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Studies were conducted to evaluate the effects of s.c. injected
recombinant human growth hormone (GH) on the expression of
the gene transcript of N-methyl-D-aspartate receptor subunits type
1 (NR1), type 2A (NR2A), and type 2B (NR2B) in the male rat
hippocampus. The GH-induced effects on the expression of hip-
pocampal gene transcripts of GH receptor (GHR) and GH-binding
protein were also examined. Male Sprague–Dawley rats, kept in
four groups of two different ages, was treated with the hormone
or saline during 10 days before decapitation and tissue dissection.
Brain tissues collected were analyzed for mRNA content by using
the Northern blot technique. The results indicated that in adult
young rats (11 weeks of age) the hormone elicited a decrease in the
mRNA expression of NR1 but an increase in that of the NR2B
subunit. In elderly adult rats (57–67 weeks of age) GH induced an
increase in the expression of the hippocampal message for NR1 and
NR2A. Meanwhile, the hormone induced a significant up-regula-
tion of the GHR transcript in hippocampus of adult young rats but
not in elderly adult rats. It was further found that a significant
positive correlation exists between the level of GHR mRNA and the
expression of the NR2B subunit transcript in adult young rats. The
GH-induced increase in the expression of hippocampal mRNA for
the NR2B subunit is compatible with a previously observed mem-
ory promoting effect seen for the hormone, because overexpres-
sion of this N-methyl-D-aspartate receptor subunit is shown to
enhance cognitive capabilities.

Recent studies have shown that growth hormone (GH) may
affect many functions related to the central nervous system.

GH replacement therapy has improved psychological capabilities in
young as well as adult GH-deficient (GHD) patients (1, 2). Young
GHD patients suffer from sleep disturbances and are psychologi-
cally immature (3). Untreated adult GHD patients exhibit general
fatigue, lack of concentration, memory disabilities, and overall, a
diminished subjective well being (4–6). Treatment of adult GHD
patients with recombinant human GH is reported to induce in-
creased psychological well being (1, 2, 5, 7, 8) and to improve
cognitive efficiency and memory function (7–9). GH is also shown
to affect learning processes and memory function in rats. The
hormone was found to facilitate the long-term memory in young but
not in aged rats, whereas the extinction response as recorded in a
behavioral assay was affected in both groups of animal (10).
Recently, we observed dose-dependent improvements in memory
and learning processes in hypophysectomized male rats after 1 week
of daily injections of recombinant human GH (11).

The physiological and molecular mechanisms behind the im-
provements seen in cognitive functions after GH treatment are not
known, but they could be due to direct effects by the hormone on
cells or by GH-induced release of secondary mediators, such as
insulin-like growth factor-1 (IGF-1), that can cross the blood–brain
barrier. The possibility that the hormone itself may pass the
blood–brain barrier is supported by studies showing increased GH
concentrations in cerebrospinal fluid in patients subjected to s.c.

injections of GH (12, 13). In one of these studies a dose-dependent
increase in cerebrospinal fluid GH concentrations was confirmed
(13). Further evidence for brain cells being targets for GH actions
has emerged from the identification of specific receptors for the
hormone in the brain (14, 15). Because hippocampus is a brain
region associated with the functional anatomy of memory and
learning processes, it is of particular interest that a hippocampal
GH-binding receptor has been identified and characterized in both
humans (16) and rats (17). In a recent study we also described the
nucleotide sequence of the cDNA for the GH receptor (GHR) in
rat hippocampus (18).

Regarding the molecular mechanism underlying a possible
action mediated through GHR on memory function, the present
knowledge is poor. Studies have suggested a potential role of the
N-methyl-D-aspartate (NMDA) receptor in learning and mem-
ory processes (19, 20). The NMDA receptor complex consists of
several types of subunits, including type 1 (NR1), type 2A
(NR2A), and type 2B (NR2B) (21, 22). A recent study reported
that overexpression of the NR2B subunit in the forebrain
(including hippocampus) of transgenic mice elicits an enhanced
activation of the NMDA receptor, coinciding with improved
learning and memory capabilities (23)

In the present study we therefore have examined whether GH,
by daily s.c. injection for 10 days, may affect the expression of the
gene transcripts for the NMDA receptor subunits NR1, NR2A,
and NR2B in hippocampus of male rats in two groups of
different ages. The effect on the transcript for GHR and
GH-binding protein (GHBP) hormone was analyzed as well.

Materials and Methods
Animal Experiments. Male Sprague–Dawley rats (Alab AB, Sol-
lentuna, Sweden) were housed in four groups in air-conditioned
rooms (lights on 0800–2000 h) at a temperature of 21°C and a
humidity of 50–60%. Two of the groups consisted of animals of
11 weeks and the other two were of 57–67 weeks of age. They had
free access to food and water, and each group consisted of seven
animals. Before experiment the rats were allowed to adapt to the
laboratory environment for 1 week. One group of each age
received daily s.c. injections of human GH (Genotropin, Amer-
sham Pharmacia) (1 mg/kg) or saline for 10 days. The dose was
based from previous experience ensuring an effect on bone and
body growth. In this study both groups of rats receiving GH
exhibited a significant increase in body weight compared with
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controls. After completed hormone treatment animals were
decapitated and the hippocampus was dissected out on ice,
frozen on dry ice, and stored at �70°C until further analyzed.

Northern Blot Analysis. The Northern blot procedure has been
described elsewhere (18, 24). In brief, total RNA was extracted by
using the single-step acid guanidium thiocyanate-phenol-
chloroform method and separated on agarose 3-(N-morpholino)-
propanesulfonic acid�formaldehyde gels. The RNA was trans-
ferred to nylon filters and hybridized against cDNA probes for
GHR and the three NMDA receptor subunits, NR1, NR2A, and
NR2B. After stringent washing the filters were subjected to
autoradiography and the hybridization signals were measured by
use of an image-analyzing system and normalized to that of
glyceraldehyde-3-phosphate dehydrogenase mRNA, detected
with a Pst fragment of a human glyceraldehyde-3-phosphate
dehydrogenase cDNA.

Statistics. The data are expressed as mean � SE of seven rats at each
point. Unpaired Student’s t test was used for the statistical analysis
of differences between groups. The correlation was tested by simple
regression analysis. Significance was set at P � 0.05.

Results
Northern blot analysis of material extracted from hippocampus
(Fig. 1) revealed that the NR1 transcript was significantly lower
in elderly adult rats (57–67 weeks) compared with the group of
younger adult animals (11 weeks) (P � 0.05). Also NR2B mRNA
tended to decrease with age, although this difference never
reached significance (P � 0.22). On the contrary, NR2A gene
expression was increased with age (P � 0.05).

Daily treatment of GH for 10 days induces effects on the gene
transcripts of NMDA receptor subunits in both young and elderly
adult rats (Fig. 1). In young rats the hormone elicited a decrease in
the NR1 subunit mRNA (P � 0.01) in contrast to an increase seen
for the transcript of the NR2B subunit (P � 0.05). The expression
of the NR2A mRNA was not affected in young adult rats. In elderly
adult rats the hormone induced a significant enhancement in the
expression of the gene transcript for NR1 and NR2A (P � 0.05 and
P � 0.001, respectively), whereas the NR2B mRNA showed a
tendency of an increase, close to significant level (P � 0.068).

The results obtained from analysis of the effects of GH on the
expression of the gene transcripts for GHR and GHBP in hip-
pocampus are also shown in Fig. 1. The levels of these two
transcripts were not altered by the difference in age of the rats used
in this study. In young adult rats the hormone induced a significant
up-regulation of GHR mRNA (P � 0.05), whereas no effect was
found for GHBP. In elderly adult rats no effect of GH was observed
on the expression of mRNA for neither GHR nor GHBP.

In young rats the hormone also affected the ratio of NR2B to
NR2A mRNA. A significant increase appeared in the ratio in
young GH-treated animals compared with that in controls (P �
0.001), whereas no difference occurred in the ratio between the
two groups of elderly rats (Fig. 2). Furthermore, this ratio was
clearly decreased in the control group of elderly adult rats
compared with that of the younger animals (P � 0.01).

By comparing the expression of the gene transcripts for GHR
and GHBP with those of the NMDA receptor subunits, a
significant positive correlation was observed in young rats only,
between the level of GHR mRNA and the level of the transcript
for the NR2B subunit (r2 � 0.61, P � 0.01) (Fig. 3). No
significant correlation could be seen between the expression
level of mRNA for GHR, GHBP, and any other NMDA receptor
subunits at any age of the animals.

Discussion
The results of the present study indicate that chronic treatment of
adult male rats with recombinant human GH affects the expression

of the NMDA receptor subunit gene transcripts in hippocampus.
Further, in young adult rats the hormone up-regulates the expres-
sion of the gene transcript for GHR. Moreover, a significant
positive correlation between the GHR gene transcript and the
message for the NR2B receptor subunit was confirmed. Accord-
ingly, this study indicates a significant correlation between GH
action and excitatory circuits in hippocampus. This result may have
several implications connecting previously observed effects of both
GH and the NMDA receptor complex to memory function.

It is well established that a decline of cognitive functioning with
aging is paralleled with decreased circulating levels of GH. It is
further suggested that GH and its secondary mediator IGF-1
contribute to the function of hippocampus (25). A pronounced and
specific syndrome in GHD patients is memory deficit, which include
both short- and long-term memory (26–28). Also, an age-related
decrease in spatial memory have been observed in animals (29).
However, as mentioned in the introductory statements, GH is
shown to induce promoting effects on memory and learning
processes, both in humans and rats. Thus, several studies (not all)
suggest that GH replacement therapy improves cognitive perfor-
mance (8, 9). By use of animal models, GH was shown also to
modulate memory function in the rat (10). Moreover, a GH-
releasing agent was found to prevent impairments in reference
memory, as recorded in the Morris water maze (29).

The present study, demonstrating effects of GH on the
expression of hippocampal NMDA receptor subunits mRNAs,
suggests that the hormone may mediate its memory-promoting
effects through an interaction with the NMDA receptor com-
plex. This receptor has been shown to be important for synaptic
plasticity and is suggested to be a common switch for many forms
of learning and memory (19, 30). It is shown that the NMDA
receptor function is enhanced with overexpression of the NR2B
receptor subunit in the hippocampus which was demonstrated by
improved learning and memory (23).

We here observed that in young adult male rats GH induced
a significant enhancement in the expression of the hippocampal
NR2B subunit mRNA. We also detected a significant increase in
the ratio of NR2B to NR2A after hormone injection into these
rats (Fig. 2). The NR2B�NR2A ratio is seen to decline with aging
but was not affected by GH treatment of elderly adult rats.
Accordingly, it seems that the hormone elicits an enhancement
of the hippocampal NR2B�NR2A ratio in young but not in
elderly adult rats, and this observation would be compatible with
a GH-induced improvement of cognitive functions in young rats.
In fact, GH treatment was shown to facilitate long-term memory
in young (3 months) but not in aged (24 months) adult rats (10).

It has been suggested that the regulation of the NR2B�NR2A
ratio can be involved in a mechanism modulating the induction
of synaptic plasticity (31, 32). Thus, a high ratio of NR2B�NR2A,
as shown for young adult rats in the present study, is suggested
to correlate with enhanced long-term potentiation (LTP) and
reduced long-term depression, whereas a low NR2B�NR2A
ratio is considered to correlate with diminished LTP and in-
creased long-term depression. We observed an increase in the
expression of the NR2A mRNA in adult elderly control rats. This
increase was potentiated by GH injection (Fig. 1), but the
NR2B�NR2A ratio remained unaffected. The significance of the
observed enhancement in NR2A in elderly rats is not clear;
however, an age-related increase in the NR2A subunit protein,
at least from 10 to 21 months of age, has been reported by others
(33). In the same study, the authors demonstrated that intrace-
rebroventricular infusion of IGF-1, a target for GHR-mediated
action, can increase NR2A and NR2B subunit proteins in
hippocampus of 30-month-old rats. The effects of GH on the
NMDA receptor subunit transcripts seen in our study may also
be mediated by IGF-1.

The age-related decrease in the expression of the NR1 gene
transcript (Fig. 1) is in agreement with a recent observation
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based on quantitative Western blot analysis (34). However, only
a slight, nonsignificant, age-related decrease was observed for
the NR1 message, as assessed by kinetic reverse transcription–
PCR technique. The loss in the expression of the NR1 subunit
seen in aged rats was suggested to be associated with age-related
deficits in LTP. Furthermore, the authors showed that life-long
caloric restriction could prevent a decrease in the expression of
NR1 and a deficit in LTP. It is well established that moderate
caloric restriction increases GH levels in the rat (for review, see
ref. 35). In the present work we found that in aged animals GH
treatment mimicked the effect of caloric restriction and coun-
teracted or prevented the decrease in NR1 mRNA expression,
providing evidence for the hormone being able to ameliorate
deficits in LTP in elderly rats. On the contrary, GH induced a
significant decrease in the NR1 message in adult young rats. This
decrease should be regarded in view of the potential increase
seen in the ratio of NR2B�NR2A (Fig. 2), which may be of higher
importance for the function of the NMDA receptor complex.

Of particular interest from the present study is the significant
positive correlation found between the level of the GHR mRNA
and the NR2B gene transcript (Fig. 3). This finding is indicative
of a GHR-mediated effect on the synaptic function of the
NMDA receptor. Moreover, it is compatible with a GH-induced
memory promoting effect by a mechanism involving an up-
regulation of the NR2B receptor subunit.

Regarding the mechanism by which GH affects the various gene
transcripts of the NMDA receptor, its clear that an agonistic action
of the hormone on hippocampal GHR may result in direct effects
on brain circuits controlling glutamate transmission and the ex-
pression of its receptor complex. However, GH responses in the
brain may also be mediated by a coordinated effect of both GH and
IGF-1. As mentioned above IGF-1, given by intracerebroventric-
ular infusion, is shown to increase the NR2A and NR2B receptor
protein in the hippocampus (33). Also, some defects seen with aging
are caused by a coordinated loss of the GH�IGF-1 function (7, 8,

Fig. 2. The ratio of NR2B to NR2A mRNA in hippocampus of adult rats of two
different ages. The animals received daily injections of saline (n � 7 for each
control group) or hGH (1 mg/kg, n � 7 for each hGH-treated group). ***, P �
0.001 and †††, P � 0.001 compared with the control group of the 11-week-old
rats (unpaired Student’s t test).

Fig. 1. (A) Effects of daily s.c. injections of saline (n � 7 for each control
group) or human GH (hGH) (1 mg/kg, n � 7 for each hGH-treated group) on
NMDA receptor subunit, GHR and GHBP mRNAs in the adult rat hippocampus.

*, P � 0 05; **, P �0.01; ***, P � 0.001 compared with the age-corresponding
control group; †, P � 0.05, ‡‡, P � 0.01 compared with the 11-week-old control
animals (unpaired Student’s t test). (B) Representative Northern blot analysis
of NMDA subunits, GHR, and GHBP mRNAs. Each well was loaded with 20 �g
of total RNA. For correction of interlane variability in the amount of total RNA,
the hybridization signals were normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA.
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12). The molecular mechanism by which GH signaling through
GHR directly or by receptors of IGF-1 indirectly influences the
regulation of the mRNAs of the NMDA receptor subunits is still
poorly understood.

The GH-induced increase in the expression of the gene transcript
for GHR seen in the adult young rats (Fig. 1) reflects an ability of
the hormone to reach the brain and stimulate hippocampal cells.
Agonist action of GH has shown differential effects on hepatic
GHR transcription and GH binding, indicating a complex relation-
ship that seems to depend on several parameters such as age, sex,
and hormonal status (36). This item is poorly studied in the central
nervous system. Our result shows a GH-induced stimulation of
hippocampal GHR transcription in the group of younger animals.
The lack of such an effect in the elderly rats indicates a partial
resistance to GH in this group. Such age-related resistance to GH
could decrease the response to the hormone and further contribute
to the poor GH signaling often seen with age. Moreover, GH
resistance has been described by a decrease of GH-stimulated
IGF-1 gene expression in the liver of aging mice (37) and a decline
of the hepatic IGF-1 secretion in humans (38). Few studies have
been performed on autoregulation of central GHR transcripts in
adult rats. Bennett et al. showed, by using in situ hybridization
technique, that 6 days of continuous intracerebroventricular ad-
ministration of the hormone to intact animals did not affect GHR
transcripts in the hippocampus (39). On the other hand, acute
peripheral GH treatment (2 h) has been shown to up-regulate GHR
and GHBP mRNA in the brainstem, hypothalamus, and cortex of
the rat (40).

Studies have described a decreased density of GH-binding
sites with aging in the male rat brain (17). In certain human brain
tissues both the GHR protein, as assessed by receptor binding,

and the GHR mRNA decrease by aging (15, 16). In the present
study, we did not observe any significant difference in hippocam-
pal GHR or GHBP mRNA expression between untreated young
and elderly adult male Sprague–Dawley rats. This relation on a
transcriptional level has to our knowledge not been studied in the
central nervous system, although it is in line with that found in
the liver and other peripheral tissues of the Wistar rat (41).

As mentioned above, GH-replacement therapy in adult elderly
GHD patients improves cognitive capability and memory function
(7–9). In this study, focused on male rats, we did not observe any
neurochemical evidence for a GH-induced enhancement of cog-
nitive functions in elderly adult individuals. However, in contrast to
GHD patients, these animals represent a normal healthy popula-
tion of their particular age. In GH-deficient elderly male rats
(hypophysectomized rats) GH treatment was recently demon-
strated to improve memory and learning processes in a dose-
dependent fashion (11). In this context it should also be emphasized
that the GH effect on the expression of the NMDA receptor
subunit gene transcripts may also depend on the given dose.

The human variant of GH, which was used in this study,
interacts with lactogenic or prolactin receptors in the rat.
However, prolactin binding is found mainly in the female rat
brain (42). Therefore, we believe that the hormone-induced
effect on the NMDA receptor subunits seen here represents
effects mediated through pure GHR sites, which are abundant in
male rat hippocampus (17).

Even though the present work aimed to investigate the level
of the gene transcripts for the NMDA receptor subunits as well
as GHR and GHBP, the obtained result is in good agreement
with what has been shown in earlier studies focused on the
corresponding receptor proteins. Moreover, the observed GH-
induced effects at transcriptional level agree with known func-
tion of the NMDA receptor complex regarding age and cognitive
capabilities. Thus, the recorded alterations in the various tran-
scripts seem to link previous observations made on the hormonal
and transmitter system above in relation to age and memory
function in a comprehensive fashion.

In conclusion, this study demonstrates that GH may elicit an
increase in the hippocampal gene transcript for GHR and the
NMDA receptor subunit NR2B in young but not in elderly adult
rats. The ratio of the NR2B over the NR2A message is signif-
icantly enhanced in young, but not affected in aged rats. A
distinct interaction between GH and the NMDA receptor is
confirmed by the positive correlation found to exist between the
level of GHR and NR2B mRNA. Because overexpression of the
NR2B subunit is shown to be connected with enhanced cognitive
performance, it is suggested from the present study that GH may
induce its previously demonstrated memory-promoting effects
by a mechanism including an enhanced synaptic function of the
NMDA receptor.
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