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Provision of Brain-Derived Neurotrophic Factor via
Anterograde Transport from the Eye Preserves the
Physiological Responses of Axotomized Geniculate Neurons

Matteo Caleo,' Paolo Medini,? Christopher S. von Bartheld,’ and Lamberto Maffei'
stituto di Neuroscienze del Consiglio Nazionale delle Ricerche and 2Scuola Normale Superiore, 56100 Pisa, Italy, and *Department of Physiology and Cell
Biology, University of Nevada School of Medicine, Reno, Nevada 89557

The neurotrophic factors of the nerve growth factor family (neurotrophins) have been shown to promote neuronal survival after brain
injury and in various models of neurodegenerative conditions. However, it has not been determined whether neurotrophin treatment
results in the maintenance of function of the rescued cells. Here we have used the retrograde degeneration of geniculate neurons as a
model system to evaluate neuronal rescue and sparing of function after administration of brain-derived neurotrophic factor (BDNF).
Death of geniculate neurons was induced by a visual cortex lesion in adult rats, and exogenous BDNF was delivered to the axotomized
geniculate cells via anterograde transport after injection into the eye. By microelectrode recordings from the geniculate in vivo we have
measured several physiological parameters such as contrast threshold, spatial resolution (visual acuity), signal-to-noise ratio, temporal resolu-
tion, and response latency. In control lesioned animals we found that geniculate cell dysfunction precedes the onset of neuronal death, indicating
that an assessment of neuronal number per se is not predictive of functional performance. The administration of BDNF resulted in a highly
significant cell-saving effect up to 2 weeks after the cortical damage and maintained nearly normal physiological responses in the

geniculate. This preservation of function in adult axotomized neurons suggests possible therapeutic applications of BDNF.
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Introduction

The family of mammalian neurotrophins comprises nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and NT-4 (Lewin and Barde,
1996). These factors exert their actions on target cells through the
binding to two classes of transmembrane receptors: the p75 neu-
rotrophin receptor and the members of the Trk family of receptor
tyrosine kinases (TrkA, TrkB, and TrkC) (Kaplan and Miller,
2000; Patapoutian and Reichardt, 2001). Because of their ability
to support neuronal survival, the neurotrophins have been pro-
posed as therapeutic agents for the treatment of brain injury and
disease (Blesch et al., 1998; Mufson et al., 1999; Kordower et al.,
2000). Indeed, there is ample evidence that the application of
specific neurotrophins can rescue select populations of central
neurons from injury-induced death. For example, intraocular
delivery of BDNF protects retinal ganglion cells after optic nerve
section (Mansour-Robaey et al., 1994; Klocker et al., 1998; Chen
and Weber, 2001; Cheng et al., 2002), and NGF is a powerful
trophic factor for axotomized basal forebrain cholinergic neu-
rons (Hefti, 1986; Williams et al., 1986; Tuszynski et al., 1996). In
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most such studies, protection from neuronal death is docu-
mented at a purely morphological level. It remains to be deter-
mined whether the neuroprotective effects of neurotrophins are
accompanied by sparing of function of the damaged cells. This is
afundamental issue to address because neuroprotection is useless
if the rescued neurons do not function normally afterward (Du-
mas and Sapolsky, 2001). To this aim one needs a model of neu-
rodegeneration in which physiological measurements can be re-
liably performed.

The good knowledge of the physiology of the visual system
makes it an ideal system to evaluate sparing of function after a
neuronal insult in vivo. We and others have described the massive
neuronal death in the dorsal lateral geniculate nucleus (dLGN)
induced by visual cortex ablation in mammals (Perry and Cowey,
1979; Agarwala and Kalil, 1998; Al-Abdulla et al., 1998; Cowey et
al., 1999; Caleo et al., 2002). This process of death is apoptotic
based on both ultrastructural and biochemical criteria (Al-
Abdulla et al., 1998; Martin et al., 2001; Caleo et al., 2002). We
have shown recently that the delivery of BDNF into the eye pre-
vents the degeneration of half of the axotomized geniculate neu-
rons in neonatal rats (Caleo et al., 2000). The effect of BDNF is
mediated via uptake by retinal ganglion cells, anterograde trans-
port along the optic nerve, and release to the postsynaptic genic-
ulate neurons (Caleo et al., 2000). Here we test whether similar
rescue effects are present in adult animals, in which BDNF was
also demonstrated to travel anterogradely along the optic nerve
(Caleo et al., 2000). We have used a cortical lesion in adult rats
that induces the almost complete loss of geniculate projection
neurons within 2 weeks (Agarwala and Kalil, 1998; Al-Abdulla et
al., 1998; Caleo et al., 2002). By recording visual evoked potentials
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(VEPs) from the lateral geniculate nucleus in vivo we have mea-
sured several parameters such as contrast threshold, spatial reso-
lution (visual acuity), temporal resolution, signal-to-noise ratio,
and response latency. We have first evaluated the time course of
the changes in geniculate physiology induced by visual cortex
ablation to determine whether functional changes precede, fol-
low, or coincide with the anatomical changes. Second, we have
assessed the ability of BDNF (injected intraocularly with different
regimens) to protect geniculate neurons from death and
dysfunction.

Materials and Methods

Animal treatment and experimental protocol

The procedures used in this study were approved by the Italian Ministry
of Health. A total of 42 adult Long—Evans rats (320—450 gm body weight)
were used. Eleven animals were left untreated and used as normal con-
trols. The remaining 31 underwent a visual cortex lesion. Five animals
were recorded within a few hours of the cortical damage, and another five
were analyzed 3 d later. Twenty-one animals were recorded 2 weeks
postoperatively. Of these, four received bilateral intraocular injections of
recombinant human BDNF (15 ug per eye; 1.5 ul of a 10 ug/ul solution
in PBS) at the time of the lesion. Six animals were given three bilateral
doses of BDNF (15 ug per eye) at days 0, 5, and 10 after surgery. This
amount of intraocular BDNF has been shown previously to be effective in
inducing a postsynaptic response in the geniculate cells (Caleo et al.,
2000). Control lesions consisted either of lesioned untreated rats (n = 8)
or lesioned rats that received one bilateral intraocular dose of cyto-
chrome ¢ (a protein with physicochemical properties similar to BDNF; 15
ug in PBS) immediately after the lesion (n = 3). After surgery animals
were allowed to recover in their cages and then reared in a normal light/
dark cycle with ad libitum access to food and water.

Visual cortex ablation. Animals were placed in a stereotaxic apparatus
under deep avertin anesthesia (1 ml/100 gm body weight, i.p.). A hole was
made in the skull overlying visual cortex, the dura was removed, and the
cortex was ablated with a needle connected to a vacuum pump (Caleo et
al., 2002). Only animals in which the depth of the lesion reached the
white matter and in which cortical areas Ocl, Oc2M, and Oc2L (Sefton
and Dreher, 1995) were entirely ablated were included in our sample.
After suction, the cut flap of bone was placed over the lesion, and antibi-
otics were locally applied before the skin was sutured. To minimize vari-
ability in the extent of the lesion between experimental groups, both
control and BDNF-treated animals were operated in each surgical ses-
sion. Animals were first lesioned and then randomly assigned to either
the control or BDNF-treated group.

Intraocular injections. Under deep avertin anesthesia the animals were
binocularly injected into the vitreous using a microinjector connected to
a glass pipette (30—40 wm external diameter). Injections were made at
the ora serrata and in correspondence with the nasal pole of the eye so
that any damage to the retina would be confined to the monocular rep-
resentation of the visual field.

Quantification of anterograde transport of radio-iodinated BDNF

One adult Sprague Dawley rat weighing 225 gm was used for quantifica-
tion of anterograde transport of BDNF. BDNF was radiolabeled with
lactoperoxidase (von Bartheld, 2001), resulting in an incorporation of
92% and a specific activity of 104 cpm/pg. The rat was anesthetized
intraperitoneally with ketamine and xylazine at 40 and 5 mg/kg, respec-
tively, and injected with 1 ug '*’I-BDNF in a volume of 8 ul in the
posterior chamber of the right eye using a disposable insulin syringe (von
Bartheld, 2001). The rat was allowed to recover and was anesthetized
again after 6 hr. The animal was perfused with 4% paraformaldehyde
through the heart, postfixed for 1 hr, and both eyes, the optic nerves, and
the brain was dissected. Comparable structures of the right and left half of
the brain were further dissected, and all tissues (eyes, optic nerves, olfac-
tory bulbs, forebrain, midbrain, superior colliculi, and inferior colliculi)
were counted separately in a gamma counter (1470 Wizard, Wallac). Eyes
were counted for 1 min, all brain structures were counted for 10 min, and
all gamma counts are expressed as “cpm.” Brain tissues were collected in
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70% ethanol and dehydrated in a series of graded ethanols to remove free
iodine. After dehydration, all brain parts were counted again in the
gamma counter.

Electrophysiological analysis

Animals were anesthetized with urethane (Sigma, St. Louis, MO; 20%
solution in saline; 0.7 ml/100 gm body weight, i.p.) and placed in a
stereotaxic frame. Additional doses of urethane (0.07 ml/100 g) were
given to keep the level of anesthesia stable throughout the experiment.
Body temperature was monitored continuously and maintained at 37°C
by a thermostat-controlled electric blanket. Oxygen was also adminis-
tered continuously. Both eyes were fixed by means of adjustable metal
rings surrounding the external portion of the eye bulb. After exposure of
the cerebral surface, a micropipette (tip resistance = 2 M{) filled with 3
M NaCl was inserted into the brain to reach the dLGN. Stereotaxic coor-
dinates were 2.6 mm anterior and 3.6 mm lateral from lambda. Several
physiological landmarks could be identified as the electrode penetrated
the brain, and these served as guides in locating the dLGN. Passage
through the cell layers of the hippocampus was marked by bursts of
spikes of high amplitude. The first evoked visual activity was typically
encountered at a depth ranging between 3.6 and 4 mm from the pial
surface. By flashing the beam of a small flashlight directly into the con-
tralateral eye, we evoked a characteristic “swish” activity that reflects the
discharges of optic tract fibers, lying dorsally to the dLGN. The electrode
was further advanced to map the responses of single geniculate cells. In
initial experiments, we determined that recording sites were within the
dLGN using histological controls. The tip of the recording pipette was
brushed gently with a saturated solution of Dil (Molecular Probes, Eu-
gene, OR) in absolute ethanol, and the electrode was lowered to record
geniculate activity. The animals were perfused transcardially with 4%
paraformaldehyde, and the brains were dissected. Coronal sections
through the thalamus examined with epifluorescence clearly showed Dil
deposits inside the dLGN (see Fig. 1 A).

For single-cell recording, signals were amplified 25,000-fold, bandpass
filtered (500-5000 Hz), and visualized on an oscilloscope. Receptive
fields (RFs) of single units were mapped onto a tangent screen by using
hand-moved light spots of various sizes. VEPs were recorded at a location
corresponding to cells driven by the contralateral eye and whose RFs were
within 60° of the vertical meridian and in the upper visual field. The
signal was amplified (10,000-fold), bandpass filtered (0.1-120 Hz), dig-
itized, and averaged (60-200 events in packs of 10-20 events each).
Partial averages from single packs were used to establish response reli-
ability (Pizzorusso et al., 1997; Porciatti et al., 1999). Visual stimuli were
gratings of various spatial frequencies and contrast generated by a
VSG2/5 card (Cambridge Research Systems, Rochester, UK) on a display
(Sony Multiscan G500) that was positioned 20-30 cm in front of the rat’s
eyes to include the central visual field. The mean luminance was 15 cd/m?.
Contrast was defined as C = Lmax — Lmin/Lmax + Lmin, where Lmax and
Lmin are the maximum and minimum luminance, respectively.

Steady-state VEPs. VEP recordings in steady-state mode (Pizzorusso et
al., 1997) were used to measure spatial resolution, contrast threshold,
and temporal resolution. Steady-state VEPs were recorded in response to
gratings with sinusoidal modulation of contrast at different temporal
frequencies. The visual response was measured as the amplitude (micro-
volts) of the second harmonic of the stimulation frequency (4-6 Hz for
visual acuity and contrast threshold assessment, 2—-16 Hz for temporal
resolution studies), calculated after Fourier analysis of the signal (Fagio-
lini et al., 1997; Pizzorusso et al., 1997). Noise was taken as the average of
the amplitudes of at least three VEP responses with both eyes closed.
Response noise was checked periodically during the experiment.

For each electrode position within the dLGN we established the region
of the visual field yielding VEPs of maximal amplitude (VEP receptive
field) (Porciatti etal., 1999). To this aim we recorded a series of responses
to sine wave grating stimuli windowed to either a vertical or horizontal
stripe of 10° X 90° and presented at different visual field azimuths and
elevations, respectively (Huang et al., 1999; Porciatti et al., 1999). Spatial
integration of the microelectrode was inferred independently by the VEP
amplitude dependence on window size. Typically, steady-state VEP am-
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plitude saturated for a window 30° wide centered on the VEP receptive
field.

Visual acuity was assessed after presentation of gratings of variable
spatial frequencies alternating at 4—6 Hz (90% contrast). In the same
temporal frequency range (4—6 Hz) we analyzed contrast threshold in
response to 0.1 cycles per degree (c/deg) gratings. Temporal resolution
was measured with gratings of 0.1 ¢/deg and 90% contrast. Acuity, tem-
poral resolution, and contrast threshold were taken as the highest spatial
frequency, highest temporal frequency, and lowest contrast, respectively,
that evoked a VEP response greater than the mean value of the noise.
These measures were remarkably consistent between different penetra-
tions within the same dLGN. For signal-to-noise analysis, we took the
mean VEP amplitude evoked by stimulation with an optimal stimulus
grating (0.1-0.2 c¢/deg, 70-90% contrast, frequency of alternation 4—6
Hz) divided by the average noise level. Signal-to-noise ratio was calcu-
lated for each threshold determination in the different tracks of each
recorded animal. This resulted in three to seven signal-to-noise ratio data
points for each rat. Values of the signal-to-noise ratio from all animals in
a given experimental group were pooled together, and this cumulated set
of data was used for statistical comparisons.

Transient VEPs. We recorded transient VEPs to estimate latency of
visual drive in the dLGN. Transient VEPs were recorded in response to
the abrupt contrast reversal of a square-wave grating (spatial frequency
0.1 c/deg, contrast 90%) at the frequency that evokes maximal VEP am-
plitude in the rat (0.5 Hz) (Pizzorusso et al., 1997). At least 60 responses
were averaged.

Immunohistochemistry

After the electrophysiological recording, each animal was perfused
through the heart with PBS followed by fixative containing 4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were dissected,
postfixed for 2 hr in the same fixative, rinsed in buffer, and cryoprotected
in 30% sucrose. Coronal brain sections were cut with a freezing mic-
rotome and collected in serial order through the entire dLGN. For NeuN
immunostaining the sections underwent a blocking step (10% horse se-
rum and 0.3% Triton X-100 in PBS), followed by incubation with a
mouse monoclonal primary antibody (1:500; Chemicon, Temecula, CA)
for 1624 hr at room temperature. Bound antibodies were detected by
incubating sections with biotinylated horse anti-mouse IgG (1:200; Vec-
tor Laboratories, Burlingame, CA), followed by incubation in Vectastain
ABCKit (1:100 solution; Vector) and nickel-enhanced diaminobenzidine
reaction.

Stereological evaluation of neuronal survival

Full details of the cell-counting procedure are given in Caleo et al. (2002).
We used a modified version of the “dissector” method called optical
fractionator (Coggeshall and Lekan, 1996; West, 1999). All counts were
performed according to a blind procedure. The analysis was performed
using the Stereo Investigator software (Microbrightfield, Colchester, VT)
and a Zeiss microscope. Serial sections through the dLGN were cut at the
nominal depth of 50 um and immunostained with the anti-NeuN anti-
body as described above. The actual section thickness after the immuno-
histochemical procedure ranged between 24 and 28 um. Four equally
spaced sections were randomly selected for counting. In each of these
sections, the dLGN boundary was drawn at low magnification, and its
area was measured to estimate the total volume of the nucleus. Immu-
nopositive cells were counted using a 40 X objective in three-dimensional
counting boxes (80 X 80 X 20 wm) selected in a systematically random
manner. Appropriate guard volumes (3 um thick) were used to avoid
artifacts at the surface of the sections. A number of fields ranging between
94 and 166 were sampled for each animal. The total number of stained
cells was estimated by multiplying the mean number of cells per counting
box by the ratio of the volume of the nucleus to the volume of the
counting box. All estimations had a coefficient of error <0.11 (calculated
according to Gundersen’s formula) (Gundersen and Jensen, 1987). Sur-
vival was expressed as the percentage of NeuN-immunopositive cells
counted on the lesioned side with respect to those present on the con-
tralateral unlesioned side.
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Figure 1. A, Fluorescence photomicrograph of a coronal section through the dLGN. The
position of the recording microelectrode is marked by a Dil deposit located in the dorsal portion
of the nucleus. The section has been lightly counterstained with Hoechst dye. D, Dorsal; L,
lateral. Scale bar, 300 wm. B, Typical progression of the RF centers of single geniculate units
along a micropipette track. The circles indicate the RF centers, and the numbers within the circles
indicate the sequence in which these neurons were encountered as the electrode was moved
dorsoventrally. The cells were recorded at an interdistance of 100 m from each other. Optic
disk position is indicated by an asterisk. VM, Vertical meridian. ¢, Example of a geniculate
steady-state VEP. The stimulus was a horizontal sine wave grating (spatial frequency, 0.1 ¢/deg;
contrast, 90%; mean luminance, 15 cd/m?) reversed sinusoidally in contrast at 5 Hz. D, Retino-
topy of geniculate VEPs. Recordings from the same penetration depicted in B and performed in
correspondence to the single unit with RF 3. The visual stimulus has been windowed to a vertical
stripe subtending 10° of visual angle and placed at different visual field azimuths. Itis clear that
there is a visual field azimuth yielding maximal response and corresponding to the RF position
at which the VEP was recorded. VEP amplitude rapidly falls off for non-optimal stimulus posi-
tions, becoming indistinguishable from noise for windows centered farther then 20° from the
RF position. Data have been fitted with a Gaussian curve. Anidentical behavioris observed when
the visual stimulus is windowed to a horizontal stripe of 10° presented at different elevations. In
this case, the VEP response vanishes when the horizontal stripe is shifted farther than 20° (either
up or down in the visual field) from the RF position (data not shown in the figure).

Statistical analysis

Differences between two groups have been assessed with t test. Differ-
ences between three groups were evaluated with one-way ANOVA fol-
lowed by Tukey’s test for data normally distributed, and with Kruskal—
Wallis one-way ANOVA with Dunn’s post hoc test for data non-normally
distributed. Level of significance was p < 0.05.

Results

Geniculate recordings

The dorsal surface of the geniculate was unambiguously identi-
fied in each microelectrode penetration by recording the charac-
teristic optic tract swish activity evoked by flash stimulation of the
contralateral eye. As the electrode was advanced progressively
through the nucleus, RFs of single units were mapped onto a
tangent screen by using hand-moved light spots of adjustable
size. A typical progression of RF positions is schematically repre-
sented in Figure 1B. As reported previously by Montero et al.
(1968) and Reese and Jeffery (1983), advancement of the micro-
electrode in the dorsoventral direction corresponded to a down-
ward shift in the visual field of the RF centers of single geniculate
cells. VEP recordings were performed at a depth ranging between
400 and 700 wm from the dorsal surface of the nucleus, and at a
location corresponding to single units driven by the contralateral
eye and whose RFs were located within 60° from the vertical
meridian and in the upper visual field.
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An example of the waveform of steady-state VEPs recorded in
the geniculate in response to gratings counterphased at 5 Hz is
shown in Figure 1C. The waveform is approximately sinusoidal
and has a temporal periodicity twice the stimulus temporal fre-
quency, in keeping with the typical behavior of the pattern-
reversal VEP. The VEP response is abolished completely by the
stereotaxic infusion of 10 mM muscimol into the geniculate (n =
2 animals; data not shown), thus confirming the postsynaptic
origin of the field potential record. Figure 1D reports the depen-
dence of VEP amplitude on stimulus position in the visual field.
From such data and our RF mapping in the same penetrations
(Fig. 1B), we determined that our VEP response summates the
activity of neurons located within a radius of ~200-250 wm from
the microelectrode tip position (# = 4 normal animals) (Fig. 1D
and legend).

Removal of the corticofugal input per se does not alter VEP
responses in the geniculate

Visual cortex ablation deprives the geniculate of its largest affer-
ent pathway originating in cortical layer VI. Thus, an evaluation
of the changes in geniculate physiology after visual cortex lesion
might potentially include an effect attributable to simple elimi-
nation of the cortical feedback to the dLGN. To identify possible
alterations in VEPs caused by disconnection of the corticofugal
loop, we have compared VEP responses before and immediately
after a complete visual cortex lesion. In five animals, contrast
threshold, visual acuity, temporal resolution, signal-to-noise ra-
tio, and response latency were measured initially by intragenicu-
late VEP recordings. The microelectrode was then withdrawn,
and the ipsilateral visual cortex (areas 17, 18, and 18a) was re-
moved completely by aspiration. The recording electrode was
then reinserted into the brain to reach the exact same position
within the dLGN, and the physiological measures were repeated
within a few hours of the cortical damage. Representative results
of these experiments are reported in Figure 2 for both contrast
threshold and visual acuity determinations. The two graphs re-
port the dependence of VEP amplitude on spatial frequency and
contrast of the visual stimulus. A progressive decline in the field
potential amplitude is observed by progressively increasing spa-
tial frequency of the stimulus and reducing its contrast. The low-
est contrast value and the highest spatial frequency where a reli-
able response could still be obtained were 4% and 0.9 c/deg,
respectively, in this animal (Fig. 24, B, arrows). It is clear from
these examples that neither spatial resolution nor contrast sensi-
tivity is affected by acute visual cortex ablation. On average,
geniculate acuity after lesion was 0.87 = 0.03 (SE) c¢/deg and not
significantly different from the normal value of 0.91 * 0.04 (SE)
c/deg estimated in untreated animals (¢ test, p = 0.6). Similarly,
contrast threshold was 5.3 = 1.3% (SE) after acute visual cortex
ablation and virtually identical to the value obtained in normal
animals [5.7 = 0.6% (SE); t test, p = 0.74]. Other tested param-
eters (signal-to-noise ratio, median = 4.9 and 25-75% interquar-
tile ranges, 4.3—8; temporal resolution, 12 * 0.5 Hz; response
latency, 47 = 29 msec) were also within the normal range. We
conclude that our physiological parameters reflect geniculate ac-
tivity independent of the integrity of the corticofugal input.

Electrophysiological changes precede neuronal loss: neuronal
numbers do not predict functional performance

We have evaluated the time course of the changes in geniculate
physiology induced by visual cortex ablation to determine
whether geniculate dysfunction precedes the anatomical loss of
neurons. It is reported in the literature that after visual cortex
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Figure 2.  Effects of acute visual cortex lesion on contrast threshold and visual acuity. 4,

Variation of VEP amplitude with contrast of the stimulus grating. Each point has been obtained
by averaging data from three measures. An identical contrast threshold (last point above noise
level; indicated by an arrow) is obtained in the same animal before (O) and 2 hr after (@) a
complete ablation of the occipital cortex. Visual stimulus: horizontal sine wave grating of vari-
able contrast, reversed sinusoidally at 4 Hz, spatial frequency 0.1 ¢/deg. B, VEP amplitude as a
function of spatial frequency foranormal geniculate (O) and the same geniculate 2 hrafter (@)
removal of the cortex. Both curves reach the noise level at 1 ¢/deg. Visual stimulus: horizontal
sine wave grating of variable spatial frequency, reversed sinusoidally at 4 Hz, contrast 90%.

ablation in adult rodents, cell death in the dLGN ensues after a
delay period of 3 d (Agarwala and Kalil, 1998). We have con-
firmed these findings using unbiased stereological techniques.
Three days after lesion, the percentage of NeuN-positive cells
counted in the lesioned geniculate was 99.1% (£10.2% SE) of
those present on the contralateral unoperated side (n = 5 rats)
(Fig. 3A-C). Despite an unaltered number of neurons, VEP re-
cordings in these animals revealed striking changes in physiology.
As shown in Figure 3, D and E, respectively, a consistent increase
in contrast threshold and a reduction of visual acuity could be
observed. Contrast threshold was 16.3 * 2.4% at 3 d and signif-
icantly increased with respect to normal (¢ test, p < 0.001). Genic-
ulate acuity was also significantly impaired (¢ test; p < 0.001).
Other measured parameters such as signal-to-noise ratio, tempo-
ral resolution, and response latency were unaffected, however.
Median signal-to-noise ratio was 5.3 (25-75%; interquartile
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Figure 3.  Early physiological changes precede the loss of geniculate neurons. 4, B, Coronal

sections through the geniculate immunostained for neurons using anti-NeuN antibodies. The
geniculate of an animal in which the ipsilateral visual cortex was ablated 3 d earlier ( B) is grossly
normal and not readily distinguishable from the geniculate of an intact animal (A). D, Dorsal; L,
lateral. Scale bar, 200 wm. G, Stereological quantification of neuronal survival 3 d after lesion.
The histogram represents mean = SE of the percentage of neurons counted on the lesioned side
with respect to those present in the contralateral, intact dLGN (n = 5 rats). D, £, Summary of
contrast sensitivity ( ) and visual acuity data ( £) in normal rats and rats recorded 3 d after visual
cortex lesion. Each circle represents the value obtained in one animal. Triangles indicate the
mean. Error bars indicate SE and, when not seen, are within the symbol.

ranges, 3.9-10.7) and undistinguishable from normal (Mann—
Whitney rank sum test; p = 0.3). High temporal frequency cutoff
(12.9 = 0.4 Hz) and latency values (48 = 4 msec) were also
superimposable on those of normal control animals (¢ test; p =
0.82 and p = 0.85, respectively). These data indicate that specific
alterations in response properties precede the death of the axoto-
mized geniculate neurons. Moreover, the data demonstrate that
normal neuron number does not necessarily translate into intact
function. These data emphasize the importance of physiological
assays in assessing the efficacy of neuroprotective strategies (Du-
mas and Sapolsky, 2001).

Anterograde transport of radio-iodinated BDNF

Our previous studies have shown rapid effects in the lateral genic-
ulate nucleus and superior colliculus after injections of micro-
gram amounts of BDNF in the adult rat eye (Caleo et al., 2000),
and small amounts of retinal BDNF are known to be transported
selectively from the eye to their retinal targets in the early post-
natal rat brain (Spalding et al., 2002). However, the selectivity of
axonal transport, efficiency, and the amounts transported after
pharmacological doses of BDNF are not known. Therefore, we
measured the amounts of BDNF transported from the adult rat
eye by quantifying the spread and transport efficiency of radiola-
beled BDNF.
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The amount of radioactivity remaining in the injected eye was
15 million cpm, amounting to ~150 ng, or 15% of the estimated
1 pg injected. This may reflect expected loss of protein attribut-
able to diffusion, leakage, and turnover in the eye within the 6 hr
period after injection. The amount of radioactivity in the left
(contralateral) eye was negligible, with 9900 cpm or 0.066% of
the amount injected into the right eye, indicating that there was
very little systemic leakage. The counts per minute in the right
optic nerve (10 mm length) were 550 cpm; those in the left optic
nerve (10 mm length) were 18 cpm. The radioactivity in the right
olfactory bulb was 73 cpm, and in the left olfactory bulb it was 87
cpm. The amount of radioactivity in the right forebrain (includ-
ing the dLGN) was 1038 cpm, and in the left forebrain (including
the dLGN) it was 2137 cpm. The dissected left superior colliculus
contained 388 cpm, and the right superior colliculus contained
44 cpm. As controls, the inferior colliculi were measured; they
contained 25 cpm (right) and 32 cpm (left). After further dehy-
dration in 100% ethanol, the amounts of radioactivity decreased
by ~30%, e.g., in the left superior colliculus from 388 to 280 cpm,
and similar reductions were seen in all tissues, including those
with background label.

These data allow the following conclusions. (1) A minimal
amount of ~2000 cpm (~20 pg BDNF protein) was transported
specifically within 6 hr from the eye to the brain (including optic
nerve, dLGN, and superior colliculus). This is comparable with
the amounts of BDNF transported in previous studies in which
only 10-100 ng BDNF (10- to 100-fold lesser amount) was in-
jected, yet 8—80 pg accumulated in the optic tectum alone (von
Bartheld et al., 1996) or in the entire brain (Spalding et al., 2002).
This may indicate that the transport capacity of BDNF saturates
with ~50-100 ng of BDNF injected in the eye. (2) Even with large
amounts of BDNF (1 pginstead of 10—100 ng) injected in the eye,
there is very little, if any, diffusion to adjacent structures such as
the contralateral eye, contralateral optic nerve, or ipsilateral ol-
factory bulb, and the background in the brain was relatively low.
(3) The large majority of the transported radioactivity was appar-
ently internalized protein rather than free iodine or small degra-
dation products, because most of the radioactivity did not wash
out in the dehydration step.

These findings confirm efficient internalization of BDNF in
RGCs and anterograde transport of BDNF to retinorecipient
structures in the adult rat. In addition, specificity of BDNF accu-
mulation is not compromised by the delivery of microgram
amounts of BDNF into the eye.

Neuroprotective effects of anterograde BDNF: anatomy

In a previous paper we showed that the intraocular delivery of
BDNF reduces by 50% the number of pyknotic cells in the dLGN
of neonatal rats subjected to visual cortex lesion (Caleo et al.,
2000). Here we extend these results to adult animals, where genic-
ulate cell death occurs over a more protracted time course. Two
regimens of BDNF administration were tested. In the first proto-
col, BDNF (15 ug) was delivered bilaterally into the eye at days 0,
5, and 10 after the cortical ablation (n = 6 animals). In a second
protocol, BDNF was given into both eyes immediately after the
damage (n = 4). All animals were allowed to survive for 2 weeks
after the lesion. At this time point, 36.5 = 1.4% (SE) of the genic-
ulate neurons were left in the injured dLGN of control uninjected
animals (Fig. 4). As demonstrated previously, these spared cells
are mainly inhibitory interneurons not projecting to the cortex
(Al-Abdulla et al., 1998; Martin et al., 2001). One single bilateral
administration of cytochrome ¢ at the time of the lesion was
completely ineffective in altering the course of dLGN cell death
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Figure 4.  Intraocular administration of BDNF prevents the death of geniculate neurons.
A-D, Coronal sections through the dLGN immunostained with anti-NeuN antibodies. At post-
operative day 14, the geniculate of control lesioned animals ( B) is shrunken, and the number of
dLGN neuronsis reduced dramatically with respect to normal ( A). Many more neurons survivein
animals with either three BDNF injections (C) or one single BDNF injection (D). D, Dorsal; L,
lateral. Scale bar, 300 wm. £, Scatter plot showing survival data in the various experimental
groups. For each animal, the total number of dLGN neurons has been estimated by unbiased
stereology on the side ipsilateral to the lesion and on the contralateral control side. Each circle
represents survival in one animal. The lesion group (/eft) includes both untreated lesioned rats
and lesioned rats that received intravitreal injections of cytochrome c. Triangles indicate the
mean value for each experimental group; error bars indicate SE and, when not seen, are within
the symbol.

(no significant difference in survival with respect to lesioned un-
treated rats; t test; p > 0.05). In contrast, BDNF delivery resulted
in a visible increase in neuronal survival (Fig. 4C,D). Indeed, both
the single and the multiple BDNF administration produced a
highly significant cell-saving effect (Kruskal-Wallis one way
ANOVA, p = 0.002; post hoc Dunn’s test, p < 0.05). The statistical
analysis also indicates that one single BDNF dose is as effective as
three BDNF injections in blocking cell death (post-ANOVA
Dunn’s test, p > 0.05). On average, 61.9 and 62.8% of the genic-
ulate neurons survived in animals with three BDNF doses and
one BDNF dose, respectively (Fig. 4E).

Neuroprotective effects of anterograde BDNF: physiology

All of the BDNF-treated and the uninjected lesioned animals
were recorded at 2 weeks to evaluate functional properties in the
injured geniculate. It was clear from these recordings that the
physiological responses in the geniculate of control lesioned an-
imals were dramatically altered and that the BDNF administra-
tion resulted in a substantial improvement of all the parameters
tested. Representative examples of the physiological measures
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Figure 5.  Typical contrast threshold and visual acuity curves in control lesioned (top) and
lesioned (bottom) rats with a single injection of BDNF. In each graph, an arrow indicates the last
pointabove noise level (marked by a dotted line) that was taken as the threshold in that animal.
It is evident from these examples that both contrast threshold and spatial resolution are im-
proved by the BDNF treatment.

obtained in control and BDNF-injected rats are reported in Fig-
ure 5. Figure 5A shows the contrast threshold curve in an unin-
jected lesioned animal. The VEP response decreases monotoni-
cally in amplitude with decreasing contrast and is at noise level
for contrast values <30%. Figure 5B illustrates the dependence of
VEP amplitude on stimulus contrast for a lesioned animal receiv-
ing a single BDNF dose at day 0. In this animal, a reliable response
can still be obtained at 10% contrast. Figure 5, C and D, reports
examples of visual acuity determinations. For the control le-
sioned animal, it is possible to evoke a response only for spatial
frequencies in the range 0.1-0.3 c¢/deg (Fig. 5C). Even with max-
imum contrast (90%) and optimal frequency of alternation (4—6
Hz), no signal can be recorded for spatial frequencies beyond 0.3
c/deg. The results obtained in the BDNF-treated rats are dramat-
ically different as shown in the representative example of Figure
5D. It can be seen that the spatial resolution is greatly improved,
and the noise level is reached for spatial frequencies higher than
0.7 c/deg.

The graphs of Figure 5 illustrate another difference between
lesioned animals with and without BDNF treatment. It can be
easily observed that the ratio between maximal amplitude and
noise level (signal-to-noise ratio) tends to be lower in uninjected
lesioned animals than in rats treated with BDNF. This difference
is highly consistent and related to the absolute number of surviv-
ing geniculate neurons in each experimental group (see below
and Discussion).

A summary of the physiological results collected in normal,
control lesioned, and BDNF-injected lesioned rats is reported in
Figure 6. Because all of the physiological measures in the lesioned,
cytochrome c-injected animals overlap with those of uninjected,
lesioned animals (no significant difference; f test, p = 0.27 for all
comparisons), the data from these two groups have been pooled
together. Similarly, there were no significant differences in the
functional properties of animals with single and multiple BDNF
injections (f test, p = 0.25 for all parameters). Thus, data from the
two BDNF-treated groups were also pooled.
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Figure 6.  Contrast threshold (A), visual acuity (B), signal-to-noise ( (), and temporal reso-

lution (D) in the various experimental groups. The control lesioned group (LES) includes le-
sioned, untreated animals and lesioned animals that received intraocular injections of cyto-
chrome c. BDNF-treated group (LES +BDNF) pools data from animals with repeated or single
doses of BDNF. In A, B, and D, single data points and mean == SE are shown. In (, non-normally
distributed signal-to-noise ratio data are summarized with a box chart. The horizontal lines in
the box denote the 25th, 50th, and 75th percentile values. The error bars denote the 5th and
95th percentile values.

In the case of contrast sensitivity (Fig. 6A), control lesioned
rats display a significantly higher threshold compared with both
normal rats and BDNF-treated, lesioned animals (Kruskal—
Wallis ANOVA, p < 0.001; post hoc Dunn’s test, p < 0.05). How-
ever, values in the latter two groups do not differ significantly
from each other (post-ANOVA Dunn’s test, p > 0.05). Thus,
intraocular BDNF treatment preserves a nearly normal contrast
sensitivity in axotomized geniculate cells. Spatial resolution data
are shown in Figure 6 B. Geniculate acuity in the BDNF-injected
rats is intermediate between the two clusters formed by normal
animals and control lesions, being significantly different from
both latter groups (one-way ANOVA, p < 0.001; post hoc Tukey
test, p < 0.05). Signal-to-noise ratio (Fig. 6C) was calculated for
each animal and microelectrode track as the VEP amplitude un-
der optimal stimulus conditions divided by the average VEP re-
sponse with both eyes closed (see Materials and Methods). We
found a median value of 5.25 in normal animals that dropped to
2.95 in control lesioned animals and reached 4.1 in lesioned ani-
mals treated with BDNF (Fig. 6C). Statistical testing demon-
strates a significant decrease of the signal-to-noise ratio in the
control lesioned group (Kruskal-Wallis ANOVA, p < 0.001; post
hoc Dunn’s test, normal and BDNF lesioned rats differ from con-
trol lesioned, p < 0.05), whereas normal rats and lesioned rats
treated with BDNF do not show significant differences (post-
ANOVA Dunn’s test, p > 0.05). We also compared high temporal
frequency cutoff values in the three experimental groups (Fig.
6D). In normal animals, the curve relating VEP amplitude to
frequency of alternation of the stimulus grating shows a maxi-
mum at ~4 -6 Hz (data not shown). The field response decreases
progressively with increasing temporal frequency to reach a mean
cutoff of 12.9 = 0.4 Hz (SE). ANOVA indicates that mean cutoff
in control lesioned animals is lower than, but not significantly
different from, normal animals and BDNF-injected lesioned rats
(one-way ANOVA, p = 0.14) (Fig. 6 D).

We finally measured response latency in the different groups
by recording transient VEPs in response to abrupt reversal (0.5
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Figure7. A, Representative example of a transient VEP recorded in the dLGN contralateral to
the stimulated eye of a normal animal showing three major waves (N7, P1, and N2) with
differentlatencies. The visual stimulus was a horizontal square-wave grating (spatial frequency
0.1 ¢/deg, 90% contrast, mean luminance 15 cd/m?, 75° X 96° field size) reversed in
contrast at 0.5 Hz. B-D, The histograms represent mean and SE of the latency of each
major VEP component in the various animal groups. Latencies do not differ significantly
between the groups (one-way ANOVA; N1and P1 latency, p = 0.6; N2 latency, p = 0.99).
For each histogram, n = 7-8 rats.

Hz) of a square-wave stimulus grating. In both normal and le-
sioned rats, the VEP waveform consists of an early small negative
component peaking at ~50 msec (that we have called N1) and
two later waves, P1 and N2, with latencies of ~100 and 200 msec,
respectively (Fig. 7A). We found that the latency of each compo-
nent was not affected by either lesion or BDNF treatment (Fig.
7B-D).

Discussion

An extensive body of work has established that BDNF is a pow-
erful survival factor for several populations of damaged central
neurons (Morse et al, 1993; Mansour-Robaey et al.,, 1994;
Klocker et al., 1998; Hammond et al., 1999). However, whether
the neuroprotective actions of BDNF also translate into sparing
of function has remained unknown. To assess protection from
dysfunction one needs a model of neurodegeneration in which
physiological measurements can be performed reliably. Here we
have chosen the degeneration of geniculate neurons as a model
system to evaluate neuronal rescue and sparing of function after
administration of BDNF. Our main finding is that BDNF delivery
preserves for up to 2 weeks the normal physiological responses of
geniculate cells after axotomy.

Methodological considerations

The physiological responses of dLGN neurons have been mea-
sured via VEPs, which have proven to be a very sensitive tool for
evaluating visual function in both normal and pathological con-
ditions (Fagiolini et al., 1997; Pizzorusso et al., 1997; Porciatti et
al., 1999, 2000). VEPs represent the integrated response of a pool
of geniculate neurons. We have shown that infusion of muscimol
(an agonist of GABA, receptors) into the geniculate completely
eliminates all VEP responses, indicating the postsynaptic origin
of the signal recorded. The choice of using VEPs for testing genic-
ulate function is justified by the fact that electrophysiological
changes at the level of VEPs mirror closely alterations in single-
cell response properties [see for example Fagiolini et al. (1997);
compare data from Huang et al. (1999) and Hanover et al.
(1999)]. We have not analyzed the responses of single geniculate
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units after cortical ablation, because this proved to be extremely
low yield in the degenerating dLGN, whereas single-unit analysis
requires extensive sampling because of the great number of func-
tionally distinct types of cells present in the rat dLGN (Fukuda et
al., 1979; Hale et al., 1979).

Any change in geniculate physiology from removal of the vi-
sual cortex might include an effect induced by the simple discon-
nection of the massive cortical afferent pathway to the dLGN. The
functional effects of interrupting the corticofugal loop are subtle
and still controversial (Molotchnikoff et al., 1984; Murphy and
Sillito, 1987; Marrocco et al., 1996; Rivadulla et al., 2002). We
have demonstrated that all of our physiological measures are in-
dependent of the integrity of the cortical feedback (Fig. 2). For
this experiment we have used an acute lesion protocol instead of
a pharmacological silencing of the cortical neurons. In fact, it was
important to block effectively all inputs from an area of visual
cortex comparable with that ablated in the experimental group (a
surface of ~24 mm? of cortical tissue). The finding that after
acute damage all the measured parameters are within the normal
range allows us to conclude that neither the corticofugal input
nor rapid, axotomy-induced changes in cell response properties
affect the VEP signal.

Early dysfunction of axotomized geniculate cells

Unequivocal physiological changes were observed in the genicu-
late ipsilateral to the lesion 3 d postoperatively. At this time, no
degeneration of neurons has occurred yet. Therefore, our func-
tional analysis detects early disturbances that are later followed by
neuronal death. In particular, a consistent impairment in visual
acuity and contrast sensitivity could be detected. This may be
explained by an early dysfunction of the geniculate units tuned to
the high spatial frequency and low contrast range, respectively,
that represent only a minor fraction of the pool of geniculate cells
(Lennie and Perry, 1981).

The finding of a precocious functional change in the absence
of manifest signs of cell death has another important implication.
It demonstrates that maintenance of function cannot be inferred
from normal neuron number. Therefore, anatomical rescue from
death does not guarantee sparing at the physiological level. It
follows that the criteria for demonstrating neuroprotection by
any therapeutic intervention must include functional endpoints
(Dumas and Sapolsky, 2001).

Neuroprotective actions of BDNF
We have shown previously that the intravitreal administration of
BDNF reduces cell death in the geniculate of cortically damaged
P7 rats (Caleo et al., 2000). In the same paper we have shown that
this effect of BDNF depends on anterograde axonal transport but
not on local BDNF effects in the retina, i.e., the induction of a
secondary trophic signal for geniculate cells (Caleo et al., 2000).
The present data indicate that the same mechanisms of BDNF
neuroprotection operate in the adult animal. Radiolabeled BDNF
is rapidly taken up by retinal ganglion cells and transported an-
terogradely to postsynaptic neurons in retinal target fields. Sys-
temic diffusion of BDNF throughout the brain was minimal, rul-
ing out the possibility that the effects of BDNF on dLGN neurons
are attained via systemic leakage. Exogenous neurotrophins enter
the anterograde axonal transport pathway presumably after pas-
sage through the Golgi system and packaging in large dense-core
vesicles (Butowt and von Bartheld, 2001).

Using unbiased stereology, we have shown that ~80% more
geniculate neurons survive at 2 weeks in animals treated with
BDNF with respect to control lesions. Interestingly, there were no
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significant differences in survival between one single injection
and three BDNF injections spaced by 5 d. The failure to achieve
enhanced survival through the provision of additional BDNF
doses has been reported in previous studies (Mansour-Robaey et
al., 1994; Vejsada et al., 1994; Chen and Weber, 2001) and may be
explained by at least two distinct mechanisms. First, axotomy
rapidly and dramatically downregulates cell responsiveness to
neurotrophic factor stimulation, probably by reducing the levels
of trophic receptors at the plasma membrane (Meyer-Franke et
al., 1998; Shen et al., 1999). Second, exposure of central neurons
to BDNF results in a decrease of TrkB mRNA and protein levels,
therefore contributing to the reduction of trophic responsiveness
(Frank et al., 1996; Knusel et al., 1997; Sommerfeld et al., 2000).
Whether BDNF delivered to the dLGN via a retrograde route
from the cortex is able to rescue axotomized geniculate neurons
was not determined in the present study. Another TrkB ligand,
NT-4, is more likely involved in retrograde support of geniculate
cells (Riddle et al., 1995).

The most novel aspect of this study is the demonstration of an
amelioration of physiological deficits after injury and BDNF
treatment. There are many examples in the literature in which
protection from death is not accompanied by maintenance of
function, as assessed at the most integrative level of behavior
(Dumas and Sapolsky, 2001). For example, after an excitotoxic
insult to the hippocampus, overexpression of either the anti-
apoptotic protein Bcl-2 or the glucose transporter Glut-1 reduces
neuronal loss to the same extent. However, only Glut-1 preserves
hippocampal function as determined by spatial memory tests
(McLaughlin et al., 2000). Similarly, infusion of caspase inhibi-
tors prevents neuronal death in the hippocampus after traumatic
brain injury but does not spare maze performance (Clark et al.,
2000). Thus, preservation of function does not necessarily follow
rescue at the anatomical level, and a necessary step in evaluating a
neuroprotective strategy is to assess its physiological conse-
quences. This is particularly true for BDNF, which in addition to
its trophic role has been reported to act as a potent neuroexcitant
in various brain areas (Kafitz et al.,, 1999) and may influence
normal activity patterns (Lodovichi et al., 2000).

We have shown that contrast sensitivity, visual acuity, and
signal-to-noise ratio are all dramatically impaired in control le-
sioned rats 2 weeks after surgery. In lesioned BDNF-treated rats,
these parameters were much less impaired. The maintenance of a
nearly normal spatial resolution and contrast threshold after
BDNF treatment is likely to be ascribed to the sparing of genicu-
late cells that have small receptive fields and are tuned to low
contrast values. Signal-to-noise ratio, which represents an index
of the quality of the visual response, was also preserved by BDNF.
Interestingly, the decrease in the signal-to-noise ratio that we
observed experimentally in the control lesioned animals corre-
sponds to that predicted theoretically on the assumption that its
value depends on the square root of the number of neurons re-
cruited by the visual stimulus. That is, taking into account a
signal-to-noise ratio of 5.25 in normal animals, and considering a
reduction to 36.5% of normal in the number of geniculate neu-
rons, one ends up with a predicted signal-to-noise value of 3.2 for
the lesioned animals that is in close agreement with the median
measured value of 2.95. When the same calculation is applied to
BDNF-treated animals, in which ~62% of the geniculate neu-
rons survive, a predicted ratio of 4.1 is obtained that perfectly
matches the experimental median value. These considerations
add some weight to the conclusion that most of the neurons
rescued by BDNF are also functionally spared. Finally, it may
appear surprising that the latency of the visual response was not
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affected by the massive death of dLGN neurons. However, in the
rat, retinal fibers contact both geniculate relay neurons and inter-
neurons (Sefton and Dreher, 1995), which are not affected by
visual cortex injury (Al-Abdulla et al., 1998; Martin et al., 2001).
Therefore, the presence of an intact synaptic input from the ret-
ina to geniculate interneurons may explain unaltered latency of
visual drive in the dLGN.

The maintenance of at least some specific physiological pa-
rameters in injured central neurons after anterograde provision
of BDNF suggests possible therapeutic applications of BDNF. It
has been proposed that specific defects in the trafficking of neu-
rotrophins within the brain are implicated in the pathogenesis of
neurodegenerative disorders (Mufson et al., 1999; Cooper et al.,
2001). For example, a shortage in the anterograde supply of
BDNF from the cortex to striatal targets may lead to striatal cell
death in Huntington’s disease (Zuccato et al., 2001). An exoge-
nous supply of trophic substances may compensate for the loss of
endogenously transported factors and therefore have therapeutic
potential in the diseased brain (Mufson et al., 1999). This strategy
obviously requires a deeper understanding of the mechanisms
involved in uptake, transport, and release of trophic factors for
targeting them to the relevant destinations (von Bartheld et al,,
2001).
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