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Habenula and Thalamus Cell Transplants Restore Normal Sleep 
Behaviors Disrupted by Denervation of the lnterpeduncular Nucleus 

Forrest Haun, Theresa C. Eckenrode, and Marion Murray 

Department of Anatomy and Neurobiology, Medical College of Pennsylvania, Philadelphia, Pennsylvania 19129 

The preceding companion study (Eckenrode et al., 1992) 
showed that cell suspension transplants of fetal habenula 
cells placed near the interpeduncular nucleus (IPN) following 
lesions of the fasciculus retroflexus (FR) restore the normal 
pattern of substance P (SP) staining in habenular target sub- 
nuclei of the IPN in both perinatal and adult hosts, and restore 
ChAT staining in the IPN of perinatal hosts. Similarly placed 
transplants of fetal thalamus cells only restore ChAT staining 
in the IPN of adult hosts. In this study, we examined the 
functional significance of these restored staining patterns. 
We used a behavioral measure of the integrity of REM-stage 
and non-REM-stage sleep, the “flower pot” test, and as- 
sayed (1) normal adult rats, (2) FR-lesioned control animals 
(neonatal or adult operates), (3) animals receiving FR lesions 
and transplants of fetal habenula cells (perinatal or adult 
hosts), and (4) animals receiving FR lesions and transplants 
of fetal thalamus cells (adult hosts). FR lesions decrease 
markedly the muscle atonia component of REM sleep and 
reduce duration of sleep episodes. Transplants that restore 
SP staining in the IPN (habenular transplants into either peri- 
natal or adult lesion hosts) restore normal frequency of REM 
atonia; transplants that restore ChAT staining (habenular 
transplants into perinatal hosts or thalamic transplants into 
adult hosts) restore normal duration of sleep episodes. The 
number of SP-immunoreactive cells in the transplants pre- 
dicts recovery of REM atonia, and the number of ChAT cells 
in habenular (but not thalamic) transplants predicts resto- 
ration of sleep duration. We conclude that the IPN is impor- 
tant in the regulation of normal sleep patterns, and partic- 
ularly that transmitter-specific innervation of habenular SP 
targets modulates the integrity of REM sleep, while trans- 
mitter-specific innervation of habenular cholinergic targets 
modulates sleep duration, but only when the cholinergic in- 
nervation is mediated by normal habenular afferents. 

The most compelling evidence for the integration of neural 
transplants into the functioning of an organism is behavioral, 
and examples of such transplant-mediated behavioral recovery 
following brain damage abound (e.g., Bjorklund et al., 1980; 
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Freed et al., 1980; Dunnett et al., 1982, 1985, 1987; Gage and 
Bjorklund, 1986; Haun et al., 1989; Kunkel-Bagden and Breg- 
man, 1990; Ralph et al., 1990). The extent of behavioral re- 
covery has been related to the degree of host innervation by the 
transplant, most often by qualitative assessment (e.g., Dunnett 
et al., 1982, 1989; Gage and Bjorklund, 1986; Nilsson et al., 
1987) but in one recent study quantitatively (Klassen and Lund, 
1990). A quantitative correlation has also been shown between 
the number of dopamine neurons in ventral mesencephalic 
transplants grafted into the unilaterally denervated striatum and 
the extent of transplant-mediated improvement in the animals’ 
turning behavior (Brundin et al., 1988). 

We have been studying the regulation of innervation of the 
interpeduncular nucleus (IPN) by cell suspension transplants of 
habenular origin in host animals with lesions of the normal 
habenula input to the IPN. This input contains both cholinergic 
and peptidergic components, and originates in the choline& 
and peptidergic cells of the medial habenula (Artymyshyn and 
Murray, 1985; Contestabile et al., 1987; Eckenrode et al., 1987). 
In the preceding companion article (Eckenrode et al., 1992), we 
showed that transplant-mediated innervation was restricted to 
normal habenular target subnuclei in the IPN, and that the 
patterns of peptidergic versus cholinergic innervation were dis- 
tinctly different (Eckenrode et al., 1992). In this study, we asked 
whether these transplants also affect the animals’ behavior, and 
whether the degree of this effect is predictable from the number 
of peptidergic or cholinergic cells in the transplants. 

For the behavioral assay, we used a simple all-or-none mea- 
sure of the animals’ REM sleep, based on the classic platform 
or “flower pot” technique. In this assay, the animal is placed 
on a small-diameter platform in a tank of water during its nor- 
mal sleep period. As the animal enters REM-stage sleep, the 
muscle atonia component of REM causes the animal to lose 
postural tone, falling toward and sometimes into the water, then 
quickly awakening in response to loss of balance or water con- 
tact. This results in a near-complete absence of REM-stage sleep, 
while non-REM components remain largely unaffected (Men- 
delson et al., 1974; McGrath and Cohen, 1978; Bergmann et 
al., 1989) This technique is often used as a reliable means of 
depriving rodents of REM-stage sleep chronically. We used it 
as an acute assay to test whether removal of habenular input to 
the IPN disrupts normal sleep patterns to the extent that the 
most extreme manifestation of REM atonia, water contact, is 
affected. In addition, we measured the duration of each sleep 
episode while the animals were on the platform during the test 
period. Since the REM stage accounts for only about 10% of 
rodents’ total sleep time (e.g., Kushida et al., 1989), the total 
time spent in each sleep episode is primarily a measure of non- 
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REM components. These are commonly used behavioral mea- 
sures of rodent sleep because they are known to correlate with 
EEG sleep patterns (Morden et al., 1967; Swisher, 1962; Men- 
delson et al., 1974). 

There is no evidence that either the habenula or the IPN 
directly controls any aspect of sleep. However, there are major 
efferents from the IPN to the median and dorsal raphe, and to 
the dorsal and dorsolateral tegmentum (Shibata and Suzuki, 
1984; Groenewegen et al., 1986), areas strongly implicated in 
control of several components of the sleep/wake cycle (Quat- 
trochi et al., 1989; Steriade and McCarley, 1990; Vertes, 1990). 
Metabolically, the normally high level of activity in the IPN is 
unchanged or selectively increased during sleep as well as an- 
esthesia (Herkenham, 198 1; Kennedy et al., 1982; McQueen et 
al., 1984); during REM sleep in particular, metabolic activity 
in the habenula is also increased (Lydic et al., 1991). Lesions 
of the fasciculus retroflexus (FR), which remove the medial 
habenula input to the IPN, also abolish the high level of met- 
abolic activity in the IPN of waking animals as well as eliminate 
the selective sparing during anesthesia (Herkenham, 198 1; Mo- 
tohashi et al., 1986; Barr et al., 1987). Thus, the anatomical 
circuitry of the habenulo-interpeduncular system and its met- 
abolic pattern suggest a possible involvement in the sleep/wake 
cycle. 

Materials and Methods 
Surgery 
Bilateral thermal lesions of the fasciculi retroflexi (FR) were made in 
either 3-lo-d-old or adult female Sprague-Dawley rats, using proce- 
dures described in detail in previous reports (Artymyshyn and Murray, 
1985; Eckenrode et al., 1992). Ten animals with perinatal lesions and 
14 animals with adult lesions received transplants of habenula cells. To 
control for nonspecific effects of the transplants, eight other animals 
with adult lesions received transplants of thalamus cells. Remaining 
operated animals (12 with perinatal lesions, 13 with adult lesions) served 
as lesion-only controls. In addition, 12 normal female littermates of 
these operates were also tested on the behavior assay (Table 1). 

All animals were tested 2-3 months postlesion; adult operates were 
5-6 months of age at time of testing. 

Transplant methods 

Procedures for harvesting and transplantation of donor tissue are de- 
scribed in detail in the preceding companion article (Eckenrode et al., 
1992). Briefly, donor tissue was taken from Sprague-Dawley rat em- 
bryos at 14-l 5 days gestation after the dams had been deeply anesthe- 
tized. Embryos were extracted singly and placed on a cold pack, and 
then both habenulae were excised after reflection of the cortices. For 
the thalamus dissection, the ball-shaped diencephalon was first removed 
to ensure that no adjacent striatal or basal telencephalic structures were 
included. Then, the hypothalamus was dissected away along the hy- 
pothalamic sulcus. The remaining portion of the diencephalon was cut 
into quarters and the ventral posterior quadrant taken. 

Prior to transplantation the tissue was “precultured” for 4-5 d in 
vitro, a procedure that may encourage more consistent transplant vol- 
umes and integration (Haun and Cunningham, 1987). Two pieces of 
either habenula or posterior thalamus were co-cultured as explants in 
a 35 mm dish coated to inhibit fibroblast outgrowth, using a modified 
Ham’s F-10 medium (Eagleson et al., 1990). 

At the end of the culturing period, tissue pieces were dissociated in 
a trypsin cocktail, and the resulting cell suspension was assayed for 
viability; the amount of cell suspension transplanted was adjusted so 
that approximately the same number of viable cells (6-8 x 103 was 
placed into each host (Brundin et al., 1985). 

Host animals had received the bilateral FR lesions either 3-6 d (peri- 
natal hosts) or 7-10 d (adult hosts) prior to transplantation. Hosts were 
anesthetized and placed in a stereotaxic apparatus, and then a glass 
micropipette containing the cell suspension transplant was lowered into 
the midbrain using predetermined coordinates intended to deposit the 

Table 1. Numbers of animals in behavior study 

Trans- 
Lesions plants 

Operated Tested complete seen 

Normal - 12 - - 
FR lesion only 

P3-PlO 12 9 7 - 
Adult 13 13 12 - 

FR lesion + transplant 
P3-P 10 - habenula 10 8 5 4 
Adult - habenula 14 13 11 10 
Adult - thalamus 8 7 5 5 

Operated animals received bilateral lesions of the FR either perinatally [3-10 d 
of age (P3-PlO)] or as adults. Transplants were of either habenular or thalamic 
origin. After behavior testing, brains were examined histologically for complete- 
ness of FR lesion and presence of a transplant. 

transplant just rostra1 to the IPN. Cells were injected slowly, and then 
the needle was removed and the wound sutured before returning the 
host to its home cage. 

Behavioral assay 

Behavioral testing began 2-3 months postlesion. The rat was placed on 
the base of an inverted flower pot (5.5 cm diameter) attached to the 
bottom of a 30 x 58 cm glass fish tank containing tap water (-2O- 
22°C). Water depth was 6 cm, with the top of the flower pot extending 
1 cm above water level. The animal was placed on the pot beginning 
at the same time each day (10 A.M. or 11 A.M.), with the length of 
time gradually increasing over the first 3 acclimation days (0.5 hr, 1 hr, 
and 3 hr per day, respectively). On the fourth day, the animal was placed 
on the pot for 3 hr, the last hour of which was the test period. 

The total number of sleep episodes and water contacts was recorded 
for each animal in the 1 hr test period; the duration of each sleep episode 
was also recorded, and the median time calculated for each animal. 
Onset of a sleep episode was considered to have occurred when either 
(1) the animal’s eyes closed fully or (2) the eyes were partially closed 
and the rat had a hunched-over posture (Rideout, 1979). Cessation of 
a sleep episode was indicated by either eye opening or a sudden straight- 
ening of body posture, which often occurred simultaneously; posture 
straightening alone sometimes occurred following water contact. When 
water contact occurred, it was usually by the rat’s snout, and was always 
followed immediately by cessation of the sleep episode (Fig. 1). 

Weight and rectal temperature were recorded just prior to the begin- 
ning and at the end of the 4 d procedure. The number of grooming 
episodes was recorded during the test period, along with the number of 
fecal boli in the tank at the end of the last day’s session. 

Each animal was tested by one of four observers over the course of 
this study, all of whom were unaware of the surgical history of the tested 
animals. Each observer tested animals from each of the groups in the 
study. 

Anatomical methods 

Lesion verification and immunocytochemistry. At the conclusion of be- 
havioral testing, the animals were overdosed with chloral hydrate and 
perfused intracardially with normal saline, followed by 4% parafor- 
maldehyde. Brains were removed, blocked, and cut on a cryostat in 30 
pm sections, and then processed for cresyl violet staining and substance 
P (SP) and ChAT immunocytochemistry as described in the preceding 
article (Eckenrode et al., 1992). Brains were blocked such that the FR 
lesion site and the transplant were in different blocks. The slides were 
coded so that success of the lesion was determined and morphometric 
analyses of transplants were performed without knowledge of the ani- 
mals’ behavioral performance. Lesions were judged complete by the 
presence of obvious degeneration in both FR tracts, which is seen in 
cresyl violet-stained sections as gliotic replacement of the tracts. 

Morphometry. Transplant volume was calculated from planimetric 
measurements of camera lucida drawings of the cresyl violet-stained 
sections at 120 pm intervals. Transplant boundaries were usually dis- 
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tinct because of their greater cell density compared to surrounding host; 
in cases of doubt, adjacent immunocytochemically processed sections 
were examined for aggregations of SP- and ChAT-positive cells, which 
also served to distinguish transplant from host (see Eckenrode et al., 
1992). 

SP- and ChAT-positive cells were counted at 90 pm intervals through- 
out the entire extent of the transplants. Calculations of total numbers 
used the appropriate Abercrombie (1946) correction for differences in 
cell diameter (“Abercrombie II”). This method of calculating total cell 
number from sample sections has been used in previous studies of the 
number of cells of a particular neurotransmitter phenotype in trans- 
plants (e.g.$ Brundin et al., 1988), and has been shown to provide an 
accurate estimate of actual cell numbers in a structure when cell diameter 
is less than section thickness (Smolen et al., 1983). In this study, the 
largest cells (CbAT positive) had 8-15 pm diameters, therefore never 
more than half the section thickness. 

Statistics 

For the behavioral data, statistical comparisons are with the Mann- 
Whitney U test, corrected for multiple comparisons by Ryan’s procedure 
(Kirk, 1968). For the anatomical data, comparisons are with post hoc 
multiple comparison t tests following separate ANOVAs of the volume 
and cell counts data. Correlations of the behavioral and anatomical data 
compare linear and several polynomial regression equations @B-STAT, 
version 2.0); the model yielding the highest coefficient of determination 
(p) is reported, provided it explains at least 10% more of the variance 
than the model with one less term. Mean values are expressed &SEM. 

Results 

In the 2-3 month interval between surgery and testing, four 
animals died (survival rate, 93%): three perinatally lesioned 
animals (one with a habenula transplant) and one adult-lesioned 
(with a thalamus transplant). Of the remaining animals, two did 
not complete behavioral testing: one perinatal lesion-only and 
one perinatal lesion-plus-transplant animal exhibited chronic 
turning behavior on the platform in the first 2 d, and further 
testing was discontinued. Behavioral data are reported for all 
other operates that subsequent histological examination showed 
had complete bilateral FR lesions, and for all transplant animals 
with a histologically detectable transplant (see Table 1 ). 

Behavioral results are also included from four transplant an- 
imals that died prior to perfusion (two perinatal hosts, one adult 
host with habenula transplant, one adult host with thalamus 
transplant). Transplant volumes and cell numbers were calcu- 
lated from remaining transplant animals (Table 2). SP and ChAT 
staining were examined in the IPN of all animals not otherwise 
used for other studies, and those results are included in the 
preceding article (Eckenrode et al., 1992). 

Morphometry 

The volume of habenula cell transplants in perinatal hosts is 
not significantly different from the volume in adult hosts, and 
likewise the volumes of habenula and thalamus cell transplants 
in adult hosts are not significantly different [ANOVA, F(2,16) 
= 0.472, p = 0.631. 

There are however major differences among the different types 
of transplants in the numbers of SP-positive and ChAT-positive 
cells (Table 2). In habenular transplants, SP cell number varies 
widely: 43-4 17 in adult hosts and 88-679 in perinatal hosts; 
the mean values are not significantly different. However, the 
number of ChAT-positive cells in habenula transplants is sig- 

Figure I. Behavioral test. A, The rat is placed on a small-base inverted 
flower pot affixed to the bottom of a glass fish tank containing cold 
water. B, As the animal begins a sleep episode, it closes its eyes and 

hunches over. As REM-stage sleep begins, muscle tone becomes flaccid 
and the animal either leans to one side before “catching” itself and 
resuming a more upright posture, or falls into the water (C’). 
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nificantly less in adult hosts compared to perinatal hosts: the 
range in adults is O-249, with half containing fewer than 100 
cholinergic cells, while the range in perinatal hosts is 105-567. 

In thalamic transplants there are consistently small numbers 
of SP-positive cells, 15-l 12. Unexpectedly, there are many 
ChAT-positive cells, 185-693, a range practically identical to 
that found in habenula transplants of perinatal hosts. The tha- 
lamic cholinergic cells are particularly large and well differen- 
tiated (Eckenrode et al., 1992). In adult-lesioned hosts, there- 
fore, transplants of thalamic origin contain significantly greater 
numbers of ChAT-positive cells than do transplants of haben- 
ular origin, despite the absence of cholinergic cells in the normal 
mature thalamus. 

Table 2. Summary of transplant volumes and cell types 

Donor origin Number of Number of 
(host aee) Volume (mm’) SP cells ChAT cells 

Habenula 
(P3-PlO) 
n=4 

Habenula 
(adult) 
n= 10 

Thalamus 
(adult) 
n=5 

0.266 316 393 
(LO.1 14) (k113) (k89) 

0.168 176 94** 
(kO.056) (k33) (k24) 

0.265 50* 388 
(+0.139) (k20) (-+ 121) 

Values are means + SEM. The significant differences are between (1) number of 
ChAT cells in habenula transplants (adult hosts) and ChAT cell number in either 
habenular transplants (perinatal hosts) or thalamus transplants, ** = p i 0.01; 
and (2) number of SP cells in thalamus transplants and either SP cell number in 
habenula transplants (perinatal hosts) or ChAT cell number in thalamus trans- 
plants, * = p < 0.05. SP cell number in thalamus transplants (adult hosts) just 
misses being significantly less than SP cell number in habenula transplants (adult 
hosts), .a < 0.07. 

Figure 2. Water contacts during be- 
havioral test. A significantly smaller 
fraction of sleep episodes end in REM 
atonia-induced water contact by ani- 
mals with FR lesions, whether the le- 
sion is made in perinatal animals (PLO; 
0.07 f  0.07) or in adults (LO, 0.11 k 
0.05) compared to normals (0.56 +- 
0.06). Animals with FR lesions plus 
transplants that mediate SP reinner- 
vation of the IPN show normal fre- 
quencies [0.49 4 0.13 in perinatal hosts 
with habenular transplants (PHTP), 
0.54 2 0.06 in adult hosts with haben- 
ular transplants (AHTP)]. However, 
mean water contact frequency remains 
significantly reduced in hosts with 
transplants that do not support SP rein- 
nervation [0.19 + 0.06 in adults with 
thalamus cell transolants (AHTP)l. 
Means are +SEM. **l p < O.bl; ***ii 
< 0.001 for comparisons of operated 
groups with normals, by corrected 
Mann-Whitney test. n = 12 for normal, 
n = 9 for AL0 and AHTP, n = 6 for 
PHTP and ATTP, and n = 5 for PLO. 
Animals undergoing no sleep episodes 
during the test period are not included 
(three ALO, two PLO, and two AHTP 
animals). 

Sleep behaviors 

Sleep episodes. Animals receiving bilateral lesions of the FR as 
adults experience half the number of sleep episodes during the 
1 hr test period as do normal animals: 6.9 (f 2.0) sleep episodes 
for the adult FR-lesion group compared to 15.6 (k 2.0) for 
normals (p < 0.01). In contrast, animals receiving bilateral FR 
lesions perinatally have 8.7 (~4.1) sleep episodes, which is not 
significantly different from normal. In three of these six perinatal 
FR-lesion animals, the number of sleep episodes is within 1 SD 
of normal. 

Transplants of either habenula or thalamus cells restore nor- 
mal frequency of sleep episodes: 12.0 (f 2.4) episodes per hour 
in adult hosts with habenula transplants, and 11.0 (+ 3.4) per 
hour in adult hosts with thalamus transplants, both of which 
are not significantly different from normal. A normal frequency 
of sleep episodes is also seen in perinatally lesioned animals 
with habenula transplants, 12.0 (k2.9) per hour. 

Water contacts (Fig. 2). The number of water contacts during 
the test period, expressed per sleep episode, is also severely 
reduced following bilateral FR lesions, whether the lesions are 
made perinatally or as adults. In fact, most lesion-only animals 
fail to contact the water in any sleep episode. 

Transplants of habenular cells into either perinatal- or adult- 
lesioned hosts result in normal water contact frequency, whereas 
thalamus cell transplants are ineffective in ameliorating any part 
of this deficit. 

Sleep episode duration (Fig. 3). The disruption of the lesion- 
only animals’ sleep pattern is further evident in the significantly 
reduced time these animals spend in each sleep episode. Trans- 
plants of habenula cells do not improve this aspect of the lesion- 
induced sleep disruption, when placed into adult hosts, but when 
placed into perinatal hosts, habenula cell transplants restore 
sleep duration to normal levels. In, contrast to water contact 
frequency, sleep duration is improved by transplants of thala- 
mus cells into adult hosts. 
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Correlation with numbers of transplant cells. The number of 
SP-positive cells in an animal’s transplant is highly predictive 
of how likely it is to contact the water during REM-induced 
atonia (Fig. 4). The highest correlation obtained is with a log- 
arithmic fit of the data: r,og = 0.83, F(15) = 32.416,~ < 0.0001. 
This significant correlation includes data from animals with 
thalamus transplants, which as a group show no improvement 
in water contact frequency (Fig. 2); their transplants also contain 
few SP cells (see Morphometry, above). One might therefore 
expect that removing this group’s data from the correlation 
would improve the predictability. In fact, the correlation be- 
comes worse: r,, = 0.65, p < 0.02. 

The number of ChAT cells in habenula transplants predicts 
improvement in the duration of sleep episodes [r,,” = 0.66, F( 10) 
= 7.534, p < 0.02; Fig. 51. This correlation is significant only 
for animals with habenula transplants. Adding the data from 
animals with thalamus transplants reduces the correlation to Y,~” 
= 0.32, which is not significant (p = 0.21). Furthermore, the 
significant correlation for animals receiving habenula trans- 
plants is entirely dependent on the perinatal hosts; adult hosts 
with habenula transplants show no significant correlation be- 
tween ChAT number and sleep duration (r,i, = 0.08.) The range 
of ChAT cell numbers in habenula transplants is greater in 
perinatal compared to adult hosts (see above), so the significant 

0 100 200 300 400 500 600 700 800 
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Figure 4. Correlation of SP cell number with water contact frequency. 
The number of SP-positive cells in the transplants of all animals cor- 
relates highly with frequency of REM atonia-induced water contacts by 
these animals in the flower pot test. A logarithmic fit of the data gives 
the highest correlation (see Sleep behaviors, above). 

.  I  .  I  .  I  I  I  I  

0 100 200 300 400 500 600 

ChATCELLSINHABENULARTRANSPLANTS 

Figure 5. Correlation of ChAT cell number in habenula transplants 
with duration of sleep episodes. The number of ChAT-positive cells in 
transplants of habenular origin correlates with duration of the animals’ 
sleep episodes as measured behaviorally in the flower pot test. The 
significant linear correlation is dependent on the perinatal host animals 
(PHTP); the adult host animals (AHTP) have relatively small numbers 
of ChAT cells in their transplants (see Sleep behaviors, above). 
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statistical correlation for all animals with habenular transplants 
is likely the result of that wider range in the perinatal hosts. 

Physiological measures 
At the start of behavioral testing the average weight for each 
group of animals ranged from 303 (?2 1) gm in normals to 354 
(+30) gm in animals with adult lesions and thalamus trans- 
plants, differences that were not statistically significant. By the 
end of the 4 d assay, each operated group had a net weight loss 
while the normal group had a net weight gain, but there were 
no statistically significant differences between any pair of groups 
in either the direction of their weight change or its absolute 
magnitude. Similarly, at the beginning of the assay period, body 
temperatures ranged only slightly across all animals, from 35.O”C 
to 38.1”C, and had not changed significantly by the end of the 
test period for any group. 

In the other two measures, number of grooming episodes and 
number of fecal boli, the only suggestion of a between-group 
difference was in the number of fecal boli for the perinatal lesion- 
only group: 9.4 (+ 1.6) over the last 3 hr period on the flower 
pot, compared to 5.0 (k 1.6) for normals, a difference that just 
misses statistical significance at p < 0.06. 

Discussion 

The principal findings of this study are that (1) disruption of 
the habenulo-interpeduncular pathway alters components of both 
REM and non-REM stages of sleep, (2) transplants in these 
lesioned animals that reestablish peptidergic innervation of the 
IPN restore the REM component to an extent that is highly 
predictable from the number of SP-positive cells in the trans- 
plant, and (3) transplants that reestablish a cholinergic inner- 
vation of the IPN restore the non-REM component to an extent 
that is predictable from the number of cholinergic cells in the 
transplant only when the cells are derived from a normal IPN 
afferent. 

Functions of the habenulo-interpeduncular system 
The habenula and IPN have been classically thought of as part 
of the limbic system outflow into the brainstem (Nauta, 1958) 
with more recent anatomical evidence suggesting ascending in- 
fluences as well (Vertes and Fass, 1988). Standard ablation- 
behavior and stimulation-behavior studies of the two nuclei and 
the fiber bundle connecting them, the FR, have not led to a 
consensus on the functions of this system (reviewed in Suth- 
erland, 1982). The most consistent behavioral finding after le- 
sions has been a deficit in active avoidance learning (Wilson et 
al., 1972; Wirtshafter, 1981; Thornton and Bradbury, 1989) 
and recent behavioral as well as pharmacological stimulation 
studies have emphasized the role of stress in habenular-inter- 
peduncular functions (Thornton and Bradbury, 1989) a role 
that appears to involve the peptidergic component of the system 
(Lisoprawski et al., 198 1; Nishikawa et al., 1986). 

Based on the connections of the IPN and its pattern of met- 
abolic activity, Shibata et al. (1986) suggested it may have some 
role in sleep regulation. Results of the present study provide the 
first direct support for this idea. Deafferenting the IPN of its 
medial habenula input by bilateral FR lesions significantly re- 
duces both the frequency and duration of sleep episodes, and 
nearly eliminates one particular component of REM-stage sleep, 
muscle atonia, during the acute test period. The measures of 
these disruptions in sleep cycle integrity are behavioral rather 

than electrophysiological, but the method used is known to 
correlate with EEG assessment of sleep stages (see introductory 
remarks). 

In this platform or “flower pot” method, the most straight- 
forward behavioral result of placing the animal on a small- 
diameter inverted flower pot in a water tank during its normal 
sleep period is loss of postural tone as the animal enters REM- 
stage sleep (Cohen and Dement, 1964; Kushida et al., 1989) a 
flaccidity that leads to the animal contacting the water, causing 
it to awaken. Chronically, this procedure results in REM de- 
privation. In the present study, the animals were only briefly 
placed on the flower pot. We interpret the frequency of water 
contact during this acute period as a measure of either the fre- 
quency of REM-induced atonia, or the degree of its complete- 
ness (i.e., whether the atonia is severe enough to lead to the rat 
tilting into the water). Under either interpretation, the FR lesion 
results in a disruption in this REM-associated sleep behavior. 

We do not interpret the near-complete absence of water con- 
tacts in the adult lesion-only group as evidence that the FR 
lesion results in chronic REM deprivation. These animals ex- 
hibit none of the classic symptoms ofchronically REM-deprived 
animals-yellowish-brown fur, plantar and tail lesions, weight 
loss, and increased mortality (Kushida et al., 1989). In addition, 
there were no significant effects on several physiological mea- 
sures of stress associated with REM deprivation. Rather, the 
REM disruption appears selective for the muscle atonia com- 
ponent. A selective loss of muscle atonia during REM also re- 
sults from lesions in the anterodorsal pons (Jouvet and Delorme, 
1965; Sastre et al., 1981). 

FR lesions also reduce the duration of the animals’ sleep 
episodes by half. This decrease cannot solely be the result of 
REM sleep loss, since in rats the duration of REM-stage sleep, 
as defined by EEG pattern, has been variously reported as com- 
prising between 10% and 20% of total sleep time (Van Twyver, 
1969; Kushida et’al., 1989; Rampin et al., 1991; Trampus et 
al., 1991). Therefore, even if the FR lesions did completely 
eliminate all REM-stage components, most of the reduction in 
total sleep time must still reflect a reduction in non-REM sleep, 
most likely in the high-amplitude synchronized components 
(Gilliland et al., 1989). Therefore, both REM and non-REM 
aspects of the pattern of sleep behavior are disrupted by FR 
lesions that deafferent the IPN. 

Transplant-mediated behavioral sparing 
SP neurons and REM-sleep behavior. The severe disruption in 
REM atonia following FR lesions is completely prevented by 
transplants of embryonic habenula cells placed near the dener- 
vated IPN (Fig. 2). These same transplants mediate enhanced 
SP staining in specific subnuclei of the IPN (see companion 
article). Both of these transplant effects are specific, in that trans- 
plants of thalamus cells, which at the time of implanting contain 
the same number of viable cells as the habenula transplants, do 
not have an overall effect on water contact frequency and do 
not restore SP staining in the IPN. The ineffectiveness of thal- 
amus transplants is attributable to their containing reduced 
numbers of peptidergic cells, compared to the number in ha- 
benular transplants (Table 2). The thalamus normally contains 
few if any peptidergic cells when mature (Jonakait et al., 199 l), 
so this result is not surprising. 

The recovery of REM atonia is strongly dependent on the 
number of SP-positive cells in the transplants, suggesting this 
aspect of REM is peptidergically mediated (Fig. 4). Even the 
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few peptidergic cells in the thalamus transplants apparently con- 
tribute to this behavior, because the correlation between water 
contact frequency and SP cell number is reduced in magnitude 
if data from the thalamus transplant animals is not included. 
This result suggests that even small numbers of transplant cells 
of a particular phenotype may increase the probability of a 
specific behavior. 

The mechanism of the transplant SP cells’ effect on this be- 
havior may be via direct projections to the IPN, with the prob- 
ability of the density of the projection closely related to the 
specific number of those cells. Alternatively, the SP cells may 
secrete a diffusible factor, perhaps SP itself, with the total quan- 
tity of the factor closely related to the number of SP cells in the 
transplant and to its net influence on host cell activity. There 
is evidence from other studies that both mechanisms may lead 
to significant quantitative correlations with behavioral mea- 
sures. The area of retinal transplant innervation of the deaffer- 
ented host olivary pretectal nucleus is correlated (Y,,, = 0.84) 
with the intensity of the pupillary eye reflex (Klassen and Lund, 
1990); the number of dopaminergic cells in intrastriatal trans- 
plants is correlated (Y,,, = 0.56) with a reduction in 6-hydroxy- 
dopamine lesion<aused rotational asymmetry (Brundin et al., 
1988). 

Interestingly, both these quantitative correlations are best de- 
scribed by a logarithmic relationship (a sigmoidal curve), which 
is also the result here. In three very different systems, then, the 
quantitative relationship between transplants and functional re- 
covery follows the same course. As the transplants’ effect on the 
host increases, the size of the increments in behavioral recovery 
begins to decrease. This strongly implies host regulation of the 
transplants’ functional consequences. 

The association between REM atonia recovery and SP stain- 
ing in the IPN also suggests a normal involvement of the IPN 
in this aspect of the sleep cycle. The most consistent and obvious 
anatomical effect of the habenula transplants is an increase in 
SP staining intensity in the ventral portion of the rostra1 sub- 
nucleus of the IPN (Eckenrode et al., 1992). The SP cells located 
there project to the caudal portion of the dorsal tegmentum 
(Huitinga et al., 1985; Groenewegen at al., 1986), which in turn 
sends cholinergic projections (Quattrochi et al., 1989) to the 
“REM sleep induction zone” in the dorsomedial pons (Ya- 
mamoto et al., 1990). By this pathway, the IPN may exert a 
kind of fine-tuning control on the atonia component of REM 
sleep. 

Cholinergic neurons and non-REM-sleep behavior. The du- 
ration of sleep episodes in FR-lesioned animals is half that in 
normals, with most of this reduction occurring in the non-REM 
sleep stage (see above). Transplants that mediate ChAT rein- 
nervation in the IPN (thalamus transplants in adults, habenula 
transplants in pet-mates) restore normal sleep times (Fig. 3). In 
contrast, lesioned animals with transplants that do not mediate 
ChAT innervation in the IPN (habenular transplants in adult 
hosts) have reduced sleep time. Thus, restoration of ChAT stain- 
ing in the IPN of FR-lesioned hosts is associated with recovery 
of non-REM sleep behavior. 

The presence of large, well-differentiated cholinergic neurons 
in thalamus transplants is surprising, since the mature thalamus 
does not normally contain cholinergic neurons (Jones, 1985). 
ChAT-positive cells in our thalamus transplants are not likely 
a result of contamination of the donor tissue by, for example, 
striatal or basal forebrain cholinergic neurons, because our dis- 
section avoids the forebrain. Rather, these thalamus cells may 

have retained a transient immature phenotype when placed in 
this ectopic location (see Eckenrode et al., 1992, for discussion). 

The failure of habenula transplants in adult lesion hosts to 
improve sleep duration or to mediate any cholinergic reinner- 
vation in the IPN may be attributable to a significantly reduced 
number of cholinergic cells in the habenula transplants of adult 
hosts, compared to the number in both thalamus transplants in 
adult hosts and habenular transplants in perinatal hosts (Table 
2). This reduction does not reflect a general impairment in sur- 
vivability in adult versus perinatal hosts (Hallas et al., 1980) 
because the number of cholinergic cells in adult thalamus trans- 
plants is nearly identical to that in perinatal habenula trans- 
plants. Rather, the diminished cholinergic cell survival in adult 
hosts may result from constraints on synapse formation by ha- 
benular cholinergic afferents that normally begin in the late 
perinatal period, constraints not effective on the anomalous 
thalamic cholinergic cells (discussed in Eckenrode et al., 1992). 

While the two transplant groups showing ChAT reinnervation 
of the IPN have improved sleep duration times, they have very 
different relationships between the number of cholinergic cells 
in their transplants and recovery of sleep duration. The number 
of cholinergic cells of habenular origin is a significant predictor 
of sleep duration (Fig. 5), while number of cholinergic cells of 
thalamic origin has only a random relationship with sleep du- 
ration. 

The number of animals in these two groups is small, so con- 
clusions are limited. Nonetheless, one clear possibility is that 
habenular cholinergic neurons mediate their effect on sleep du- 
ration directly through one pathway (perhaps involving normal 
cholinergic targets in the IPN) while thalamic neurons (possibly 
not the cholinergic population) affect another pathway that also 
contributes to recovery of sleep duration. These alternatives 
may be resolved by “preculturing” the transplants to manipulate 
in vitro the proportions of various cell types that when trans- 
planted integrate with host functions by different means. 
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