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Transplanted Suprachiasmatic Nucleus Determines 
Circadian Period 

The pacemaker role of the suprachiasmatic nucleus in a mammalian circadian system 
was tested by neural transplantation by using a mutant strain of hamster that shows a 
short circadian period. Small neural grafts from the suprachiasmatic region restored 
circadian rhythms to arrhythmic animals whose own nucleus had been ablated. The 
restored rhythms always exhibited the period of the donor genotype regardless of the 
direction of the transplant or genotype of the host. The basic period of the overt 
circadian rhythm therefore is determined by cells of the suprachiasmatic region. 

T HERE IS CONSIDERABLE EVIDENCE 

to suggest that the suprachiasmatic 
nucleus (SCN) of the hypothalamus 

is the site of circadian pacemaker cells that 
generate overt circadian rhythms in mam- 
mals. The evidence that supports this view is 
diverse. (i) The SCN is the target of direct 
and indirect retinal projections required for 
entrainment of circadian rhythms to envi- 
ronmental cycles (1, 2). (ii) The SCN exhib- 
its strong circadian rhythms of glucose utili- 
zation in vivo (3). (iii) Ablation of the SCN 
or its surgical isolation within the brain 
eliminates overt behavioral rhythmicity (4- 
6) and rhythmic electrical activity in the 
brain (7). (iv) Tissue explants containing the 
SCN continue to express circadian rhythms 
in electrical activity (8, 9) and vasopressin 
release (10) in vitro. (v) Circadian rhythmic- 
ity can be restored to SCN-lesioned arrhyth- 
rnic hosts by implantation of fetal brain 
tissue containing SCN cells (11-14). 

Despite this evidence, however, the pace- 
maker role of the SCN circadian oscillator 
has not been confirmed. In addition, the 
role of the nucleus has come into question 
because methamphetamine given on a long- 
term basis to arrhythmic, SCN-lesioned rats 

will restore circadian rhythmicity (15). 
Moreover, in the rat (16) and in lower 
vertebrates (1 7), structures outside the SCN 
are able to generate circadian rhythms. 

Although in the aggregate the evidence is 
compelling, final proof that the SCN is the 
site of a central driving oscillator for mam- 
malian circadian systems requires that char- 
acteristics of the overt rhythm such as phase 
and period be unambiguously attributable 
to the activity of SCN cells. The discovery of 
the 7 mutation in hamsters provided the 
opportunity to test directly the pacemaker 
role of the SCN by tissue transplantation. 
The mutation has the primary behavioral 
effect of reducing the period of the circadian 
rhythm from 24 hours to about 22 hours in 
heterozygotes and to about 20 hours in 
homozygotes (18). If the SCN drives overt 
behavioral rhythmicity in hamsters, then the 
period of the rhythm that is restored by 
SCN transplantation should reflect the ge- 
notype of the donor tissue and not that of 
the lesioned host. 

All animals used in these experiments 
were raised in our colony, and only male 
animals were used as hosts. ~ h e s e  were 
placed in running wheel cages for activity 
recording after reaching 8 weeks of age and 
were kept in constant dim light or constant 

M. R. Ralbh,,R. G. Foster, M. Menaker, Department of 
Biology, mverslty of Virginia, Charlottesville, VA dark for the duration of the experiment. 
22903. After the period of the host rhythms had 
F. C. Davis, Department of Biology, Northeastern Uni- 
versity, Boston, MA 02115. been established (7 to 21 days), animals 

were anesthetized and placed in a Kopf 
*To whom correspondence should be addressed at De- 
partment of Psychology, University of Toronto, Toron- mode' 900 instrument for SCN 
to, Canada M5S 1Al. ablation. Lesions were made by current in- 
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jection (4 rnA for 10 s) through a platinud 
iridium (90110) wire electrode insulated ex- 
cept for 0.3 mm at the tip (electrode place- 
ment: anteroposterior, +0.6 mm from breg- 
ma; dorsoventral, 8.4 mm from the top of 
the skull; tooth bar, -2 mm). Functional 
ablation of the SCN was determined by 
visual analysis of the subsequent locomotor 
activity record. As is common with this type 
of lesion, ultradian rhythmicity persisted in 
many records after SCN ablation. Lesions 
were considered to be functionally complete 
if 24-hour periodicity was not visible in the 
activity record. The location and extent of 
the lesion was determined later during histo- 
logical examination. 

In most cases, transplants were performed 
between 3 and 4 weeks after SCN ablation. 
When transplants involved hosts and donor 
tissue with the same genotype, the operation 
was performed at least 3 weeks after ablation 
so that there would be ample opportunity to 
identify rhythmicity that persisted in incom- 
pletely lesioned animals. In four cases, in 
which transplants involved donor and host 
of different genotype, the implantation was 
performed 1 week after SCN ablation to 
make a preliminary assessment of whether 
the timing of the two operations influenced 
the success rate of the transplantation proce- 
dure. 

Fetal tissue was obtained on embryonic 
day 13.5 (day 1 is the first 24 hours after 
conception) from donors of known circadi- 
an genotype. Pregnant females were anes- 
thetized with sodium pentobarbital, and fe- 
tuses were removed and decapitated imme- 
diately. The brains were removed quickly 
and placed in culture medium 160% Eagle's 
minimal essential medium, with Earle's 
salts; 40% Hanks balanced salt solution 
(MEM-BSS)] maintained at 36°C. After all 
of the brains had been collected, blocks of 
tissue containing either SCN or control 
tissue (cortex) were excised and placed in 
separate dishes (19). For implantation, the 
SCN from two donors were drawn into a 5- 
pl Wiretrol micropipette (Drummond Sci- 
entific, Broomall, Pennsylvania) for stereo- 
taxic placement in the third ventricle of the 
host near the site of the SCN lesion. This 
site was chosen to be consistent with tissue 
placement in other SCN transplant studies. 
The total volume of material implanted was 
about 1 pl (20). 

Circadian rhythmicity was restored 
unambiguously in about 80% of the ar- 
rhythmic hosts that received SCN im- 
plants. Only rhythmicity that was visible 
to nai've observers of the raw activity data 
is presented in this report. Rhythmicity 
was not restored in animals that received 
cortical tissue implants (n = 4), although 
apparently healthy implants were found 

later during immunocytochemical analy- 
sis. Time series (fast Fourier) analysis was 
used to confirm the presence of rhyth- 
micity restored by SCN transplantation 
and to confirm the absence of donor 
rhythmicity in the activity of control ani- 
mals. This analysis indicated the presence 
of residual rhythmicity in some animals 
after SCN lesions. Because of the differ- 
ence in period length between host and 
donor phenotype, this residual rhythmic- 
ity did not interfere with the interpreta- 
tion of the rhythmicity restored by trans- 
plantation. 

The period of restored rhythms always 
matched that predicted by the genotype 
of the donor tissue. Examples of rhyth- 
micity restored by transplantation are 
shown in Fig. 1. When wild-type tissue 
was used, the period of the restored 
rhythm was always about 24 hours; het- 
erozygous donor tissue always produced 
rhythms with periods close to 22 hours; 

SCNX 

.T T 

0 24 
Hours 

Hours 

Fig. 1. (A) Expression of homozygous mutant 
rhythmicity in a wild-type host. The endogenous 
rhythm of the intact host is shown at the top of 
the activity record (period, 24.05 hours). SCNX 
is SCN ablation; at this point, the plotting inter- 
val was changed from 24 hours to 20 hours to 
help visualize rhythmicity that was restored later 
by neural transplant. Implantation of fetal SCN 
tissue was performed on the day indicated by a T 
at the time indicated by the circle. The period of 
the restored rhythm in this example was 19.5 
hours. (8) Expression of wild-type r h y t h c i t y  in 
a heterozygous mutant host. The period of the 
host rhythm was 21.7 hours. Transplantation 
resulted in the restoration of a 24.2-hour rhythm 
seen in the lower third of the record. 

and homozygous mutant tissue always 
produced periods close to 20 hours. This 
result was obtained regardless of the ge- 
notype of the host. No influence of the 
host genotype on the period of rhythms 
could be detected. 

Our data for SCN transplants between 
different genotypes are summarized in 
Fig. 2. For all combinations of donor and 
host, the restored period was significantly 
different from that of the host (P < 0.01), 
and for each genotype of donor tissue the 
periods of the restored rhythms always 
fell within the range shown by intact 
adults of that genotype. 

Perhaps the most parsimonious inter- 
pretation of our results, when taken to- 
gether with the work of others (1-14), is 
that the SCN contains cells that are not 
only able to generate oscillations with a 
circadian period, but are also responsible 
for the generation of overt behavioral 
circadian rhythms in intact mammals. Al- 

Host Restored 

Host Restored 

Fig. 2. Reciprocal transplantation of SCN tissue 
between wild-type and mutant animals. Periodic- 
ity was determined from eye-fit lines drawn 
through activity onsets on at least 20 consecutive 
days of data and was confirmed later with time 
series analysis. To reduce measurement error, data 
were plotted at intervals close to their free-run- 
ning period before the final period determination 
was made. This procedure reduced the inherent 
variability of the measurement to less than 1% for 
a single determination of period. For each host, 
the endogenous rhythm (left) was eliminated by 
SCN ablation and restored by SCN implants 
(right). The range of period of the intact adult 
population for each genotype is indicated by 
vertical shaded bars (right axis). (A) Reciprocal 
transplants between wild-type and homozygous 
mutants. (B) Reciprocal transplants between 
wild-type and heterozygous mutants. Symbols 
represent the following: (0) host; (0) SCN 
tissue from wild-type donor; (*) SCN tissue from 
heterozygous donor; and (A)  SCN tissue from 
homozygous mutant donor. 



though behavioral patterns can be modi- 
fied by transplantation of large brain re- 
gions early in the development of some 
vertebrates (21), our work shows that a 
discrete behavioral Dattern can be trans- 
planted with a neural gift of limited size 
and well-defined function. 

After behavioral observation we at- 
tempted to determine the extent of SCN 
lesions, the amount of extra-SCN donor 
tissue within the implant, and whether 
neural connections had been established 
between the host brain and implant. For 
each animal examined (22) (n = 16) in 
which rhythmicity had been restored, the 
SCN lesion appeared complete [no evi- 
dence of the host SCN when antisera 
directed against vasoactive polypeptide 
(VIP), vasopressin, or neuropeptide Y 
(NPY) were used], and a plug of donor 
tissue was found within the third ventri- 
cle. These plugs were always found in 
close apposition to the ependymal wall. 
VIP-positive perikarya and fibers were 
always identified within these implants, 
and in most cases cells and fibers formed 
a discrete "ball" (Fig. 3, A and B) reminis- 
cent of the organization of VIP within the 
SCN. We could never clearly trace VIP 
fibers extending from the graft and cross- 
ing the host-graft border, although this 
was strongly suggested in some sections 
(Fig. 3C). Vasopressin-positive perikarya 
that resemble the vasopressin immunore- 
active perikarya within the SCN were also 
consis~ently found in the implant (Fig. 3, 
E to G). These perikarya were often diffi- 
cult to identify because of their small size 
(long axis around 10 km) and weak im- 
munostaining. In these cells, much of the 
soma was occupied by the nucleus (Fig. 3E). 
Vasopressin immunoreactive perikarya were 
often associated with a h e  plexus of vari- 
cose fibers showing weak vasopressin im- 
munostaining. These SCN-like vasopressin 
perikarya and fibers contrast with vasopres- 
sin cells of the magnocellular system, which 
show large, strongly irnmunoreactive peri- 
karya (long axis around 25 km) and fibers. 
Such cells were also identified within some 
of the implants (Fig. 3D), suggesting that 
we had occasionally transplanted part of the 
magnocellular system. NPY-positive fibers 
were always found crossing the host-graft 
border (Fig. 3, H and I), but cell bodies 
were rarely found within the implant. As 
NPY perikarya have not been identified 
within the SCN and were not identified 
within the graft, we assume that the major- 
ity of NPY fibers within the graft came from 
the host. In four unsuccessfi~l SCN im- 
plants, we identified weakly stained VIP 
cells and fibers within the graft, but found 
no evidence of vasopressin~immunoreactive 

Fig. 3. (A) Photomicrograph of a graft placed within the third venmde that restored a 22-hour rhythm. 
The approximate borders between the host and graft tissue have been indicated with a dotted line. This 
sectioihas been immunostained with an antibodPy to VIP. The area within the square has been enlarged 
in (B) and (C). (B) A "ball" of VIP penkarya and fibers (right side), reminiscent of the organization of 
VIP within the SCN. (C) The same area as (B) but at a different plane of focus. At this plane of focus 
immunoreactive fibers [indicated with arrowheads in (B) and (C)] are identified that appear to have 
arisen fiom the graft and cross the host-graft border (dotted line). (D) Magnocellular-like vasopressin 
cells were occasionally found within the graft. (E, F, and 0)  Vasopressin immunoreactive perikarya 
(circles) and fibers (arrowheads) within the graft that resemble the vasopressin cells of the SCN. 
Perikarya are faintly stained and small and were often associated with a fine plexus of varicose fibers. 
These cells contrast with the vasopressin cells of the magnocellular system, which have large densely 
stained perikarya associated with heavily stained fibers (D). (H) Dark-field photomicrograph of a 
successful graft placed within the third ventricle. This section has been immunostained with an antibody 
to NPY. The area within the white square has been enlarged in (I) to show immunoreactive NPY fibers 
(arrowheads) crossing the host-graft boundary (dotted line). As no penkarya were identified within the 
graft we assume that these NPY fibers came from the host tissues. Abbreviations: Gr, graft; 
Ho, host tissue; N, necrotic tissue; OC, optic chiasma; and L, lesion site and base of third ventricle. 
Scale bars: (A) 200 pm; (B and C) 50 pm; (D) 20 pm; (E, F, and G) 20 pm; (H) 480 pm; and (I) 20 
pm. 



perikarya or fibers within the graft or evi- 
dence that NPY fibers were entering the 
graft from the host. In contrast to implants 
that contained the SCN, cortical implants 
never restored rhythmicity to the host. Cor- 
tical implants always contained a few NPY 
perikarya and many fibers. In cortical im- 
plants, NPY fibers were always seen to cross 
the host-graft border, and most crossing 
fibers seemed to originate from the host. 

Although most of our implants contained 
some portion of extra-SCN tissues (Fig. 3, 
A and D), the irnmunocytochemical analysis 
showed that grafts that restored rhythmicity 
always contained cells with SCN characteris- 
tics (VIP and vasopressin). Therefore, the 
period of the overt rhythm is determined by 
cells within, or very close to the SCN. This 
observation is in agreement with reports 
showing that the SCN is required for suc- 
cessful restoration of rhythmicity (11-14, 
23). 

In most of our locomotor data, rhythmic- 
ity was visually apparent within 6 to 7 days 
after transplantation. Although surprisingly 
short, this latency does not preclude the 
possibility that nkural reconnections drive 
the behavior since dense neural outgrowth 
has been reported from other transplanted 
tissue with a similar time course (24). Im- 
munocytochemical analysis indicates that 
neural connections have been made between 
graft and host brain; however, it was not 
iossible to determine the source of fibers 
crossing the graft boundary. 

The fact that the genotype of the host 
does not appear to affect significantly the 
expression o f  the transplanted rhythm is 
somewhat surprising, especially in view of 
evidence for the existence of oscillators out- 
side the SCN in the mammalian brain (15, 
16). We interpret the absence of a host 
contribution to the circadian period to mean 
that either the SCN is essentially autono- 
mous in determining the prirnarycharacter- 
istics of rhythmicity in hamsters or that the 
host brain fails to make the connections with 
the tissue graft that are required for the 
brain to influence this period. In either case, 
our results strengthen the view that the SCN 
occupies a position at the top of the circadi- 
an hierarchy in mammals. 
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Regularization Algorithms for Learning That Are 
Equivalent to Multilayer Networks 

Learning an input-output mapping from a set of examples, of the type that many 
neural networks have been constructed to perform, can be regarded as synthesizing an 
approximation of a multidimensional function (that is, solving the problem of 
hypersurface reconstruction). Prom this point of view, this form of learning is closely 
related to classical approximation techniques, such as generalized splines and regular- 
ization theory. A theory is reported that shows the equivalence between regularization 
and a class of three-layer networks called regularization networks or hyper basis 
functions. These networks are not only equivalent to generalized splines but are also 
closely related to the classical radial basis functions used for interpolation tasks and to 
several pattern recognition and neural network algorithms. They also have an 
interesting interpretation in terms of prototypes that are synthesized and optimally 
combined during the learning stage. 

M OST NEURAL NETWORKS AT- puts from a set of correct input-output pairs, 
tempt to synthesize modules that called examples. Some of the best known 
transduce inputs into desired out- applications are a network that maps En- 

glish spelling into its phonetic pronuncia- 
tion (1) and a network that learns the map- 

Artificial Intelligence Laboratory, Center for Biological 
Information Processine. Massachusetts Institute ofTech- ping a chaotic d~namical 
nology, Cambridge, fi 02139. system, thereby predicting the future from 
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