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SORTWELL, C. E. AND J. SAGEN. Induction of antidepressive activity by monoaminergic transplants in rat neocor-
tex. PHARMACOL BIOCHEM BEHAV 46(1) 225-230, 1993.—To assess the ability of monoaminergic transplants to
reduce immobility in the forced swimming test (FST), either adrenal medullary tissue, pineal gland tissue, or equal volumes
of sciatic nerve were transplanted into the rat frontal neocortex. In the FST the duration of immobility is thought to indicate
the level of antidepressant activity, as immobility times are reliably reduced by antidepressant therapies. Immobility times
were reduced in rats with adrenal medullary grafts and pineal grafts to the rat frontal neocortex. In contrast, immobility
times were not reduced in control sciatic nerve tissue grafts. Biochemical analysis using HPLC revealed that pineal-grafted
neocortex contained higher levels of serotonin (5-HT) and adrenal medullary-grafted neocortex contained higher levels
of norepinephrine (NE) than sciatic nerve-grafted or nongrafted controls. Immunocytochemical studies showed that the
monoaminergic grafts survived well and continue to produce high levels of monoamines. These results support an important
role for neocortical 5-HT and NE transmission in antidepressant activity and suggest that transplants of monoaminergic-
containing tissue can reduce biochemical deficits in depression.
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THE original formulation of the monoamine hypothesis of
depression was based on pharmacological evidence that indi-
rectly suggested the involvement of a central deficiency in
monoamines in the etiology of affective disorders. Since that
time, numerous studies have revealed various abnormalities
of the serotonergic and noradrenergic systems in patients with
depression (9,11,23,43). Although the literature regarding the
exact nature of these abnormalities is inconsistent, overall the
monoamine hypothesis remains a helpful framework for the
continuing study of the pathophysiology underlying depres-
sion (24). Effective antidepressant therapies are proposed to
work by correcting the central deficiency in biogenic amines
through the reequilibration of monoaminergic systems in the
direction of greater efficiency (41,45).

The transplantation of pharmacologically relevant tissues
to specific CNS sites is a novel approach toward restoring
imbalanced functioning in the CNS. Studies in several labora-
tories have demonstrated that it is possible to alter behavior by
transplanting cells to substitute for lost neurons and neuronal
pathways [cf. (14)]. Recently, in our own laboratory it was
shown that the transplantation of monoaminergic tissues to
the frontal neocortex of rats prevented the development of
learned helplessness in a depression model (38). The learned
helplessness model is widely considered to be one of the most
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reliable animal models for depression (46,52). However, be-
cause there is some debate over how well the learned helpless-
ness model mirrors depression in humans it is important to
use additional animal models.

The forced swimming test (FST), originally named the be-
havioral despair model when developed by Porsolt in rodents
(34), is considered a complementary model that provides fur-
ther information about the etiology of depression (4). The
FST is a popular measure of antidepressant activity that is
routinely used for the screening of potential antidepressant
drugs. In the FST rats are forced to swim in a confined Plexi-
glas cylinder and after an initial energetic attempt to escape
they assume a readily identifiable immobile posture. On subse-
quent immersion, the rat assumes the immobile position more
rapidly and the duration of immobility is recorded over a
S-min period (32,34). The duration of immobility is signifi-
cantly reduced in rats treated with a wide variety of antide-
pressants, including monoamine oxidase inhibitors (MAOIs),
tricyclics, and atypical antidepressants (4,16,20,32,34), and
chronic treatment potentiates this effect (20,30,31,48). In fact,
there is a significant correlation between the potency of anti-
depressants in the FST swimming test and clinical antidepres-
sants, which gives the FST a level of predictive validity not
found in any other model of depression (51,53).
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The aim of this study was to determine whether the trans-
plantation of monoamine-producing tissues into the frontal
neocortex could reduce immobility in rats in the FST. The
pineal gland was chosen as graft material because it is rich in
serotonin (5-HT), containing 5-HT concentrations about 0.5
mM higher than most other brain areas (21), and can be trans-
planted from nonembryonic donors (26,38). Adrenal medul-
lary tissue served as a source of catecholamines, including
norepinephrine (NE). Sciatic nerve tissue served as a non-
monoamine-producing control graft that could be a source
of trophic factors. A preliminary account of this study was
presented previously (42).

METHOD

Female Sprague-Dawley-derived rats weighing 150 g served
as graft recipients for these studies. Two days prior to tissue
implantation, FST conditioning and testing was conducted.
Each rat was placed in a Plexiglas cylinder (20 cm diameter,
40 cm height) filled with water at room temperature to a height
of 15 cm . On the first day of FST testing rats were placed in
the water for 15 min for a preliminary conditioning time pe-
riod and after 24 h were assessed for a 5-min swim period,
when immobility scores were recorded, similar to the protocol
described by other investigators (32,34). The characteristic im-
mobile posture consisted of a passive upright position where
the head of the rat is maintained just slightly above the water
level (32,34). Once rats had completed each swim they were
removed from the water and placed under a heat lamp un-
til dry.

Graft tissue included rat pineal gland tissue, rat adrenal
medullary tissue, or rat sciatic nerve. To prepare the adrenal
medullary tissue, adrenal glands were obtained from adult
donors and the adrenal cortex was carefully dissected away
under a dissecting microscope. Whole pineal glands were also
excised from adult donors. As a nonmonoaminergic control,
sciatic nerve from adult donors was used. The sheath covering
the sciatic nerve was removed prior to transplantation. Ap-
proximately two-thirds of an adrenal medulla or one whole
pineal gland was transplanted in the monoaminergic trans-
plant groups. Equal volumes of sciatic nerve tissue were trans-
planted in the control condition. All tissues were cut into small
pieces (approximately 0.5 mm’) in ice-cold Hank’s buffer,
loaded into a 24-ga injection cannula, and stereotaxically
placed into the frontal cortex of anesthetized rats (Nembutal
30 mg/kg, IP; stereotaxic coordinates: A 3.00 mm, L 2.0 mm,
H — 1.0 mm, incisor bar — 2.5 mm from bregma). These fron-
tal coordinates were chosen because this site was shown pre-
viously to be a potent cortical site of action for the prevention
of learned helplessness by local antidepressant injection (27,
40). These coordinates are also the site where transplantation
of monoamine-containing tissue was demonstrated to prevent
the development of learned helplessness (38).

Six to 8 weeks following transplantation rats were again
conditioned and tested in the manner described above. Prior
screening in our laboratory showed that acute treatment with
the tricyclic antidepressant imipramine, using a reported effec-
tive dosing schedule [30 mg/kg, IP, at 15 min after condition-
ing swim, 5 h before 5-min test, and 1 h before 5-min test
(32)], reduced immobility scores during the 5-min FST swim
period, indicating that our behavioral paradigm was sensitive
to antidepressant treatment. Animals with either adrenal med-
ullary, pineal, or sciatic nerve transplants were again given
15-min conditioning presessions 24 h prior to 5-min testing.
An additional group of control nontransplanted animals pre-
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viously tested 6 weeks earlier were also reconditioned and re-
tested.

Following the termination of FST behavioral assessment
(8 weeks following graft implantation), some rats were sacri-
ficed by decapitation for neurochemical analysis. The neocor-
tical area immediately surrounding the graft was dissected out
and weighed. Neocortical tissue samples were extracted in
preparation for HPLC analysis using a modification of the
method described by Jakubovic et al. (19). Indoleamines were
quantitated using reverse-phase high performance liquid chro-
matography (HPLC) and electrochemical detection over a
Waters Resolve C18 column (5 um particle size, 3.9 x 150
mm) at a flow rate of 1.0 ml/min. Catecholamines were quan-
titated using reverse-phase HPLC and electrochemical detec-
tion over a Waters Resolve C18 yBondapak column (10 um
particle size, 3.9 x 150 mm) at a flow rate of 1.0 ml/min.
The serotonin mobile phase contained 0.2 mM octyl sodium
sulfate, 0.1 M KH,PO,, 0.15 mM EDTA, and 12% methanol
at a pH of 4.7. The catecholamine mobile phase contained
0.07 M Na,HPO,, 0.2 mM octyl sodium sulfate, 0.1 EDTA,
and 2% methanol at a pH of 4.8. The electrochemical detector
was set at +0.7 mV vs. an Ag/AgCl reference electrode for
indoleamines and at + 0.6 mV for catecholamines. All mono-
amine sample concentrations were calculated and corrected
for recovery of authentic monoamines (which was 80-90%)
using a Waters Baseline 810 system.

In addition, to assess graft viability, morphological analy-
sis of some graft tissues was performed using immunocyto-
chemistry. To do this, animals were deeply anesthetized with
pentobarbital (50 mg/kg) and perfused via the ascending aorta
with saline followed by 4.0% paraformaldehyde in a 0.1 M
phosphate buffer. CNS tissue containing the grafts was re-
moved and placed in 20% sucrose in phosphate buffer. Twen-
ty-micron sections were cut on a cryostat, preincubated in
phosphate-buffered saline containing 1.0% normal goat se-
rum, and exposed to primary antisera to either 5-HT (Incstar,
diluted 1 : 500), tyrosine hydroxylase (Incstar, diluted 1 : 500),
or preimmune serum. Following incubation overnight at 4°C,
sections were washed and exposed to either fluorescein-linked
goat anti-rabbit (Cappel, diluted 1: 100) or rhodamine-linked
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FIG. 1. The effect of frontal cortex transplants on immobility scores
in the forced swimming test (FST). Immobility scores were recorded
during a 5-min interval on the second day of the FST. Groups
of animals included: no transplants (NO TP), pineal transplants
(PINEAL TP), adrenal medullary transplants (ADRENAL TP), and
sciatic nerve transplants (SCIATIC N. TP). N = 15 for each treat-
ment group. Values represent the mean + SEM for each group before
(cross-hatched bars) and 6-8 weeks following transplantation (solid
bars). Significant differences are denoted by asterisks (p < 0.01).
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rabbit anti-mouse (Cappel, diluted 1:100) for 1 h at room
temperature. Following another wash, sections were mounted
on glass slides, coverslipped with Fluoromount, and viewed in
a Zeiss Axiophot microscope.

For statistical comparisons between transplant groups,
analysis of variance (ANOVA) and the Newman-Keuls test
for multiple post hoc comparisons were used. The paired f-test
was used to compare immobility scores before and after trans-
plantation.

RESULTS

The average FST immobility scores for the different groups
are shown in Fig. 1. The mean immobility scores prior to
transplantation were similar in all four groups of animals.
Following transplantation, both pinea! and adrenal medullary
transplants significantly lowered immobility scores [#(14) =
4.226 and 3.861, p < 0.01, for adrenal and pineal transplant
groups, respectively]. This reduction in immobility was similar
to that produced by antidepressant treatments in our and
other laboratories (32). Both the 5-HT-rich and catechola-
mine-rich transplants appeared equally effective in reducing
immobility. In contrast to the monoamine transplant groups,
the mean immobility scores for the sciatic nerve group were
not significantly lower than FST immobility scores prior to
transplantation, #(14) = 0.022, p > 0.05. Similarly, immo-
bility scores for nontransplanted animals were not signifi-
cantly altered during the course of the study, #(14) = 0.787,
p > 0.05.

Figure 2A shows the results from HPLC analysis of the
neocortical tissue taken from pineal, sciatic, and nonim-
planted animals. 5-HT levels of the pineal-implanted group
were significantly higher [overall F(2, 20) = 13.79] than both
the sciatic-implanted group (p < 0.01) and the nonimplanted
group (p < 0.05). There were no significant differences be-
tween the 5-HT levels of the sciatic-implanted group and the
nonimplanted group (p > 0.05). Figure 2B shows the results
from catecholamine analysis of the neocortical tissue taken
from adrenal medullary, sciatic, and nonimplanted animals.
NE levels of the adrenal medullary-implanted group were sig-
nificantly higher [overall F(2, 22) = 5.08] than both the
sciatic and nonimplanted group (p < 0.05). There were
no significant differences between the NE levels of the scia-
tic-implanted group and the nonimplanted group (p >
0.05). Dopamine (DA) levels of the adrenal medullary-im-
planted group, although slightly increased, were not signifi-
cantly different from the sciatic nerve and nonimplanted
group [overall F(2, 22) = 1.05, p > 0.05). Lastly, epineph-
rine (EPI) levels of the adrenal medullary-implanted group
were also increased [overall F(2, 22) = 4.11], but were only
significantly higher compared to the nonimplanted group
(2 < 0.05), not the sciatic-implanted group (p > 0.05).

Figure 3A shows an adrenal medullary implant in the rat
frontal cortex 8 weeks after surgery. This graft has been im-
munocytochemically stained with a tyrosine hydroxylase anti-
body. These cells do not stain for 5-HT (not shown). Two
distinct clusters of stained cells, possibly in two separate trans-
plant tissue pieces, can be identified. Figure 3B shows a pineal
implant to the rat frontal cortex 8§ weeks after surgery. The
pineal implant is immunocytochemically stained with a 5-HT
antibody. The pineal implants are robust, and contain densely
packed, 5-HT-containing cells. These cells do not stain with
tyrosine hydroxylase antibody (not shown). Occasionally, ser-
otonergic varicosities are observed in regions surrounding the
graft not readily visible at this low magnification. The origin
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FIG. 2. The effect of frontal cortex transplants on neocortical mono-
amine levels as assessed biochemically by HPLC analysis. (A) 5-HT
levels (pg/mg) for three different treatment groups. Groups of ani-
mals included: nontransplanted (NO TP, n = 7), sciatic nerve trans-
plants (SCIATIC N., n = 5), and pineal transplants (PINEAL TP,
n = 10). (B) Catecholamine levels (pg/mg) for three different treat-
ment groups. Groups of animals included nontransplanted (NO TP,
n = B), sciatic nerve transplants (SCIATIC N. TP, n = 4), and adre-
nal medullary transplants (ADRENAL TP, n = 12). EPI levels are
represented by single hatch marks, NE levels by double hatch marks,
and DA levels by filled bars. Values represent the mean + SEM for
each group. Significant differences are denoted by asterisks (p <
0.05).

of these terminals, either from the host or the graft, is not
clear, as serotonergic terminals are normally present in this
region. Control sciatic nerve implants did not stain for either
5-HT or tyrosine hydroxyfase (not shown).

DISCUSSION

The results of this study demonstrat that grafts of mono-
amine-containing tissues into the frontal neocortex can reduce
immobility time in the FST. A reduction of immobility in the
FST is thought to reflect an increase in antidepressant activity
(4). These findings support previous findings in our laboratory
that monoaminergic neural grafts to the same coordinates can
prevent learned helplessness, another animal model of depres-
sion (38). The probable mechanism of action for the antide-
pressive effect of the neural grafts is through an increase in
local monoamine levels in the frontal neocortex. Consistent
with this hypothesis, biochemical studies and immunocyto-
chemical studies show that the grafts survive well and continue
to produce high levels of monoamines.

The role of monoaminergic transmission in the reduction
of immobility seen in the FST has been the subject of intense
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FIG. 3. (A) Adrenal medullary implant in the frontal cortex 8 weeks after transplantation
in a rat that had a reduced immobility score in the FST. The cells in the adrenal implant
are stained with a tyrosine hydroxylase antibody and a rhodamine-linked secondary anti-
body. (B) Eight-week-old pineal implant 1n the frontal cortex of a rat with a reduced
immobility score in the FST. The cells in the pineal implant are stained with a 5-HT
antibody and a fluorescein-linked secondary antibody.

investigation. Evidence from other laboratories suggests the
involvement of both noradrenergic (28,29,50) and serotoner-
gic (5) systems as well as a possible role for DA (6). Pharmaco-
logical agents that affect central 5-HT and catecholamine ac-
tivity have been demonstrated to reduce immobility as well (8,
33), although there is a lack of agreement as to what specific
monoaminergic receptors may be responsible for the antide-
pressant effects (7,13). In addition, chronic treatment with the
tricyclic desipramine was found to increase the noradrenergic
activity as measured by MHPG-SO, levels in only a few spe-
cific rat brain regions, the frontal cortex being one of them
(25). Although the effect of direct monoamine injections into
the frontal cortex on the FST has not been previously re-
ported, preliminary findings in our laboratory also indicate
that local injections of 5-HT or NE, but not saline, to the frontal
neocortex of rats also reduce immopbility time in the FST.

The biochemical assay results of the present study implicate
increases in either 5-HT or NE, but not DA, in the antide-
pressive effects of the pineal or adrenal medullary grafts, re-
spectively, since cortical dopamine levels were not increased.
The failure of adrenal medullary transplants to increase corti-
cal dopamine is interesting in light of its choice as donor mate-
rial for replacement of lost DA neurons in Parkinson’s disease
models [cf. (14)]. Other studies in our laboratory have similarly
failed to revealincreased DA levels following adrenal medullary
transplantation in CNS pain modulatory regions (37).

In the present study, donor tissues were chosen for their
high levels of monoamines. Per gram, the pineal contains as
much as 50 times as much 5-HT as the entire brain (10). Al-
though pineal 5-HT is present as a precursor to melatonin,

5-HT itself is also released from the pineal gland (2,15,39,49).
Furthermore, denervation of the pineal gland may reduce the
activity of N-acetyltransferase, the enzyme converting seroto-
nin to melatonin, thereby increasing 5-HT levels (18,21,
35,44). However, a role for melatonin release from trans-
planted pineal cells cannot be eliminated in the present study,
as melatonin has also been implicated in the etiology of de-
pression (1).

Similarly, catecholamines are not the only substances re-
leased from the adrenal medulla. It has been shown that high
levels of diffusible opioid peptides are also released from
transplanted chromaffin cells (36). Therefore, it is possible
that the release of opioid peptides may play a role in the
decreased immobility as well. This possibility deserves investi-
gation, as other studies have revealed that the blockade of
opioid receptors reduces the antidepressant effect of tricyclic
antidepressants on the FST (12).

Recent findings in other laboratories have suggested that
some of the beneficial effects of neural transplants are due to
the release of trophic factors rather than the monoamines
themselves (3,22). To address this, sciatic nerve was trans-
planted as a control, since it is generally accepted that the
Schwann cells of sciatic nerve produce nerve growth factor
(NGF), with levels of NGF increasing dramatically after sci-
atic nerve transection (17,47). The results that sciatic nerve
transplants did not elevate monoamine levels or reduce immo-
bility scores suggest that the grafts are not producing their
effects via trophic factor stimulation of the host CNS.

Another possible explanation for the reduction in immobil-
ity by monoaminergic transplants is an effect on locomotor
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activity. Since drugs enhancing motor activity may give a false
positive in the FST, open field activity is sometimes also mea-
sured (32). A pilot study in our laboratory revealed no differ-
ences in locomotor activity between transplant groups. This
suggests that locomotor effects are probably not the mecha-
nism for decreased immobility by monoaminergic transplants.
Nevertheless, until this question is investigated more exten-
sively this possibility cannot be completely eliminated.

In summary, results of this study suggest that monoaminer-
gic neural transplants can provide a local source of mono-
amines for antidepressive action. The heterogeneity of human
affective disorders does not lend itself easily to mirroring by
only one animal model of depression. The ability of monoami-
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nergic neural grafts to alleviate depression in two different
animal models is therefore an important and promising find-
ing and adds credence to the possibility of monoaminergic
neural transplants providing a new approach to the treatment
of clinical depression.
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