tg mice compared with
those in wt mice (Table 3). In IGF-I/IGFBP-1 cross Tg mice,
barrel cross-sectional area was increased by 14% (P < 0.0001)
and 51% (P < 0.0001) compared with those in wt and native
IGFBP-1Tg mice, respectively. IGF-1/IGFBP-1 cross Tg mice,
however, had reduced PMBSF and barrel areas compared to
native 52L IGF-I Tg mice. Finally, PMBSF and barrel cross-
sectional areas were highly correlated in all lines of Tg mice
(r = 0.55; P = 0.006 for IGF-I Tg mice and r = 0.97; P < 0.0001
for IGFBP-1 Tg mice). In contrast, neither PMBSF nor barrel
area was correlated with cortical area in IGF-1 (26L: r = 0.41;
P=0.72;32L:r =017, P = 0.68; 43L: r = 0.53; P = 0.47; 50L.
r =0.64; P = 0.35; 52L: r = 0.16; P = 0.83) and IGFBP-1 (BL:
r =086, P =06; CL: r = 0.10: P = 0.86). Changes in the
dimensions of the barrel field in IGF-1, IGFBP-1, and IGF-
[/IGEFBP-1 cross Tg mice, therefore, do not result from uni-
form proportional expansions or reductions of the cortex,
because heavier brains containing the largest cortical mantles
did not always have the largest somatic representations.
These observations also strongly argue against the changes
in PMBSF and barrel size being simply a result of differential
flattening due to histological processing or a consequence of
differences in the plane of sectioning.

TABLE 3. Cross-sectional area of the PMBSF and its constituent barrels and interbarrel area in the primary somatic sensory cortex of
IGF-1, IGFBP-1, and IGF-I/IGFBP-1 (52L/BL Cross) Tg mice and their wild-type (wt) littermates

Line Average barrel area (mm?)

PMBSF area {(mm®)

Interbarrel area (mm?)

2]

Normal (n = 0.049 = 0.004

CL IGFBP-1 (n = 5)
BL IGFBP-1 {n = 6)

26L IGF-I (n = 6) 0.082 = 0.007“ (67% 1
50L IGF-I (n = 6) 0.077 + 0.008" (56% 7
52L IGF-I (n = 7) 0.074 + 0.006 (50% 1)
32LIGF-I1n =T 0.067 * 0.004" (36% 1)
43L IGF-1 (n = &) 0.063 = 0.004 (27% 1)
IGF-VIGFBP-1 (n = 6) 0.056 = 0.004" (14% 1)

)

)

{
0.043 = 0.004° (13% 1
0.037 = 0.004" (25% |

1.80 = 0.07
2.89 + 0.01 (60% 1 )
2.61 = 0.09" (45% 1)
2.50 = 0.06" (38% 1)
2.41 = 0.05° (34% 1)
2.26 = 0.05% (25% 1)
2.26 + 0.019 (25% 1)
1.56 = 0.03% (13% | )
1.32 = 0.04° (26% | )

e > —>

0.29 = 0.02

0.47 * 0.04“ (62% 1)
0.42 + 0.01% (45% 1)
0.35 = 0.02° (21% 1)
0.38 = 0.02 (31% 1)
0.39 + 0.04° (35% 1 )
0.28 + 0.08 (4% |}
0.30 = 0.01 (4% 1)
0.25 + 0.02 (14% |)

Values are the mean * SEM.
“ P < 0.0001 vs. wt mice.

® P < 0.01 vs. wt mice.

“P < 0.05 vs. wt mice.
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Barrel height and volume in the PMBSF

Because the greatest differences in PMBSF and barrel areas
were found in 26L IGF-I and BL IGFBP-1 Tg mice when
compared with wt mice, detailed evaluation of the i1 vivo
effects of IGF-1 on barrel structure and development were
pursued in these Tg mouse lines. As with PMBSF and barrel
cross-sectional area, barrel height and barrel volume were,
respectively, increased 18% and 98% in 26L IGF-I Tg mice
and decreased 20% and 39% in BL IGFBP-1 Tg mice, com-
pared to those in wt littermates (Fig. 2).

Cross-sectional area, number, and density of neurons in
PMBSF barrels

The cross-sectional area of barrel neuron cell bodies was
increased 33% in IGF-I/26L Tg mice and decreased 10% in
BL IGFBP-1 Tg mice compared with those in wt animals
(Table 4; photomicrographs demonstrating this difference
are shown in Fig. 3). The average neuron number in each
barrel (counted in single barrel sections), however, did not
vary significantly among wt and Tg mice (Table 4; see also

0.107
0.08"
0.06

0.047 1

0.027

0.00

Cross-sectional Area (mm?)

IGFBP-1 Normali IGF-

2507
200

*

1507
1001

Height (um)

507

0
IGFBP-1 Normal IGF-I

0.0207 *

0.0157

0.010"

0.0057

Volume (mm?)

0.000

IGFBP-1 Normal IGF-I

FiG. 2. Cross-sectional area (fop panel), height (middle panel), and
volume (boittom panel) of PMBSF barrels in 26L IGF-I and BL
IGFBP-1 Tg mice and their wt littermates. n = 3 for cross-sectional
areas and volumes, and n = 6 for heights. Data are the mean *+ SEM.
* P < 0.001.
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Fig. 3). Because barrel volumes differed among the groups of
mice, the average number of neurons in ecach barrel was
increased 24% in 26L IGF-1 Tg mice and decreased 15% in BL
IGFBP-1 Tg mice compared to that in wt mice (Table 4). The
increases in neuron number in IGF-1 Tg mice and the de-
creases in IGFBP-1 Tg mice are consistent with changes in
DNA content measured in brains of [GF-I and IGFBP-1 Tg
mice (9, 11, 13). Despite the increment in the number of
neurons per barrel, neuronal density was decreased 39% in
PMBSF barrels of 26L IGF-1 Tg mice (Table 4; see also Fig. 3).
The opposite was true for BL IGFBP-1 Tg mice. Although
barrel neuron number was decreased, barrel neuronal den-
sity was increased 39% compared with that in wt mice. Sim-
ilar increases in cortical neuronal density have been reported
in IGF-1 knock-out mice (12), a mouse model that, like
IGFBP-1 Tg mice, reflects decreased IGF-I availability. Mod-
ifications in IGF-I availability, therefore, led to changes in
neuron size, number, and density in Tg mice.

Area of olfactory glomeruli

The area of olfactory glomeruli was increased 10% in 261
IGF-I Tg mice compared to that in wt littermates (mean =
sEM, 0.0070 = 0.0011 and 0.0064 = 0.0017 mm?, respectively;
P < 0.05). The area of these modules in BL IGFBP-1 Tg mice
(0.0064 * 0.0010 mm?), however, did not differ from that of
olfactory glomeruli in wt animals. Because S1 barrels were
relatively more affected than olfactory glomeruli, it is ap-
parent that IGF-I exerts a degree of regional specificity. Sup-
port for this conclusion comes from the finding that [GF-I
treatment stimulates the growth of the parietal cortex, but not
that of the olfactory bulb when these regions are implanted
into the eye’s anterior chamber in rats (23, 24). In addition,
our observations for the olfactory bulb argue against the
changes in PMBSF and barrel dimensions in Tg mice being
the result of differential flattening or differences in the cut-
ting angle, because barrel and olfactory glomeruli areas were
both determined from the same series of flattened tangential
sections.

Areas of whisker pads and follicles, and the number of
infraorbital nerve myelinated axons

The area of the whisker pads, the cross-sectional area of
whisker follicles, and the number of myelinated axons in the
infraorbital nerve were not statistically different among 261
IGF-l and BL IGFBP-1 Tg mice and their wt littermates (Table
5). Changes in the relative size of the PMBSF and its con-
stituent barrels, thus, are independent of changes in the sen-
sory periphery.

Discussion

Our data indicate that 1GF-I overexpression in Tg mice
increases brain, cortical, and PMBSF barrel dimensions,
whereas ectopic brain expression of IGFBP-1, an inhibitor of
IGF-1 actions, has opposite effects. Tg mice with the highest
IGF-T or IGFBP-1 transgene expression had the most affected
brains and cortical mantles. Furthermore, mice carrying both
IGF-1 and IGFBP-1 transgenes had brains, cortical mantles,
and barrel fields intermediate in size to those of native IGF-]
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TABLE 4. Cross-sectional area, number, and density of neurons in PMBSF barrels of 26L. IGF-I and BL IGFBP-1 Tg mice and their wild-

type (wt) littermates

PMESF barrel neuron

Li ,
e Cross-sectional area (um?®) No./single 50 pm section Total no. Density (10%/mm”
Control (n = 3) 68.13 = 12.28 444 = 29 1589 = 101 1.8 = 0.41
26L IGF-1 (n = 3) 90.42 + 13.417 (33% 1) 466 = 20 1966 = 84° (24% 1) 1.1 = 0.087 (39% | )
BL IGFBP-1 (n = 3) 61.41 = 10.58" (10% | ) 470 = 30 1344 + 86" (15% | ) 2.5 = 0.43%(39% 1)

Values are the mean + SEM.
“ P < 0.0001 vs. wt mice.
P < 0.05 vs. wt mice.

0.1 mm

Fic. 3. Photomicrographs of cresyl violet-stained sections from 26L IGF-I (A) and BL IGFBP-1 (C) Tg mice and from a wt littermate (B). The
white lines in each photomicrograph outline individual barrels. The differences in barrel cross-sectional area, neuron cell body size, and neuron

density can be seen.

TABLE 5. Whisker pad and follicle area and number of trigeminal nerve myelinated axons in 26L IGF-1 BL IGFBP-1 Tg mice and their

wild-type (wt) littermates

Line Whisker pad area {mm?)

Whisker follicle area (mm*) No. of axons

Normal (n = 6) 19.02 + 1.03
26 L IGF-I (n = 6) 18.91 = 0.67
BL IGFBP-1 (n = 6) 19.91 = 0.69

0.246 = 0.009 12,820 + 1,800
0.239 = 0.008 12,240 = 2,100
0.261 = 0.001 13,1256 = 1,975

Values are the mean = SEM.

and IGFBP-1 Tg mice, indicating that IGFBP-1 attenuates the
effects of IGF-I overexpression. These results demonstrate
that altered IGF-I availability is responsible for the changes
in brain, cortical, and PMBSF barrel dimensions in these Tg
mice and confirm the importance of IGF-I in regulating over-
all brain and cortical growth. Our observations in S1 are
consistent with findings showing that developing projection
neurons of the somatosensory system exhibit IGF-I expres-
sion during periods of neuronal growth and synaptogenesis
(2, 6). Together, these data strongly suggest that IGF-I mod-
ulates neuronal growth in the developing somatosensory
pathway, and that limitations of its availability impose a
developmental constraint to sensory neuron growth. Fur-
thermore, our findings show that the PMBSF provides an
excellent model to precisely delineate IGF-I actions and
mechanisms in the promotion of neuron growth.

Changes in cortical and barrel field dimensions were not
proportional. In some Tg mice, the cortex was more affected

than the barrels, whereas the opposite occurred in other Tg
mice. A likely explanation for this finding is that regional
variations in IGF-I availability, resulting from differential
expression of the transgenes, lead to variations in cortical and
PMBSF barrel dimensions. We have shown that the expres-
sion of these transgenes varies among brain regions, and that
those regions with the greatest transgene expression exhibit
the greatest alterations in growth (11). The size of the PMBSF,
however, precludes direct assessment of transgene mRNA
abundance. It, nonetheless, seems reasonable to assume that
regional variations in the availability of IGF-1 influence the
relative dimensions of the neocortex and PMBSF barrels. The
differential spatio-temporal distributions of IGF-I receptors
and IGFBPs and regional differences in the onset of transgene
expression also could contribute to variations in regional
cortical growth,

Unlike barrel dimensions, barrel shape and number were
not affected by modifications in IGF-I availability, suggesting

220z 1snbny 9|, uo 1senb Aq 0¥S/E0E/YBYS/ZL/LE L/OIOINE/OPUS W00 dNO°DILBPESE//:SARY WO} POPEOJUMOQ




IN VIVO IGF-1 EFFECTS ON BRAIN

that IGF-I is not involved in barrel formation. This is not
surprising, because IGF-I mRNA expression is first detect-
able in the thalamo-cortical pathway on about postnatal day
5 in rats (2), after the time when most of the PMBSF has
already been formed in S1 (14). Furthermore, we found the
PMBSF to be normally formed, but extremely small, in IGF-I
knock-out mice (unpublished data). However, it remains
possible that IGF-I has an influence on the time when tha-
lamic afferents arrive in the developing cortex. Taken to-
gether, our observations suggest that barrel formation and
growth are independent processes.

Some of the cellular processes by which modifications in
IGF-I availability alter brain size have been assessed. It has
been shown that myelin production and content are in-
creased in IGF-I Tg mice and decreased in [GFBP-1 Tg (9, 11)
and IGF-I knock-out mice (12). The present observations in
the barrel field of IGF-I and IGFBP-1 Tg mice indicate that
modifications of IGF-1 availability also change the number
and size of neurons and the volume of cortical layer IV
occupied by neuropil. Barrels in IGF-1 Tg mice had larger
cells and contained more neurons than those in wt mice.
Barrel neuronal density, however, was reduced, and barrel
volume was increased, indicating an increase in the barrel
volume devoted to neuropil. In contrast, barrels in IGFBP-1
Tg mice had smaller cells and contained fewer neurons than
those in wt mice. Barrel neuronal density was increased,
whereas barrel volume was decreased, indicating a diminu-
tion of neuropil volume (25). Changes in neuron number and
neuropil volume are concordant with the total DNA content
previously described in the brains of our Tg mice (7, 13).
Thus, modifications in neuron number and size and in neu-
ropil volume account for changes in PMBSF barrel size, and
probably for those in overall brain and cortical dimensions,
in IGF-I and IGFBP-1 Tg mice.

The mechanisms by which modifications in IGF-I avail-
ability alter layer IV neuron number are not known. The
number of neuron precursors, the rate of precursor prolif-
eration, the length of the proliferation phase, and/or neu-
ronal survival may influence neuron number (26-29). Iit vitro
and in vivo studies have shown that IGF-I can enhance neu-
ron precursor proiiferation (1) and neuron survival (1, 30, 31).
Our data do not directly distinguish among these possibil-
ities. However, we believe that modifications in IGF-I avail-
ability predominantly affect the survival of cortical and tha-
lamic neurons. A number of observations support this
contention. In the mouse, cortical layer IV neurons are gen-
erated at the end of gestation (32), and cell death occurs
between embryonic day 19 and postnatal day (PN) 10 in the
thalamus and S1, peaking on PNO in the thalamus and PN7
in the neocortex (33-35). The transgenes in our Tg mice are
first expressed after birth (11, 13), at a time when cell death
occurs but after the generation of cortical layer IV neurons.
Brain weights in these Tg mice do not differ from those in
their wt littermates at birth (11, 13), suggesting that the trans-
genes have not yet had an impact on brain development.
Taken together, it appears that the changes in barrel cyto-
architecture in Tg mice result from the effects of IGF-I on
neuronal survival. It has been shown that the number of
cortical cells correlates with that of thalamic afferents (36)
and, thus, with thalamic neuron number. Because the num-
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ber of thalamic afferents correlates with area dimensions in
the neocortex (27, 37-40), the promotion of neuron survival
probably occurs both in the neocortex and at subcortical
levels.

Peripheral influences have been implicated in determining
various structural features of the barrel field (14, 41-44).
Barrel size and cell number appear proportional to the whis-
kers” sensory innervation density (14, 45), which, in turn,
depends on whisker size (14). We investigated whether S1
structural changes in Tg mice occurred in response to mod-
ifications in body dimensions or peripheral innervation den-
sity. No differences in body weight, whisker follicle and pad
sizes, or the innervation density to whisker pads were found
among Tg and wt mice. These observations indicate that
when there are changes in local trophic interactions, struc-
tural changes in the brain, cortex, and barrel field can proceed
independently from body and sensory periphery influences.
This conclusion is strengthened by the recent findings that
certain mutant mice lack barrels despite having an intact
sensory periphery [a naturally occurring mutant mouse de-
scribed by Welker et al. (46) and monoamine oxidase A
knock-out mice (47)]. In the latter knock-out mice, barrel
formation is profoundly altered by changes in serotonin
availability, suggesting that this amine plays a trophic role in
the developing S1 (47). Furthermore, a disproportion be-
tween the number of nerves innervating whiskers and barrel
size has been noted after reducing whisker innervation den-
sity following prenatal treatment with antinerve growth ac-
tor antibodies (21), after selective whisker ablation (42), and
in mice with supernumerary whiskers (14).

Elimination of redundant connections by means of neu-
ronal competition for neurotrophic factors is thought to play
a major role in establishing brain neuronal circuitry (48, 49).
Agmon et al. (39, 40) have recently shown, however, that
thalamic terminal arbors in the barrel cortex are progres-
sively elaborated with high topological precision, as opposed
to being eliminated from an initially exuberant pattern as
oceurs in the visual system (37, 38, 50). Riddle ¢t al. (19)
documented that barrel neuropil is progressively and selec-
tively constructed as postnatal development proceeds. This
evidence suggests that progressive, and not regressive, de-
velopmental processes shape neuronal connections in the
barrel cortex. Our observations that barrels remain discrete
anatomical units despite their striking change in size and that
neuropil volume is greatly modified in IGF-1 and IGFBP-1Tg
mice suggest that selective elaboration of barrel neuropil is
regulated by IGF-I. Together these observations indicate that
rules governing the development of thalamo-cortical con-
nections are different in distinct cortical areas. Although
redundant connections are pruned in the visual cortex by
means of neuronal competition for neurotrophic factors, the
barrel cortex seems to selectively elaborate neuronal con-
nections in a fashion dependent upon the amount of trophic
factors available.
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