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To investigate behavioral and neurochemical effects of neu-
rotrophic factors in vivo, rats received continuous 14 d in-
fusions of either brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), or vehicle unilaterally into the sub-
stantia nigra. BDNF and NT-3 decreased body weights, an
eftect that was sustained over the infusion period. BDNF
elevated daytime and nocturnal locomotion compared with
infusions of vehicle or NT-3. At 2 weeks, a systemic injection
of amphetamine (1.5 mg/kg, s.c.) increased the frequencies
and durations of rotations contraversive to the side of BDNF
and NT-3 infusions. Both factors attenuated amphetamine-
induced locomotion without affecting amphetamine-induced
stereotyped behaviors such as sniffing, head movements,
and snout contact with cage surfaces. Only BDNF induced
backward walking, and this response was augmented by
amphetamine. BDNF, but notNT-3, increased dopamine turn-
over in the striatum ipsilateral to the infusion relative to the
contralateral striatum. Both trophic factors decreased do-
pamine turnover in the infused substantia nigra relative to
the contralateral hemisphere and increased 5-HT turnover
in the striatum of both sides. Contraversive rotations were
positively correlated with dopamine content decreases and
5-HT turnover increases in the striatum ipsilateral to the in-
fused substantia nigra. Backward walking was positively
correlated with increased dopamine and 5-HT turnover in the
striatum of the infused hemisphere. Supranigral infusions of
BDNF and NT-3 alter circadian rhythms, spontaneous motor
activity, body weights, and amphetamine-induced behaviors
including locomotion and contraversive rotations. These be-
havioral effects of the neurotrophins are consistent with a
concomitant activation of dopamine and 5-HT systems in
vivo.
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NGF promotes the survival and differentiation of cultured cen-
tral cholinergic neurons, and prevents their atrophy following
axotomy in vivo (Hefti, 1986). However, NGF does not exhibit
these properties on nigral dopamine (DA) neurons (Hefti, 1986;
Hartikka and Hefti, 1988; Hyman et al., 1991). Because DA
neurons degenerate in Parkinson’s disease, other trophic factors
have been studied for their ability to prevent the atrophy or
promote the survival and growth of these neurons. One such
factor is a member of the neurotrophin family of NGFs. This
protein, brain-derived neurotrophic factor (BDNF), is structur-
ally related to NGF (Leibrock et al., 1989), and enhances the
in vitro survival of cultured cholinergic neurons (Alderson et
al., 1990) and dopaminergic neurons (Hyman et al., 1991; Knii-
sel, 1991). Neurotrophin-3 (NT-3), like BDNF, is also a member
of the NGF family of neurotrophins (Maisonpierre et al., 1990;
Rosenthal et al., 1990). All three neurotrophic factors share
approximately 50% homology in their amino acid sequence
(Leibrock et al., 1989), yet they also show distinct neuronal
specificities. Unlike NGF, BDNF and NT-3 promote the sur-
vival of nodose ganglion neurons (Lindsay et al., 1985) and
dopaminergic neurons (Hyman et al., 1991; Spina et al., 1992)
whereas sympathetic neurons primarily respond to NGF, but
not to BDNF or NT-3 (Lindsay et al., 1985; Maisonpierre et
al., 1990).

The significance of these in vitro actions of BDNF has only
recently been extended to in vivo efficacy models. Altar et al.
(1992) showed that a 2 week unilateral infusion of BDNF into
the neostriatum or the pars compacta of the substantia nigra
(SN) of otherwise intact rats induces contraversive rotations
(away from the infused hemisphere) subsequent to d-amphe-
tamine challenge. More pronounced effects were observed after
infusion into the nigra than into the striatum. Additionally,
increases in the ratio of DA metabolites to DA levels were
observed in the striatum on the side receiving BDNF infusions,
suggesting an increase in DA turnover. These findings suggest
that BDNF may have a beneficial role in Parkinson’s disease,
although other neurotransmitter systems may be altered by
BDNF infusions in vivo. For example, BDNF-treated rats also
exhibit a decrease in body weight to approximately 85% of their
preexperimental weight (Altar et al., 1992). This observation
indicates that BDNF may have behavioral effects on its own,
in the absence of amphetamine. The reduction in body weight
may be the result of behavioral effects similar to those of am-
phetamine, which i1s well known to produce anorexia. On the
other hand, it is also possible that the reduction in body weight



was a function of some physiological process affected by intra-
cranial infusions of BDNF, and behavioral effects of BDNF may
be secondary to this decrease in body weight.

The purposes of this study were (1) to attempt to replicate
the effect of BDNF on body weights and on amphetamine-
induced turning with a lower dose of amphetamine, and to
determine if NT-3 could produce similar effects; (2) to ascertain
whether the behavioral effects of the neurotrophic factors are
secondary to effects on body weights; (3) to determine whether
striatal, mesolimbic, or nigral levels of monoamines after am-
phetamine injections are altered by prior treatment with either
trophic factor; and (4) to determine if either BDNF or NT-3
can affect spontaneous behaviors, alter circadian rhythms in
locomotor activity, or enhance amphetamine-induced behav-
iors such as locomotion and stereotypy,

Materials and Methods

Animals and surgery. Male Sprague-Dawley rats (240-290 gm; n = 7—
13/group) were housed individually and maintained for 15 d on a 12
hr:12 hr light/dark cycle with access to food and water. Animal housing
consisted of stainless steel cages (24 x 16 x 26 cm) with one Plexiglas
side and a wire-mesh floor. The cages were arranged in four rows of 12
boxes on a cage rack. Preexperimental weights were recorded, and the
animals randomly assigned to one of the following treatment groups:
nonsurgical controls, vehicle controls, NT-3, or BDNF. Rats were anes-
thetized with Nembutal (60 mg/kg, i.p.) and mounted in stereotaxic
frames in a “flat skull plane” (i.e., tooth bar set at —3.3 mm). Alzet
2002 osmotic minipumps (Alza Corp., Palo Alio, CA) were filled the
day before with vehicle (sterile PBS), NT-3 (1.0 ug/ul), or BDNF (1.0
ug/ul) and fitted with a 2 cm piece of silated PES0 tubing (Micro-
Renathane, Braintree Scientific, Braintree, MA) attached to a 6.8-mm-
long cannula (Plastics One, Inc., Roanoke, VA). The pumps were im-
planted subcutaneously through a 2-cm-long incision in the scalp. A
0.5-mm-diameter hole was drilled in the skull above the right substantia
nigra (interaural coordinates: anterior 2.5 mm, lateral 2.7 mm, and
ventral 6.8 mm); the cannula was inserted and attached to the skull with
cyanoacrylate adhesive, and the skull incision was closed with wound
clips. The stability and delivery of BDNF from osmotic pumps main-
tained at 37°C have been estimated at 72-85% (Altar et al., 1992), and
similar values have been obtained for NT-3 (C. A. Altar, unpublished
observations).

Animals were weighed daily with the exception of postsurgery days
1, 8, and 15. Four days after surgery, the vehicle-infused animals were
given restricted access to food in order that their weights matched those
of the BDNF and NT-3 treated groups. Therefore, the rat body weights
were analyzed by ANOVA to ensure that significant group differences
would not occur between the vehicle group and the drug groups by
restricting the laboratory rat chow for the vehicle group to 15-25 gm
each day, as needed. All other groups, including the untreated controls,
had ad libitum access to food. All groups had ad libitum access to water.

On postsurgery day 15, the animals were challenged with 1.5 mg/kg
d-amphetamine sulfate (s.c.). The rats were videotaped for 5 hr, 5 min
every hour for 2 hr before amphetamine and for 3 hr after amphetamine.
Each rat was killed by decapitation 4 hr after amphetamine injection.
All procedures involving live animals were approved by the Health
Sciences Animal Welfare Committee of the University of Alberta to
meet with Canadian Council on Animal Care guidelines.

Behavioral analysis. Locomotor counts were obtained for the duration
of the experiment by computer recording of infrared photobeam inter-
ruptions in the rats’ home cages. Video cameras mounted on moveable
camera trucks recorded the animals’ behaviors on day 15 for 295 sec
at hourly intervals twice before amphetamine injections and three times
after injections (see Martin-Iverson, 1991, for specific details of the
apparatus and procedures). Videotapes were later rated by a trained
observer blind to the drug conditions of the animals and to the purposes
of the experiment, using a computer behavioral observation program
(BeBOP) that records both frequencies and durations of each of 30 dif-
ferent behaviors. These behaviors included clockwise (ipsiversive) turns
(right turns defined as a change in the orientation of the trunk of at least
90°) and counterclockwise (contraversive) rotations (left turns), back-
ward walking, and sniffing.
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Histology and neurochemical analysis. Brains were removed and in-
spected for the site of the termination of the cannula tract. The left and
right striatum, nucleus accumbens, and substantia nigra were dissected
out on ice, rapidly frozen with dry ice, and frozen at —80°C for future
analysis. HPLC with electrochemical detection was used to determine
levels of the catecholamines and their major metabolites (Baker et al.,
1987). For the substantia nigra (SN), tissue was sometimes pooled across
two different animals from the same group (i.e., the right or left SN of
two animals were sometimes pooled together).

Statistical analysis. Body weight data were subjected to analysis of
variance (ANOVA) with one between factor (infusion treatment) and
one within factor (days of treatment). Photobeam interruptions during
the 2 week treatment period were summed in 12 hr blocks and analyzed
similarly with ANOVA, except that there were two within factors (14
consecutive 24 hr periods and day/night). If there are more than two
repeated measures with this type of data, a major assumption of ANO-
VA is violated (i.e., homogeneity of variances and covariances) leading
to inaccurate estimations of probability (Vitaliano, 1982). Therefore, a
number of different multivariate methods (Pillais Trace, Hotellings T,
and Wilks Lambda) were used in all of these cases as part of the statistical
software (spsspc). In situations in which the multivariate methods and
the ANOVA are in agreement, only the ANOVA results are shown. In
other situations, the multivariate statistics are taken as the most valid.

Periodograms were made for each rat from the photobeam interrup-
tion counts (consecutive blocks of 1 hr), which involve plotting power
(the sum of the squared amplitudes of the sinusoids determined by fast
Fourier analysis) versus the frequency of the sinusoid (cycles/hour,
STATGRAPHICS software). Integrated periodograms were also plotted,
comparing the average normalized periodograms of each group to the
95% confidence interval of the Kolmogorov-Smirnoff bounds around a
random uniform distribution of the cumulated sum of the squared am-
plitudes of the sinusoids. On the basis of these periodograms, it was
clear that all four groups exhibited statistically significant 24 hr rhythms
in photobeam interruptions, but the amplitudes at all other cycles were
within the 95% confidence interval for random amplitudes. Therefore,
cosinor functions were made for circadian (24 hr) rhythms following
the procedure described by Halberg et al. (1972). Three parameters of
the circadian rhythms were obtained: the acrophase [the time (in ra-
dians) of the peak of the sinusoid function], the mesor [the average
hourly photobeam interruptions for each rat (in the present case with
equal intervals of measurements)], and the amplitude (the difference
between the level of activity at the acrophase and at the mesor). These
three measures were statistically analyzed by ANOVA with one between
factor (drug treatment). Most of the behavioral measures taken just prior
to and after amphetamine injections were analyzed by ANOVA with
one between factor (drug treatment) and one within factor (time). In
the case of rotations, a number of rats from the untreated control and
vehicle-infused control groups displayed few rotations, if any. Since this
makes assessment of variability difficult, rotations in both directions
were summed for the two preamphetamine observation periods and the
three postamphetamine observation periods, and these sums for each
group were analyzed by the nonparametric Mann-Whitney U test (one-
tailed test corrected for ties) comparing contraversive with ipsiversive
turns, with the expectation of greater contraversive turning. All com-
parisons between groups for data subjected to ANOVA were carried
out with the multiple F test for planned comparisons or Tukey’s HSD
test for post hoc individual comparisons (Kiess, 1989).

Results

Cannula placements. All of the cannulas were observed to ter-
minate in the area (zona incerta) just above the SN, as previously
described with this procedure (Altar et al., 1992). One animal
exhibited a blood clot in the SN and was excluded from further
analysis.

Body weights. The mean weights of each treatment group are
represented over time in Figure 1. There was a significant treat-
ment x day interaction for body weight [F(33, 407) = 11.6; p
< 0.001]. Individual comparisons indicated that there were no
significant differences between rats treated with BDNF or NT-3
and the food-deprived vehicle controls over the experimental
period. The nonsurgical control group maintained a significantly
higher body weight than the treated groups after day 4 (Fig. 1).
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Figure ]. Mean body weights of rats that were untreated (CONTROL),

or that received infusions of vehicle (VEH), BDNF, or NT-3 for 2 weeks
after surgery. The critical difference line indicates the degree of difference
required between any two groups for statistical significance, p < 0.05
(multiple F test). On day 4 and thereafter, rats in the vehicle group had
food access restricted to 15-20 gm/d in order for their weights to match
those of rats in the BDNF and NT-3 groups.

Motor activity. Figure 2 shows the mean photobeam inter-
ruptions over consecutive days and nights. There was a signif-
icant treatment x day x day/night interaction [F(39, 481) =
2.95; p < 0.001]. As can be seen in Figure 24, the BDNF-
treated group exhibited significantly higher levels of daytime
locomotion than the vehicle-infused and NT-3-infused groups
over most days.

Locomotor activity was higher in the BDNF-treated group
than in the untreated, freely feeding group on 13 of 14 d, but
this increase was rarely statistically significant. A similar general
relationship can be observed for nocturnal locomotion (Fig. 2B).
The BDNF-infused group exhibited significantly greater activity
levels than either the vehicle or the NT-3-infused groups. BDNF
increased activity significantly above the untreated controls on
days 2-4, but not on any other nights. The nocturnal but not
daytime activity of the vehicle-infused controls increased sig-
nificantly above all other groups on the two nights following
food restriction. Food restriction had no effect during the day,
when rats do not normally spend much time eating, and the
increase in nocturnal activity returned to normal levels or lower,
indicating habituation to the food restriction regimen.

Periodograms of the photobeam interruptions (Fig. 3) show
that the greatest amplitude of sinusoids occurred in all four
groups at 24 hr (0.0416 cycles/hr). Further ultradian rhythms
can be observed at 12, 8, and 6 hr, and to a lesser degree at a
few shorter periods, but all of the amplitudes of these sinusoids
fell within the 95% Kolmogorov-Smirnov bounds for a uniform
distribution. These data indicate that rats in all four groups
exhibited significant circadian rhythms in motor activity, and
so these rhythms were subjected to Halberg’s cosinor procedure.
The cosinor functions of the 24 hr rhythms for all four groups
(Fig. 4) were generated from the mean values for the mesors,
amplitudes, and acrophases (Table 1), and ANOVA revealed
significant treatment effects on mesors [F(3, 38) = 6.0; p <
0.005], amplitudes [F(3, 38) = 2.9; p < 0.05], and acrophases
[F(3,38)=4.9; p < 0.01]. The BDNF group had a higher mesor
(mean level of activity) and a later acrophase (time of peak of
the cosinor function) than either the vehicle-treated or the NT-
3—treated groups. The circadian rhythm parameters for the BDNF
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Figure 2. Mean photobeam interruptions summed over the 12 hr light
(4) or dark (B) portions of the days in the groups that were either
untreated (CONTROL) or treated with vehicle, BDNF, or NT-3. The
critical difference lines indicate the degree of difference required between
any two groups for statistical significance, p < 0.05 (multiple F test).

group were similar to those of the untreated, freely feeding con-
trols. The most striking alteration in circadian rhythms was that
NT-3 reduced the amplitudes of the circadian rhythm (Figs. 3,
4), and this reduction was statistically significant relative to all
other treatment groups. NT-3 also shifted the timing of the peak
of the rhythm earlier in the night (to 01:48), compared with the
BDNF and vehicle groups. The amplitude of the circadian rhythm
in motor activity of the vehicle-infused animals did not differ
from that of either the untreated controls or the BDNF groups..
However, vehicle infusions shifted the acrophases (01:00) to a
greater extent than did NT-3 relative to both untreated controls
and BDNF-treated animals.

Amphetamine-induced rotations. Most groups did not exhibit
differences between the duration or frequency of contraversive
and ipsiversive rotations as a total from the two 5 min obser-
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Figure 3. Periodograms showing the sum of the squared amplitudes
of the sinusoids (power) at various frequencies (periods of the sinusoids
expressed as cycles per hour) for each of the groups. Numbers above the
peaks represent the length of the periods in hours. The figure clearly
demonstrates that the strongest rhythms occur with periods of 24 hr
(circadian), with relatively minor rhythms at shorter periods. *, signif-
icantly different from amplitudes expected by chance, given a contin-
uous distribution (p < 0.05, Kolmogorov-Smirnoff test).

vation periods prior to amphetamine injections (Fig. 5). The
exception was that the NT-3 group exhibited a low but signif-
icantly greater median duration of contraversive rotations than
ipsiversive rotations (Mann-Whitney U = 19; p < 0.025). Both
NT-3 and BDNF infusions greatly elevated the duration (NT-
3:2:U=21,n=9,p <0.05;BDNF: U= 52, n= 14, p < 0.025)
and frequency (NT-3: U =22, p < 0.05; BDNF: U =50, p <
0.02) of contraversive turning as a sum of the three 5 min
observation periods after amphetamine. In contrast, the un-
treated controls and vehicle-treated groups exhibited a greater
frequency and duration of ipsiversive than contraversive turning
after amphetamine, but these differences were not statistically
significant.

Amphetamine-induced motor activity. Photobeam interrup-
tions for | hr prior to amphetamine injections and for 4 hr after
amphetamine revealed a treatment x hour interaction [F(12,
152) = 3.7, p < 0.001]. As shown in Figure 6, there were no

Table 1. Effects of no treatment (control), or 2 weeks of continuous
unilateral infusions of vehicle, BDNF, or NT-3 into the SN, on
circadian rhythms in motor activity

Acrophase

[hr: min +
Treatment Mesor + SEM  Amplitude = SEM SEM (min)]
Control 94 + 10 41.2 + 4.6 02:30 = 15
Vehicle 80 + 4 399 + 4.2 01:.00 £ 17¢
BDNF 105 + 6* 420 £ 4.5 03:00 + 21**
NT-3 73 = 5% 25.6 + 2.9% 01:48 + 45

Values were obtained by counting photobeam interruptions in blocks of 1 hr. The
mesor was obtained by calculating the average hourly activity over the 2 weeks
of treatment. The amplitude (difference of peak and mesor) and the acrophase
(time of the peak) were obtained from fast Fourier transforms (see Materials and
Methods) of the photobeam interruption data. Statistical analysis of the acrophases
was conducted on the values as radians.

* Significantly different from vehicle (p < 0.05, multiple F test).
** Significantly different from vehicle and NT-3 (p < 0.05, multiple F test).
¥ Significantly different from control (p < 0.05, multiple F test).

f Significantly different from all other treatment groups (p < 0.05, multiple F
test).
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Figure 4. Graphic representation of cosinor functions of circadian
rhythms from the data reported in Table 1. These plots represent es-
timated photobeam interruptions from amplitudes, acrophases, and me-
sors of sinusoids with a period of 24 hr.

differences between groups in the | hr prior to amphetamine
injections. Photobeam interruptions (locomotor activity) were
increased by amphetamine, and amphetamine-induced motor
activity was lower in NT-3~treated and BDNF-treated rats. No
significant differences were observed between untreated controls
and vehicle-infused animals.

Amphetamine-induced backward walking. There were signif-
icant treatment effects for both the duration [F(3, 38) = 11.8;
p < 0.001] and frequency [F(3, 38) = 10.9; p < 0.001] of back-
ward walking. Multivariate tests also indicated significant treat-
ment x hour interactions for both of these measures [e.g., Ho-
tellings 7 (approximate): F(12, 101)= 5.2, p < 0.001 (duration);
F(12, 101) = 4.1, p < 0.001 (frequency)]. As can be seen in
Figure 7, BDNF increased backward walking whereas none of
the other groups did, and the BDNF effect was increased by
amphetamine.

Other behaviors. A number of behaviors were altered by am-
phetamine, but did not exhibit differences between the treatment
groups. Behaviors increased by amphetamine but not differently
affected by the treatments included sniffing, head movements,
standing, and snout contact with a surface of the cage. Behaviors
uniformly decreased by amphetamine in all treatment groups
were lying down and sleeping.

Neurochemical analyses. The effects of the treatments on stri-
atal levels of DA, 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), 5-HT, and 5- hydroxyindoleacetic
acid (5-HIAA) at 4 hr after amphetamine injections are shown
in Table 2. ANOVA revealed a significant overall treatment X
side of brain effects only for 5-HIAA treatment [F(3, 37) = 7.3;
p < 0.002]. There was significant main effect of drug on DOPAC
levels [F(3,37) = 3.21; p < 0.05]. However, a number of the
individual comparisons between specific groups were significant
(Table 2). These include increases ipsilateral to the side of in-
fusion in DOPAC after BDNF and in HVA after BDNF and
NT-3 relative to untreated controls. 5S-HIAA was significantly
increased by both BDNF and NT-3 in both right and left striata
relative to untreated controls and vehicle infusions (Table 2),
and BDNF increased 5-HIAA levels significantly more in the
right striatum (ipsilateral to the infused SN) compared to the
left. No significant neurochemical changes of any kind were
observed in the nucleus accumbens (data not shown).
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Figure 5. Median durations (fop) and frequencies (bottom) of the net
contraversive rotations (contraversive minus ipsiversive rotations) pre-
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ersive turns are shown above zero, and net ipsiversive turns are dis-
played as below zero. Contraversive rotations significantly different from
ipsiversive rotations: ¥, p < 0.05; **, p < 0.01 (Mann-Whitney U test).

Analysis of DA turnover, measured by the ratio (DOPAC +
HVA):DA from each right striatum as a percentage of the ratio
from the left striatum, showed a significant treatment effect [F(3,
37) = 4.1, p < 0.02]. Individual comparisons indicated that
only BDNF increased DA turnover in the operated right stria-
tum relative to the noninfused left striatum (Fig. 8). Statistical
analysis of DOPAC:DA ratios from the SN (HVA levels were
too low for reliable measurement in this brain region) as a per-
centage of the ratios from the left striatum revealed a significant
treatment effect [F(3, 18) = 3.5; p < 0.05; Fig. 8]. Subsequent
comparisons showed that BDNF and NT-3 significantly de-
creased DA turnover in the right SN versus the left. A similar
ratio analysis of 5-HT turnover (5-HIAA:5-HT) indicated that
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Figure 6. The SE range of photobeam interruptions around the mean
1 hr before and 4 hr after amphetamine (1.5 mg/kg) injections. Non-
overlapping areas are significantly different from each other (p < 0.05,
multiple F test).

there were no significant unilateral effects of the infusions (data
not shown).

There was a significant correlation found between decreases
in levels of DA in the right striatum and net contraversive
rotations 5 min before death and 4 hr after amphetamine in-
jections (correlation coefficient = —0.327; p < 0.03). Table 3
shows the significant correlations between backward walking
and neurochemical measures from the striatum. Both durations
and frequencies of backward walking positively correlated with

Table 2. Effects of no treatment (control, n = 7), or vehicle (n = 11),
BDNF (n = 13), or NT-3 (n = 9) infusions into the right SN, on
striatal monoamine levels (ng/gm tissue) as determined by HPLC on
triplicates (see Materials and Methods for details), 4 hr after
amphetamine injection (1.5 mg/kg, s.c.)

Neurochemical Right striatum Left striatum
measure Treatment (mean + SEM) (mean + SEM)
Dopamine Control 4741 = 356 4876 + 270
Vehicle 5125 + 207 5297 + 264
BDNF 4665 + 210 5375 + 308
NT-3 4735 + 275 4625 £ 275
Control 853 + 70 943 + 70
DOPAC Vehicle 983 + 48 1041 + 47
BDNF 1230 £ 103** 1163 + 66
NT-3 1088 + 81 1176 + 131
HVA Control 354 = 22 372 £ 21
Vehicle 431 £ 16 454 £ 23
BDNF 479 + 34%* 443 + 29
NT-3 470 £ 43%* 424 £ 49
5-HT Control 353 £ 21 358 + 52
Vehicle 360 + 18 401 £ 55
BDNF 456 + 97 335 + 17
NT-3 405 + 47 496 + 129
5-HIAA Control 390 + 26 393 + 32
Vehicle 368 + 14 372 £ 15
BDNF 513 & 209%p** 447 + 251
NT-3 475 + 281+ 460 £ 271%*

* Right side significantly different from left (p < 0.05, Tukey’s HSD test).
** Significantly different from untreated control (p < 0.05, Tukey’s HSD test).
T Significantly different from vehicle group (p < 0.05, Tukey’s HSD test).
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trols and for vehicle-treated, BDNF-treated, and NT-3-treated rats, *,
significantly different from controls and vehicle infused rats (p < 0.05,
multiple F test).

DA and 5-HT turnover in the right striatum, ipsilateral to the
site of infusion.

Discussion

The present results clearly indicate that unilateral infusions of
either BDNF or NT-3 immediately above the right SN alter
circadian rhythms of locomotor activity, reduce body weight,
elevate DA and 5-HT metabolism in the striatum, and decrease
nigral DA metabolism. These diverse in vivo effects of BDNF
and NT-3 are consistent with the ability of either protein to
potentiate DA neuronal functions in vitro (Hyman et al., 1991;
Kniisel et al., 1991) or in vivo for BDNF (Altar et al., 1992).
BDNF and NT-3 preferentially bind to the TrkB and TrkC
neurotrophin receptors, respectively (Lamballe et al., 1991; Sop-
petetal., 1991; Squintoetal., 1991; Altaret al., 1993). However,
at higher concentrations, NT-3 can also activate the TrkB re-
ceptor whereas BDNF has very little affinity for the TrkC re-
ceptor. The greater behavioral and neurochemical effects of
BDNF suggest that these effects are mediated by the TrkB neu-
rotrophin receptor. This observation is consistent with the
presence of BDNF and NT-3 mRNA (Gall et al., 1992), BDNEF-
displaceable binding (Altar et al., 1993), and retrograde trans-
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Figure 8. DA turnover in the striatum, SN, and nucleus accumbens
for control and for vehicle-treated, BDNF-treated, and NT-3-treated
groups. Values were obtained by the ratio (DOPAC + HVA).DA for
the right striatum and nucleus accumbens, and DOPAC:DA for right
SN (HVA levels were undetectable in this region), as a percentage of
the same ratios from the left brain region. ¥, significantly different from
both control and vehicle (p < 0.05, multiple F test).

port of '2I-BDNF in the pars compacta of the SN (Wiegand et
al., 1991).

Neurotrophins and body weight. The finding that both BDNF
and NT-3 infused continuously and unilaterally into the SN
reduces the body weights of rats supports a previous report that
similar BDNF infusions into the SN (Altar et al., 1992) or lateral
ventricle infusions of NGF (Williams, 1991) reduce body weight
and food intake in rats. It is notable that no such reduction in
body weights occurred for the vehicle-infused rats given free
access to food, and that the amount of food available to these
rats had to be restricted to maintain their body weights at levels
similar to rats receiving BDNF and NT-3. Only one of four
potential mechanisms that we have considered appears to ex-
plain these decreases in body weight. First, a potentiation of
monoamine neuron activity (Blundell, 1984) may have been
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Table 3. Correlations between striatal neurochemistry and backward walking from the 5 min interval
immediately prior to death of all rats from all treatment groups

Signifi-
cance
Striatal Neurochemical Correlation level
Behavior side measure coefficient (p <)
Duration of Right DOPAC 0.32 0.05
backward walking Dopamine turnover 0.38 0.02
5-HT turnover 0.31 0.05
Frequency of Right DOPAC 0.42 0.01
backward walking Dopamine turnover 0.52 0.0005
5-HT turnover 0.40 0.01
Left DOPAC 0.31 0.05

responsible for the weight loss, as a result of a persistent am-
phetamine-like anorective effect. However, rats habituate rap-
idly to the anorectic effects of amphetamine (Caul et al., 1988),
whereas decreases in body weight (present study) and food in-
take (M. T. Martin-Iverson, K. G. Todd, and C. A. Altar, un-
published observations) persist for at least 2 weeks. Second,
elevated striatal DA metabolism may have contributed to an-
orexia. However, DA metabolism was elevated only with su-
pranigral infusions of BDNF (Altar et al., 1992) but not by NT-3
(Fig. 8) whereas both factors lowered body weight. Third, in-
creases in locomotion could also have contributed to the de-
creases in body weight of the BDNF-treated rats due to increased
energy demands. However, NT-3—treated rats lost the most body
weight but showed no change in daytime locomotion and a
decrease in nocturnal locomotion. Finally, the loss of body
weights in BDNF-treated and NT-3-treated groups may have
been due to increases in 5S-HT turnover, since bilateral increases
in striatal 5-HIAA were produced by factors both after am-
phetamine (present results) and during amphetamine-free pe-
riods when food intake is typically decreased (Altar et al., un-
published observations). Chronic treatment of rats with drugs
that promote serotonergic functions, such as the 5-HT reuptake
blockers fluoxetine and fenfluramine, decreases food intake and
body weights in a sustained manner (Blundell, 1984; Carlton
and Rowland, 1989).

Rotational and neurochemical effects of BDNF and NT-3.
Both BDNF and NT-3 induced contraversive rotations after
amphetamine, as has been previously reported for BDNF after
a twofold higher dose of amphetamine (Altar et al., 1992). Two
lines of evidence indicate that the ability of BDNF and NT-3
to alter spontaneous or amphetamine-stimulated behavior was
probably not a consequence of the reduction in body weights
produced by these compounds. First, reducing the weights of
the vehicle-infused rats to match those of the treated groups did
not decrease locomotion or induce net contraversive turnings
after amphetamine. Second, the effects of BDNF and NT-3 on
spontaneous locomotor activity and backward walking differed,
although both neurotrophic factors had similar effects on body
weight. It is also unlikely that the effects of BDNF on DA turn-
over were secondary to weight reduction, since weight reduction
of the food-deprived vehicle group did not produce any mea-
sured alteration in DA or 5-HT neurochemistry compared to
untreated animals.

Rotational behavior in rats with unilateral DA neuron lesions
can result from an asymmetric activation of several neuronal

systems. These include a relatively greater stimulation of post-
synaptic DA receptors in the striatum contralateral to the di-
rection of turning, due either to increased DA release, or to
increased sensitivity or density of postsynaptic receptors (Un-
gerstedtand Arbuthnott, 1970). Alternatively, asymmetric stim-
ulation by GABA agonists (Waddington, 1979), 5-HT agonists
(Gerber et al., 1988), or dynorphin A (Matsumoto et al., 1988)
can also induce contralateral rotational behavior, even in the
absence of the DA neurons in the infused hemisphere. Thus,
BDNF and NT-3 may enhance the rotational response to am-
phetamine by promoting activity of the infused DA neurons
themselves, indicating a presynaptic locus of effect, or by post-
synaptic means, via an elevated sensitivity of D, or D, receptors
on the targets of DA release, or by effects on GABA, 5-HT,
opioid, or other output systems. The former conclusion is sup-
ported by the finding that the net contraversive rotations cor-
related with decreases in the DA content of the right striatum,
presumably as a result of increased DA release (Altar et al.,
1992; present results). The present study also shows that BDNF
or NT-3 each decreased DA turnover in the SN of the infused
hemisphere, and this observation too supports a presynaptic
locus of effect for the two neurotrophins. DA in the SN is re-
leased by the dendrites of activated DA neurons as part of a
negative feedback regulatory system (Aghajanian and Bunney,
1977; Cheramy et al., 1981; Clark and Chiodo, 1988). Although
BDNF and NT-3 induced contraversive rotations after am-
phetamine injections, only BDNF selectively increased DA
turnover in the ipsilateral striatum. The neurochemical mea-
sures were obtained at 4 hr after administration of amphet-
amine, when its behavioral effects were mostly absent. It re-
mains possible that NT-3 increased DA turnover at a more
behaviorally relevant time point. It is also pertinent that uni-
lateral electrical stimulation of the medial forebrain bundle in-
duces contraversive turning and increases bilateral 5-HT turn-
over in the striatum (Szostak et al., 1986) as seen here with
BDNF and NT-3. The observation that extensive DA deple-
tions, not obtained in the present experiment, are required to
induce postsynaptic DA receptor supersensitivity (Neve et al.,
1984) and the inability of apomorphine to induce contralateral.
rotations in rats with nigral infusions of BDNF (Altar et al.,
1992) argues against increases in D,-like or D,-like receptors in
causing the rotational effects of BDNF and NT-3. Thus, while
other neuromodulatory or nigral output systems may be in-
volved, the rotational behavior and neurochemical evidence is
consistent with neurotrophin effects via DA and 5-HT neurons.



Circadian rhythms in behavior. Compared to untreated con-
trols, animals infused with vehicle displayed reduced levels of
nocturnal locomotor activity and a phase shift of the acrophase
(time of peak circadian activity rhythm). It seems unlikely that
the motor activity effects in the vehicle-infused rats was due to
their food restriction regimen since the reduction in locomotor
activity occurred before food restriction. Furthermore, food re-
striction produced a transient increase in nocturnal locomotion
that habituated after about three nights, and had no effect on
locomotion during the daytime, when rats do not normally eat.
Thus, food restriction would not be expected to decrease noc-
turnal locomotion. In addition, it is unlikely that the acrophase
shift was due to a decrease in body weight, since an acrophase
shift was not observed in the BDNF-treated group that showed
similar decreases in body weights. The mechanism of the phase-
shift induced by supranigral vehicle infusions is not presently
known as no experiments have investigated the role of the SN
in the timing of circadian rhythms. The behavioral effects of
continuous vehicle infusions into the SN may have been a func-
tion of damage produced by this procedure. Vehicle infusions
above the SN produce an increase in ipsiversive rotations after
amphetamine in about half the animals tested (Altar et al., 1992;
present results), which would be consistent with damage to the
DA system. However, nonpathological changes in physiology
cannot be ruled out.

Other behavioral effects of BDNF and NT-3. The effect of
NT-3 on locomotion was similar in some respects to the effects
noted with vehicle infusions, which suggests that some of the
effects were due primarily to the infusion procedure and not to
the trophic factor itself. However, even when compared with
vehicle, there was a greatly reduced amplitude of the circadian
rhythm, best seen in the periodogram (Fig. 3). Amphetamine
and a selective agonist for DA D, receptors can each increase
the amplitudes of the peak diurnal locomotor rhythm (Martin-
Iverson and Iversen, 1989; Yamada and Martin-Iverson, 1991;
Martin-Iverson and Yamada, 1992), while widespread deple-
tions of brain 5-HT decrease motor activity amplitudes in rats
(Ohi et al., 1988). Thus, none of the observed postamphetamine
neurochemical effects of NT-3 are consistent with its amplitude-
reducing actions. BDNF had very different effects on locomotor
activity than either NT-3 or vehicle. It appeared to “normalize”
the effects of vehicle, producing effects that were not different
from untreated controls after the first 24 hr of treatment. This
may have resulted from a reversal of the consequences of dam-
age produced by the treatment procedure, or reflect an indirect
compensation produced by actions on some independent phys-
iological process in the SN, such as elevations in DA turnover
(Altar et al., 1992).

Of all the other behaviors rated, only backward walking was
significantly increased by BDNF, and this action was augmented
by amphetamine. Turnover of both DA and 5-HT in the stria-
tum correlated with backward walking, supporting a previous
report that increases in the activity of both of these neurotrans-
mitters provide central control over this behavior (Dourish,
1984).

While BDNF stimulated backward walking, and both BDNF
and NT-3 induced amphetamine-stimulated contraversive
turning, amphetamine-induced locomotion was decreased by
BDNF and NT-3, and other measures of amphetamine stereo-
typies, such as sniffing and head movements, were unaffected
by the trophic factors. The fact that behaviors (locomotion,
sniffing, rearing) associated with mesolimbic DA projection ar-
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eas (Costall et al., 1977; Morelli et al., 1980; Carey, 1983; Kelley
et al., 1989) were largely unaffected or reduced by BDNF or
NT-3, while rotational responses were augmented, is consistent
with a selective augmentation by the infusions on mesostriatal
and not mesolimbic DA function. In support of this conclusion,
our infusions of either factor augmented mesostriatal but not
mesolimbic DA turnover. It is likely that the chronic delivery
of either factor above the pars compacta of the SN produced
nigrostriatal and not mesoaccumbens changes. The 1.5-3 mm
diffusion of BDNF or NT-3 following intraparenchymal infu-
sion (Wiegand et al., 1991) would contribute to such an ana-
tomically discrete effect. Indeed, an activation of monoamine
systems in the nucleus accumbens and their behavioral output
can be obtained with neurotrophin infusions into mesolimbic
regions (Altar, unpublished observations).

Increasing the dose of amphetamine beyond a certain level
can actually reduce locomotion while increasing oral stereoty-
pies. This is sometimes explained by a response competition
between incompatible behaviors (i.e., licking or gnawing part
of a grid floor is incompatible with rotation, locomotion, and
rearing). Response competition is not an adequate explanation
of the present findings because neither the increases in rotation
nor backward walking occurred with sufficient duration to com-
pete with locomotion. Stereotyped behaviors, which could also
compete for time spent locomoting, were unaffected by either
neurotrophic factor. A more plausible explanation is that the
increased 5-HT turnover produced by the trophic factors is
responsible for the decreased amphetamine-induced locomo-
tion. This interpretation is supported by the observation that
depletions of 5-HT in the forebrain increase amphetamine-in-
duced locomotion (Martin-Iverson et al., 1983).

Conclusions. In conclusion, the present data show for the first
time that NT-3 and, to a greater extent, BDNF augment be-
havioral and neurochemical activities of the basal ganglia. Both
factors altered neuronal DA and 5-HT turnover in a manner
consistent with the decreases in body weight, increases in back-
ward walking, and amphetamine-induced contraversive rota-
tion. Thus, increases in DA turnover within the neostriatum
obtained with BDNF, and decreases in DA turnover in the SN
obtained with BDNF and NT-3 reflect an activation of meso-
striatal DA pathways (Aghajanian and Bunney, 1977; Nieullion
et al., 1979). Bilateral increases in striatal 5-HT turnover were
obtained with either factor, and although the mechanism for
these increases is unknown, these changes could act in concert
with the increases in DA metabolism to alter circadian rhythms,
basal locomotion, or other behaviors. The generally smaller
behavioral and neurochemical effects of NT-3 are one example
of how closely related members of the neurotrophin family can
display considerably different in vivo actions. Thus, while BDNF
and NT-3 have a similar pattern of effects on some measures,
differences in their behavioral effects may be due to their pref-
erential activation of different neurotrophin receptors. On the
other hand, in the absence of a dose~response relationship for
either BDNF and NT-3, it is possible that the different behav-
ioral effects may be due to a lack of equivalence between the
same doses of the two neurotrophins used in the present study
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