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Insensitivity of the Hippocampus to Environmental Stimulation

during Postnatal Development
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Development of cortical sensory systems is influenced by en-
vironmental experience during “sensitive periods,” before onset
of behavioral function. During these periods, synaptic plasticity
is observed, and neuronal function shows increased respon-
siveness to environmental stimulation. Because the hippocam-
pus is late to develop, and because it demonstrates synaptic
plasticity before the onset of behavioral function, this experi-
ment was designed to determine whether, like the sensory
cortices, the hippocampus undergoes a period of enhanced
responsiveness to the environment. Rats at three ages [post-
natal day 16 (P16), P23, and P30] were tested on a hippocam-
pally dependent task, spontaneous alternation, and exposed to
a novel environment. They were then killed and processed for
immunocytochemistry to Fos or for in vitro electrophysiology in
hippocampal area CA1. Age-matched control subjects were
killed immediately after removal from the home cage. Sponta-

neous alternation was only observed in the oldest (P30) ani-
mals. In these same animals, the environmental manipulation
resulted in an increase in Fos-like immunoreactivity (FL-IR),
relative to controls, and a decrease in the ability to induce
long-term potentiation (LTP). In P16 and P23 animals, the en-
vironmental manipulation resulted in no differences in hip-
pocampal FL-IR or LTP. These results suggest that, rather than
showing increased responsiveness to the environment at these
ages, the hippocampus is environmentally insensitive and that
it is isolated from the effects of environmental stimuli. The
hippocampus, a neural region important for higher cognitive
function, may develop via a mechanism different from those
observed in the primary sensory cortices.
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In the cortical sensory systems, patterns of synaptic connectivity
are formed postnatally. Before the emergence of behavioral func-
tion, the organization of synaptic contacts is influenced by sen-
sory experience during a postnatal “sensitive period,” resulting in
permanent changes in connectivity and function (see Shatz, 1990,
1996; Goodman and Shatz, 1993; Fox, 1995). During this sensitive
period, the primary sensory cortices show enhanced synaptic
plasticity (Tsumoto et al., 1987; Komatsu et al., 1988; Perkins and
Teyler, 1988; Crair and Malenka, 1995; Kirkwood et al., 1995)
and increased responsiveness to environmental stimulation
(Rosen et al., 1992; Beaver et al., 1993; Mower, 1994). This
evoked-activity dependent mechanism serves as a model of post-
natal neural development; however, its applicability to cognitive
development is unknown.

Like the sensory cortices, the hippocampus undergoes a period
of postnatal development, and behavioral function does not
emerge until this period is complete. For example, young rats do
not show spontaneous alternation on a Y-maze, although they
explore at a rate similar to that of mature animals (Douglas,
1975). Spontaneous alternation, like other behaviors that seem to
require hippocampal function in adult rats, emerges after ~3
weeks of age (Douglas, 1975; Moye and Rudy, 1985; Castro et al.,
1987; Rudy et al., 1987; Green and Stanton, 1989; Kraemer and
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Randall, 1992, 1995; Rudy, 1993; Rudy and Morledge, 1994).
Much of hippocampal synaptogenesis occurs postnatally (Crain et
al., 1973; Stirling and Bliss, 1978; Bayer, 1980; Amaral and Dent,
1981; Baudry et al., 1981; Amaral and Kurz, 1985), and hip-
pocampal synapses exhibit plasticity before the emergence of
mature behavioral function (Harris and Teyler, 1984; Muller et
al., 1989; Bekenstein and Lothman, 1991). It is the maturation of
these anatomical and physiological properties that is thought to
underlie the emergence of adult-like behavior (Dumas and Fos-
ter, 1995). Therefore, the postnatal development of the hip-
pocampus seems similar to that of the primary sensory cortices; it
undergoes a period of synaptic plasticity before the emergence of
mature behavioral function.

These developmental similarities suggest that the hippocampus
may also undergo a postnatal sensitive period, during which
neuronal activity shows increased responsiveness to environmen-
tal stimulation. In the current study, Fos immunocytochemistry
and in vitro electrophysiological recording were used to measure
this responsiveness in rats before and after the emergence of
hippocampally dependent behavior. Environmental experience in
the adult rat produces an increase in expression of the immediate
early gene c-fos and its protein product Fos (Melia et al., 1994;
Hess et al., 1995; Grimm and Tischmeyer, 1997) and a decrease in
the expression of long-term potentiation (LTP) (Foy et al., 1987;
Shors et al., 1989; Diamond et al., 1990; Shors and Thompson,
1992; Shors and Dryver, 1993; Diamond and Rose, 1994). If the
immature hippocampus demonstrates increased sensitivity to en-
vironmental stimuli during this postnatal period, then the effects
of environmental stimulation on these two measures should be
increased before the onset of behavioral competence.
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MATERIALS AND METHODS

Subjects. Sprague Dawley rats were bred and born in our colony; progen-
itors were received from Hilltop Labs. All animals were housed on a
reverse 12 hr light/dark schedule (lights off at 9:00 A.M.) and had food
and water ad [libitum. On postnatal day 1 (P1; birth equals P0), litters
were culled to 10 pups, with not less than two females per litter. On P21,
subjects were weaned and pair-housed with littermates in standard cages.

For the anatomical study, two males [one experimental (EXP) and one
control (CON)] from each litter were killed at each of three ages (P16,
P23, and P30). After weaning, EXP and CON pairs consisted of cage-
mates. For physiological studies, EXP and CON subjects were killed at
the same ages, but subjects were assigned to groups and ages without
regard to litter; each litter contributed to more than one condition or age
group. In both experiments, EXP animals were tested for spontaneous
alternation on the Y-maze and exposed to a novel environment (see
below) before killing; CON animals were killed immediately after re-
moval from the home cage.

Behavioral testing. The Y-maze, consisting of black Plexiglas, had three
evenly spaced arms (50 cm long X 15 cm high X 14 cm wide; 120°
separation between arms) and contained ~10 cm of water (24°C)
throughout. EXP subjects were placed at the end of arm 1 and allowed
to explore for 5 min. The number and sequence of arms entered were
recorded. The dependent variables were activity, defined as the number
of arms entered, and percent alternation, calculated as the number of
alternations (entries into three different arms consecutively) divided by
the total possible alternations (i.e., the number of arms entered minus 2)
and multiplied by 100. After behavioral testing, animals were placed in a
novel environment, consisting of an enclosure containing objects such as
a coffee can, wood blocks, and other small boxes (Foster et al., 1996), for
55 min and then killed (total time was 1 hr after the onset of behavioral
testing). All animals were tested or killed at the onset of the dark period.

Immunocytochemistry. Animals were killed by overdose with pento-
barbitol and transcardially perfused with a heparinized PBS solution,
pH 7.4, followed by a cold fixative of 4% paraformaldehyde and 0.2%
glutaraldehyde in PBS for 30 min and then by 10% sucrose and fixative.
After perfusion, the brains were removed and cryoprotected in 30%
sucrose and then were frozen. Sections (35 um) were obtained using a
cryostat, rinsed in Tris-buffered saline (TBS), pH 7.6, and processed
free-floating for immunocytochemistry to Fos. Blocking steps were
performed with 0.9% H,O, solution in TBS (10 min) and with 10%
normal goat serum (NGS) and 0.75% Triton X-100 (TX) in TBS (60
min). The primary antibody was an affinity-purified rabbit polyclonal
anti-Fos antibody, raised against a peptide corresponding to amino
acids 3-16 of human Fos (Santa Cruz Biotechnology, Santa Cruz, CA;
1:100; 2 hr); this commercially available antibody is specific to Fos and
noncross-reactive to Fos-B, Fos-related antigen 1 (FRA-1), and
FRA-2. The secondary antibody was a goat anti-rabbit antibody (Vec-
tor Laboratories, Burlingame, CA; 0.3%; 90 min). Visualization was
achieved using the ABC method (Vector Laboratories) and a 3,3-
diaminobenzidine (DAB) substrate enhanced with nickel ammonium
sulfate. Antibody and ABC solutions were prepared in a 1% NGS and
0.75% TX TBS solution. Between each step, sections were washed
three times for 5 min each in TBS.

Fos-like immunoreactivity (FL-IR) in the left and right sides of each
of two sections from each subject was quantified using an Olympus Cue-2
densitometry system to produce regional counts of immunopositive nu-
clei in four regions of the hippocampus (areas CA3 and CA1l, the dentate
gyrus, and the subiculum), one cortical region (the perisplenial cortex
dorsal to the hippocampus), and one thalamic nucleus [the paraventricu-
lar nucleus (PVT)]. For each region, a rectangle was set to include the
highest number of immunopositive nuclei in the area, and the total
number of immunopositive nuclei within the rectangle was determined
from the transformed black and white image. The analyses were per-
formed blind to the age or condition of the subject. For all areas, the four
measures were transformed to activation indices, calculated as the num-
ber of immunopositive nuclei per unit area, and compressed into a single
index per area per subject. The pooled indices yielded significant reli-
ability (Denenberg, 1979) and were used for all analyses. Because of
tissue damage, four subjects (one P30 CON and three P23 CONs) were
not included in the analysis for the perisplenial cortex; the same four and
one P16 CON were excluded from the PVT analyses.

In vitro electrophysiology. Subjects were deeply anesthetized with me-
thoxyflurane (Metophane) and decapitated. The brains were rapidly
extracted, and the hippocampi were dissected out. Hippocampal slices
(450-500 wm) were cut parallel to the alvear fibers with a tissue chopper
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and transferred to a standard Haas-style recording chamber (Haas et al.,
1979). Slices were perfused (1 ml/min) at 32°C with oxygenated artificial
CSF (aCSF) containing (in mMm): NaCl 124, KCI 2, KH,PO, 1.25,
MgSO, 2, CaCl, 2, NaHCO; 26, and glucose 10. Humidified air (95%
0,/5% CO,) was continuously blown over the slices.

Extracellular field potentials were recorded with glass micropipettes
(4-6 MQ), filled with aCSF, and were localized to CA1 dendrites in the
middle of st. radiatum. The stimulating electrode consisted of a pair of
insulated platinum—iridium wires twisted together with the tips exposed
and was positioned ~1 mm away from the dendritic recording electrode,
toward CA3. Biphasic constant current stimuli (100 usec in duration)
were delivered every 30 sec. The signals were amplified 100 times, filtered
between 1 Hz and 1 kHz, and stored on computer disk for off-line
analysis. Baseline stimulation intensity was set to elicit a 1 mV response.
Before the induction of LTP, recording was performed to produce at
least 10 min of stable baseline. For LTP induction, high-frequency
stimulation (two 1 sec bursts of 100 Hz; 10 sec between bursts) was
delivered. Recording continued for at least 30 min. The dependent
variable was the slope of the EPSP, measured by a computer program
(Datawave, Boulder, CO) that determined the maximum slope of the
descending portion of the EPSP by linear regression.

For inclusion in the final analysis, the responses from a slice were
required to show observable (>25%) increases in EPSP slope immedi-
ately after tetanus (i.e., post-tetanic potentiation). Data were collected
from up to three slices per animal, and all slices that met these criteria
from each animal were averaged to produce a single record per animal.
For final analyses, the EPSP slopes from the baseline and the post-
tetanization recording periods were transformed into a percent of base-
line (determined for the average of the last 10 min of baseline recording)
and averaged into eight 5 min intervals, two before tetanus and six after
tetanus. These pooled results were used for all analyses.

Results from both immunohistochemical and electrophysiological ex-
periments were analyzed using an ANOVA design, with age and group
as between-subjects factors. Repeated-measures analyses were used when
appropriate, with recording interval as a within-subject factor. Post hoc
analyses were performed using ANOVA for simple effects or Fisher’s
protected least square difference (PLSD) for pairwise comparisons.

RESULTS

Behavior

Behavioral results are given separately for the anatomical and
physiological experiments. Figure 14 shows the behavioral results
from the anatomical studies expressed as a percent alternation.
Alternation behavior increased over postnatal development
[F(2,30) = 10.16; p < 0.0005], with P30 animals alternating more
than the other groups (p < 0.05 by Fisher’s PLSD). Only at P30
did performance on the Y-maze differ from that expected by
chance [50%; #(10) = 4.01; p < 0.01]. The level of exploratory
activity, indicated by the number of arm entries, did not change
with age (Fig. 1, inser).

The behavioral results were similar for the physiological studies
(Fig. 1B). Again, there was a significant age effect [F 5 54, = 5.14;
p < 0.02], with P30 animals alternating more than the other ages
(p < 0.05 by Fisher’s PLSD). At P16 and P23, performance on
the Y-maze did not differ significantly from that expected by
chance (50%). Significant alternation was observed at P30 [#(8) =
5.90; p < 0.0005]. In this case, P16 subjects were less active than
those from the other two ages [F(, »5) = 4.55; p < 0.03]; P23 and
P30 animals did not differ (p > 0.5, PLSD).

Immunocytochemistry

A comparison of FL-IR for all CON subjects indicated no change
in baseline FL-IR over the 3-5 weeks of postnatal development
for any area examined. A low level of baseline FL-IR was ob-
served across the various age groups, consistent with previous
reports examining basal Fos levels over postnatal development
(Sakurai-Yamashita et al., 1991; Schreiber et al., 1992; Alcantara
and Greenough, 1993; Pennypacker et al., 1993, 1994). There
were no significant group or age effects for cells in area CA3 or
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Figure 1. Performance on the Y-maze. Percent alternation (=SEM) is
given as a function of age for the immunohistochemical study (4) and the
electrophysiological study (B) and is presented as a deviation from chance
(50%). An asterisk indicates significantly different from chance (p <
0.05). Insets show activity (defined as the number of arms entered); n
values are given in brackets.

the granule cells of the dentate gyrus (Fig. 24,B). However, in
area CAl, the behavioral manipulation resulted in a significant
age X group interaction [F, oy = 10.22; p < 0.0005], caused by a
massive increase in FL-IR in P30 EXP subjects [¢(20) = 3.95;p <
0.001; Fig. 2C]. An example of FL-IR in area CA1 of a P30 EXP
subject is given in Figure 3.

A pattern of activity, similar to that observed in CAl, was
observed for the subicular region [F(, 4o, = 4.43; p < 0.02; Fig.
2D]; in the perisplenial cortex, the interaction approached signif-
icance [F(, 56, = 2.83; p < 0.07; Fig. 2E]. In both areas, only the
P30 animals exhibited increased FL-IR. In contrast, for the PV T,
there was a significant effect of group [F, 55, = 10.88; p < 0.002;
Fig. 2F], with experimental animals showing more FL-IR, and of
age [Fossy = 9.54; p < 0.001]. However, the group X age
interaction was not significant.

In vitro electrophysiology

Results of the patterned stimulation on EPSP slope are presented
in Figure 4. There was a significant interaction of age X group X
interval [F(14.455, = 1.762; p < 0.05], indicating that the EXP and
CON groups did not respond to the tetanus similarly at all three
ages. Analysis of simple effects showed that, in all groups, pat-
terned stimulation produced significant LTP and that there were
no significant effects or interactions of group at ages P16 and P23
[F7,126) < 1 for P16: F(7 15y = 1.519, p > 0.10 for P23]. There was
a significant effect of group X interval only among the P30 animals
[F(7.168) = 2.222; p < 0.05], indicating that only in the P30 animals
did environmental experience produce a decrease in LTP.
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DISCUSSION

The current studies were designed to determine whether, like the
sensory cortices, the hippocampus undergoes a postnatal sensitive
period with increased sensitivity to environmental stimuli. The
results do not support this hypothesis, however, and instead suggest
that, before the emergence of behavioral function, hippocampal
cellular activity is insensitive to environmental stimulation.

In the cortical sensory systems, postnatal sensitive periods have
three main features. They begin before the onset of mature
behavioral function, they are marked by susceptibility to synaptic
plasticity, and neurons show responsiveness to environmental
stimulation. Thus, before the cortex is functionally mature, stim-
ulation produces increased cellular activity (Rosen et al., 1992;
Beaver et al., 1993; Mower, 1994). This activity is thought to alter
neuronal function via NMDA receptor (NMDAR) mechanisms,
which are enhanced during this period (Kleinschmidt et al., 1987;
Tsumato et al., 1987; Komatsu et al., 1988; Perkins and Teyler,
1988; Cline and Constantine-Paton, 1989; Bear et al., 1990).
Activity dependent mechanisms then produce long-lasting influ-
ences on neural connectivity, which result in mature cortical
organization and function (Shatz, 1990, 1996; Goodman and
Shatz, 1993; Fox, 1995). In this way, environmentally stimulated
neuronal activity determines the functional organization of the
cortex.

The postnatal development of the hippocampus seems similar
to that of the sensory cortices in two ways. First, in both systems,
behavioral function is late to emerge. In the rat, performance on
behavioral tasks that, in the adult, seem to require an intact
hippocampus is severely impaired until after 3 weeks of age.
These tasks include spontaneous alternation (Douglas, 1975),
spatial learning (Rudy et al., 1987; Kraemer and Randall, 1995),
conditioning to contextual cues (Rudy, 1993; Rudy and Morledge,
1994), and working memory (Green and Stanton, 1989). Before
this age, the animals are able to perform control tasks that
require similar sensory and motor abilities but do not seem to
require the hippocampus, including simple cued learning on the
Morris maze and single-cue conditioning. These previous results
are replicated in the current study. In both experiments, sponta-
neous alternation was observed only in P30 animals; at younger
ages, the subjects explored randomly. Second, the mechanisms for
synaptic plasticity are present in the hippocampus, as in the visual
cortex, during this postnatal period of behavioral impairment;
potentiation in the hippocampus reaches or exceeds adult levels
by P15 (Harris and Teyler, 1984; Muller et al., 1989; Bekenstein
and Lothman, 1991). In the current study, adult-like LTP was
observed in control animals at the youngest age (P16; Fig. 4).
These experiments were designed to determine whether the de-
veloping hippocampus shared the third feature of developmental
sensitive periods, increased responsiveness to environmental
stimulation.

Increased responsiveness to environmental stimulation, how-
ever, does not seem to be a feature of the postnatal development
of the hippocampus. The immediate early gene c-fos and its
protein product Fos are considered markers of cellular activity
(Dragunow and Faull, 1989; Sheng and Greenberg, 1990; Morgan
and Curran, 1991; Sagar and Sharp, 1993). In the visual cortex,
brief exposure to light induces a larger increase in Fos expression
during the sensitive period (Rosen et al., 1992; Beaver et al., 1993;
Mower, 1994); in the adult rat hippocampus, expression is in-
duced by a number of environmental stimulations (Tischmeyer et
al., 1990; Handa et al., 1993; Melia et al., 1994; Hess et al., 1995;
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Figure 3. FL-IR. Photomicrograph of FL-IR in area CAl of the hip-
pocampus of a P30 EXP subject showing a small number of darkly stained
cells. Scale bar, 60 um.

Grimm and Tischmeyer, 1997). If the hippocampus undergoes a
postnatal sensitive period, during which synaptic organization is
influenced by environmental experience, then Fos expression
after environmental stimulation should be increased during this
period. The behavioral manipulation, testing in the Y-maze and
exposure to a novel environment, was sufficient to induce Fos
expression in area CA1l and the subiculum of P30 animals, after
the emergence of alternation behavior. Although the significance
of these locations is unclear, it may be related to developmental
changes at the CA3—CAl synapse (Dumas and Foster, 1995).
However, rather than an increase of Fos expression in the imma-

P16 P23 P30

ture animals, a lack of staining was observed. The absence of Fos
induction in the hippocampus is not caused by developmental
limits in the biochemical processes for activity-induced Fos pro-
duction, because Fos is expressed in the hippocampus by P7 and
can be induced by seizure activity by P13 (Sakurai-Yamashita et
al., 1991; Schreiber et al., 1992; Alcantara and Greenough, 1993;
Pennypacker et al., 1993, 1994). These results suggest that the
hippocampus undergoes an “insensitive period,” during which it
is isolated from environmental stimuli.

The results from the physiological studies support the conclu-
sion that the hippocampus is insensitive to the environment
during this period of postnatal development. In the sensory
cortex, the extent to which LTP can be induced decreases with
development, and the period of susceptibility to plasticity can be
extended by deprivation (Kirkwood et al., 1996). In adult rats,
treatments that involve stress or novelty reduce the extent to
which LTP may be induced in the hippocampus (Foy et al., 1987;
Shors et al., 1989; Diamond et al., 1990; Shors and Thompson,
1992; Shors and Dryver, 1993; Diamond and Rose, 1994; Foster et
al., 1996). Although the functional significance of this reduction
is unclear, recent evidence suggests that it is NMDAR dependent
and can be reversed with long-term depression (Kim et al., 1996).
In preliminary experiments, we found that our environmental
manipulation was sufficient to reduce LTP in adult rats (N.S.
Waters and T. C. Foster, unpublished observations). In the cur-
rent experiment, the decrease in the amount of LTP observed
after the environmental manipulation was taken as an index of
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0.05]. Only at P30 did EXP differ from CON (C). Values of n are given
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hippocampal responsiveness to the environment. If an animal’s
hippocampus is reacting to the environment, then the environ-
mental manipulation should produce a decrease in LTP, as seen
in adult animals. Failure to decrease LTP indicates a nonrespon-
sive hippocampus. Only the P30 animals had responsive hip-
pocampi. Whether the decrease in LTP results from a lower
capacity for potentiation or from an increase in baseline excit-
ability is not clear from the present data. Previous studies have
demonstrated increased baseline excitability in animals exposed
to long-term enrichment manipulations (Green and Greenough,
1986; Foster et al., 1996). The decrease in LTP may be related to
the increase in Fos expression, because both were elicited by the
same manipulation and both are thought to be NMDAR depen-
dent (Hisanaga et al., 1992; Kim et al., 1996). By both measures,
stimulation failed to produce any effects before the onset of
behavioral competence, suggesting that the hippocampus is not
responsive to the environment during this period.

Neither experiment directly investigated the cause of the cel-
lular activity in the older animals. Previous studies have found
that hippocampal cellular discharge activity is influenced by a
complex interaction of associative and contextual stimuli in the
environmental (e.g., Foster et al., 1986, 1989; Eichenbaum et al.,
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1989; Otto and Eichenbaum, 1992; Melia et al., 1994; Hess et al.,
1995). The activity observed in these animals may be because of
the processing of environmental stimuli, generalized effects of
stress, or even motor activity. However, it is unlikely that motor
activity would produce age-related differences because the sub-
jects showed similar activity levels at all ages. The generalized
stress response is usually found to be mature by P14 in rats
(Shoenfield et al., 1980; Sapolsky and Meaney, 1986; Walker et
al., 1991), before the earliest age tested here, and therefore would
be unlikely to produce differential neuronal activity in the differ-
ent age groups. The difference seems related to the type of
behavior the animals engaged in, with the older rats exhibiting
spatial working memory.

Whatever the source of the neuronal activity in behaviorally
mature animals, most noticeable is its absence in the younger
groups. Cellular responsiveness to the environment was not
detected before the onset of behavioral function, using two
very different measures. These results suggest that the devel-
opment of the hippocampus does not depend on environmen-
tally evoked activity. Although influences measured by meth-
ods other than either physiological responsiveness or Fos
staining cannot be ruled out, the emergence of function in this
system may be independent of environment and require spon-
taneous neural activity or chemical signals to determine syn-
apse specificity, as seen in the early development of the visual
system (Rakic, 1981; Shatz, 1990, 1996; Goodman and Shatz,
1993; Fox, 1995), or a novel mechanism, which has not been
observed in the developing cortex. The mechanisms of post-
natal development in the hippocampal system have important
implications not only for the processes of normal and abnormal
development but also for the mechanisms of cognitive function
in adults. This relative independence of environmental influ-
ences is consistent with some models of hippocampal function,
which propose that the hippocampus functions as a coordinate
matrix of preconfigured synaptic contacts, which in the adult
will more readily adapt to the variety of environments (Mc-
Naughton et al., 1996). The formation of such a network may
be independent of the environment, because developmental
dependence on environmental experience may limit the for-
mation of synaptic configurations.
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