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Abstract

Peripheral afferent input regulates the expression of dopaminergic properties in a population of
local circuit intrinsic neurons of the rodent olfactory bulb. Lesions of the olfactory receptor neurons
produced in the mouse by intranasal irrigation with either ZnSO, or Triton X-100 and in the rat by
surgical deafferentation or axotomy are associated with a decrease in the levels of dopamine (DA),
the DA metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), the activity of the enzyme tyrosine
hydroxylase (TH), bulb weight and an increase in norepinephrine (NE) levels in the olfactory bulb.
The anatomical correlates of the biochemical sequelae of deafferentation of olfactory bulb DA
neurons were studied using immunohistochemical techniques to localize TH. Within 3 to 4 weeks all
lesions produced a dramatic and uniform reduction in TH staining of the juxtaglomerular DA
neurons and their processes which was paralleled by a reduction in DA and DOPAC levels and bulb
weight. Seven weeks following reversible chemical lesions produced by Triton X-100, DA and
DOPAC levels and tissue weight as well as TH staining in the juxtaglomerular neurons returned to
control levels. These observations suggested that DA neurons remained present even when not
demonstrable with TH antibodies. Additional evidence for the continued presence of the DA neurons
was the ability of the olfactory bulbs from both lesioned mouse and rat to synthesize DA from
exogenously administered L-3,4-dihydroxyphenylalanine (.-DOPA). These data suggested that the
decrease in DA levels and TH staining in the olfactory bulb following lesions of the olfactory
receptor neurons were produced by transneuronal mechanisms since there was no direct injury of
the bulb. Furthermore, the demonstration that following reinnervation, catecholamine synthetic
capacity is restored suggests that the juxtaglomerular dopamine neurons remain in the bulb and

that afferent receptor input is required for expression of TH enzyme.

Lesions of mouse and rat olfactory epithelium produce
degeneration of the afferent olfactory receptor neurons
which are associated with profound changes in the olfac-
tory bulb of the levels of dopamine (DA) and norepl-
nephrine (NE) and the rate-limiting enzyme in their
biosynthesis, tyrosine hydroxylase (TH) (Nadi et al.,
1981; Kawano and Margolis, 1982).

The levels of DA and its metabolite 3,4-dihydroxy-
phenylacetic acid (DOPAC) and TH activity decrease
and NE levels increase following degeneration of the
olfactory receptor cells produced in the mouse by intra-
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nasal irrigation with either ZnSO, or Triton X-100 (Nadi
et al,, 1981) and in the rat by surgical deafferentation
(extirpation of the olfactory turbinates) or olfactory
nerve axotomy (Kawano and Margolis, 1982). Chemical
lesions with ZnSQ, or surgical deafferentation are irre-
versible, producing permanent reductions in afferent neu-
ron markers such as carnosine, carnosine synthetase, and
“olfactory marker protein” (for review see Margolis,
1980a, b), as well as lasting changes in the catecholamine
neuronal markers. In contrast, less drastic chemical le-
sions of the olfactory epithelium by irrigation with Triton
X-100 or olfactory nerve axotomy produce changes in the
levels of both the afferent markers and the olfactory bulb
catecholamines which are reversible (Nadi et al., 1981;
Kawano and Margolis, 1982) as a result of the unique
ability of the receptor neurons to regenerate from stem
cells and to subsequently reinnervate the olfactory bulb
(Harding et al.,, 1977; Graziadei and Monti-Graziadei,
1978, 1980).
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Olfactory bulb dopamine is concentrated in the peri-
glomerular cell layer (Jaffe and Cuello, 1980; Nadi et al.,
1981). Immunohistochemical localization of the dopa-
mine-synthesizing enzymes, tyrosine hydroxylase and
dopa decarboxylase (DDC) but not the norepinephrine-
synthesizing enzyme, dopamine B-hydroxylase (DBH)
(Halasz et al., 1977, 1981), have shown that both periglo-
merular cells and some tufted cells are dopaminergic.

Norepinephrine is distributed throughout the bulb but
is concentrated in the external plexiform, mitral, and
granule cell layers (Jaffe and Cuello, 1980; Nadi et al.,
1981; Halasz et al.,, 1978). The noradrenergic elements
have been shown to be limited to centrifugal fibers with
no evidence for the presence of cell bodies (Swanson and
Hartman, 1975; Fallon and Moore, 1978; Macrides et al.,
1981; Broadwell and Jacobowitz, 1976). Since catechol-
amine-containing elements have not been found in the
afferent receptor fiber pathway (Halasz et al., 1978; Ma-
crides et al., 1981), the effects on olfactory bulb dopamine
systems resulting from receptor cell ablation are pre-
sumed to be the result of transneuronal mechanisms.

These reversible changes in DA levels and TH activity
raise several questions. First, is the time course of the
changes in the levels of dopamine and its metabolites
paralleled by alterations in the immunohistochemical
localization of TH in the bulb; that is, do both TH
enzyme activity and TH protein decline simultaneously?
Second, since there are several types of dopamine neu-
rons in the bulb, do the decreases in the amount of DA
and in TH activity occur in all juxtaglomerular DA
neurons or only in a certain subpopulation? Also, do the
DA concentrations decrease because the neurons are still
present but unable to produce TH, the rate-limiting
enzyme, or do they regenerate? Lastly, are there changes
in the NE-containing fibers as is suggested by the in-
crease in levels of NE in the deafferented bulb?

To address these questions, groups of experimental
animals were monitored simultaneously for changes in
biochemical measurements of catecholamines and for
localization of TH by immunohistochemical techniques.
The specific time points selected for study were based on
detailed time courses reported previously (Nadi et al.,
1981; Kawano and Margolis, 1982).

Materials and Methods

Animals

Retired breeder CD-1 female mice were purchased
from Charles River Breeding Laboratories (Wilmington,
MA). Eight-week-old female WKY rats were obtained
from Taconic Farms. All animals were maintained with
food and water ad libitum on a 12-hr light, 12-hr dark
illumination cycle.

Treatments

Lesions. Unanesthetized mice each were given a single
intranasal irrigation (Margolis et al., 1974) with 100 ul of
one of the following: 0.15 m NaCl, 0.7% Triton X-100 in
0.15 M NaCl, or 0.17 M ZnSQ,. Unilateral peripheral
surgical deafferentation was produced in 3- to 4-month-
old rats (Kawano and Margolis, 1982). In anesthetized
rats (50 mg/kg of Nembutal, i.p., Abbott Laboratories,)
a small hole was drilled through the vomeronasal bone,
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the olfactory turbinates were dissected out, and the cav-
ity was packed with Gelfoam (The Upjohn Co.). At
appropriate times, animals were taken randomly for
either biochemical or immunocytochemical staining. In
excess of 35 animals were carried through the immuno-
cytochemical procedures.

I-DOPA loading. The procedure for I-DOPA loading
was essentially that described by Lidbrink et al. (1974).
Animals received reserpine (Sigma Chemical Co., 2 mg/
kg) at time zero followed by the decarboxylase inhibitor,
RO4-4602 (50 mg/kg), at 18 hr. Some animals then re-
ceived L-3,4-dihydroxyphenylalanine (-DOPA) (200 mg/
kg) at 18.5 hr. All drugs were administered intraperito-
neally. Animals were killed at 19.5 hr and catecholamines
and their metabolites in the olfactory bulb were meas-
ured.

Catecholamines, DOPA, and DOPAC determinations

Animals were sacrificed by decapitation at various
times after surgical or chemical treatment, and olfactory
bulbs were dissected, frozen immediately on dry ice, and
weighed. Catecholamines, DOPA and DOPAC, were iso-
lated by absorption on alumina and analyzed by high
pressure liquid chromatography with electrochemical de-
tection (HPLC-ECD) as previously described (Kawano
and Margolis, 1982). In brief, the weighed tissues were
homogenized in 400 ul of cold 0.1 M HCIO, containing 5
mM sodium metabisulfite and 1 mm EDTA and 10 pmol
of dihydroxybenzylamine as the internal standard. After
centrifugation, supernatants were transferred to 1.5-ml
polyethylene centrifuge tubes and 50 mg of acid-washed
alumina were added to each, followed by 1.0 ml of 0.5 M
Tris-HCl buffer, pH 8.6. The tubes were shaken by
inversion for 15 min to allow the catechols to adsorb onto
the alumina. Subsequently, the alumina was allowed to
settle and the tissue extract was aspirated off. The alu-
mina was washed twice with 4 ml of 0.05 M Tris buffer,
transferred to a Pasteur pipette plugged with glass wool,
and washed twice with 4 ml of distilled water. The
minicolumn was eluted with 100 pl of 0.1 M perchloric
acid/EDTA solution and the catechols were desorbed
with 300 ul of 0.1 M HClO,4. One hundred microliters of
this eluate containing the catechols then were injected
into the chromatographic system.

HPLC-ECD was performed using a Bioanalytical Sys-
tem model 304 liquid chromatograph equipped with an
electrochemical detector. A 25 X 0.46 cm stainless steel
analytical column packed with 5 pum ODS Biophase was
used. The mobile phase was 5% methanol, 0.1 mm EDTA,
0.08 M monobasic potassium phosphate to which phos-
phoric acid (1.5 ml/liter) was added to pH 2.8. 1-Octane
sulfonic acid (30 mg/liter) was added as an ion-pairing
agent. The flow rate was maintained at 1.5 ml/min.
Catechols were oxidized at an applied potential of +0.72
V vs. Ag/AgCl using a glassy carbon electrode. Under
these conditions, NE, DOPA, DA, and DOPAC were
separated completely with retention times of 4, 6, 10, and
16 min, respectively. The internal standard dihydroxy-
benzylamine eluted at 5.5 min. The response of the ECD
was linear in the range from 1 to 1000 pmol injected.
Recovery of standards taken through the entire proce-
dure was routinely 70 to 80%.
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Immunohistochemistry

Both mice and rats were anesthetized with Nembutal
(50 mg/kg, i.p.) and perfused transcardially for 5 min
with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH 7.2. Brains were postfixed for 1 hr in the same
solution, washed overnight, and infiltrated with 30% su-
crose. The tissue was frozen on dry ice and serial 16-um
cryostat sections were collected on gelatin-coated slides.
Adjacent sections were stained with either cresyl violet,
a Nissl stain, or antibodies to tyrosine hydroxylase.

The peroxidase-antiperoxidase (PAP) method of
Sternberger et al. (1970) as previously described (Teitel-
man et al., 1979) was used. Briefly, sections were incu-
bated with: (a) 0.25% Triton X-100 in 0.1 M Tris-saline
buffer (pH 7.6) for 15 min and washed for 5 min in the
same buffer, (b) 3% goat serum in buffer for 30 min and
washed in buffer, (¢) antibodies to tyrosine hydroxylase
(1/500 dilution) overnight and washed in buffer contain-
ing 1% goat serum, (d) goat anti-rabbit IgG (1/50 dilu-
tion, Miles Laboratories, Elkhart, IN) and washed in
buffer, (e) rabbit PAP (1/50 dilution prepared in our
laboratories) and washed in buffer, or (f) diaminobenzi-
dine (50 mg/100 ml) with 0.01% H-0; for 6 min. Sections
were washed in water, dehydrated through graded alco-
hols, and coverslipped with Permount. The procedure for
preparation of the antibodies to TH as well as the criteria
to judge their specificity have been described previously
(Joh et al., 1973).
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Materials

All chemicals, unless otherwise stated, were reagent
grade; RO4-4602 was a gift of Hoffman-La Roche, Inc.

Results

Normal anatomy of DA- and NE-containing elements
in the olfactory bulb. As was previously described in the
rat (Halasz et al., 1977) and confirmed here in both the
rat (Figs. 1 and 2) and the mouse (Figs. 3 and 4), large
numbers of TH-stained neurons were found in the peri-
glomerular region of the olfactory bulb. The majority of
these neurons were of the small periglomerular cell type.
Some larger neurons, probably tufted cells, also were
stained. A few stained neurons also were found in the
external plexiform layer (EPL) and occasionally in the
mitral cell layer (Fig. 5). A dense plexus of fibers was
present within and between the glomeruli with some
fibers traversing the EPL. In the mitral and internal
granule cell layers, thin varicose fibers were seen, the
latter probably noradrenergic in nature (Fig. 6). Termi-
nals but not neuronal cell bodies were observed in the
accessory olfactory bulb (not illustrated).

TH staining following surgical or chemical lesions.
Following ZnSQ, lesions in the mouse (Fig. 3B), TH
staining in juxtaglomerular neurons and their processes
was reduced dramatically (compare Fig. 3, A and B) with
virtual elimination of TH-stained neurons. To determine
if the reduction in staining was uniform throughout the

Figure 1. Reduced olfactory bulb tyrosine hydroxylase after olfactory receptor cell lesions in the rat. Low power photomicro-
graph of a transverse section of olfactory bulbs taken from a rat with a unilateral surgical lesion of the olfactory epithelium. The
section was stained with antibodies to tyrosine hydroxylase. The bulb on the left or unlesioned side exhibited intense staining in
the periglomerular layer in neurons thought to be dopaminergic. Staining in the right bulb or lesioned side was reduced
dramatically. The lesioned bulb was also significantly smaller than the control bulb. The areas within the rectangles are shown

at higher magnification in Figure 2. Bar, 500 um.
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Figure 2. Comparison of lesion-induced changes in TH staining and olfactory bulb morphology in the rat. Adjacent sections of
a rat olfactory bulb were stained either with antibodies to tyrosine hydroxylase or with cresyl violet. The unilateral surgical lesion
produced a decrease in tyrosine hydroxylase staining in both cell bodies and their processes (compare A and B). The decrease in
the size of the olfactory bulb seen in Figure 1 can be attributed to a reduction in the size of the glomeruli and the thickness of the
glomerular layer (GL) as illustrated by the cresyl violet-stained sections where C is from the control side and D is from the
lesioned side. The width of the external plexiform layer (EPL) also was reduced in the lesioned bulb. The extent of the lesion was
indicated by the degeneration of the olfactory nerve layer (ONL). No changes in the internal plexiform (IPL ), mitral cell (MCL),

or granule cell (GRL) layers were observed Bar, 200 pm.

length of the olfactory bulb, serial sections of the bulb
were obtained. One out of every three sections was
stained with antibodies to TH with the adjacent sections
utilized for the Nissl stain. In all regions examined, a
similar massive reduction in staining was observed. The
few remaining stained cells were, in general, randomly
scattered throughout the bulb with no indication of a
specific cell type predominating. Occasional small groups
of stained cells remained. These were always in the
midline of the olfactory bulb and are thought to reflect
regions of the olfactory epithelium which escaped the
application of the ZnSO, solution. TH staining did re-
main in the processes and terminals of the internal gran-
ule cell, mitral cell, and external plexiform layers (Fig. 6).

The size of the olfactory bulb was reduced in lesioned
mice. The Nissl stain revealed that the reduction in size
of the bulb was attributable to a decrease in the thickness
of both the olfactory nerve and glomerular layers (com-

pare Fig. 4, A and B) which accompanied the decrease in
TH staining.

Three weeks following Triton X-100 lesions in the
mouse, TH staining was reduced significantly with only
a few positively stained periglomerular neurons and pro-
cesses remaining (Fig. 3C). Staining at this time was
similar to that observed in ZnSO,-treated mice. Adjacent
Nissl-stained sections demonstrated that there also was
a decrease in the size of the glomeruli of the same
magnitude as that produced by ZnSOj; lesions (Fig. 4C).
The availability of serial sections allowed sampling of all
regions of the olfactory bulb. As in the ZnSO,-treated
mice, the reduction in staining was uniform throughout
the bulb. In animals observed 49 days following an iden-
tical Triton X-100 lesion, TH staining had returned to or
was above normal levels and was similar to that in control
mice (Fig. 3D).

Surgically generated deafferentation of the olfactory
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Figure 3. ZnS04- and Triton X-100-induced alteration in tyrosine hydroxylase staining in the mouse olfactory bulb. A
comparison of staining with antibodies to TH in the mouse olfactory bulb 21 days following intranasal infusion with 0.15 m NaCl
(A), 0.17 M ZnSO, (B), or 0.7% Triton X-100 (C) and 49 days following infusion with the same dose of Triton X-100 (D). In the
control mouse (A), staining with TH antibodies was the same as seen in the rat with labeled cells predominantly in the
periglomerular layer. Staining also was contained in a dense plexus of fibers which coursed between and within the glomeruli. In
mice, 21 days after lesions with either ZnSO, (B) or Triton X-100 (C), staining was greatly reduced in both the periglomerular
neurons and their processes. All regions of the olfactory bulb exhibited a similar reduction in staining. The reduction in the
number of stained neurons produced by Triton X-100 was reversible as illustrated in D with staining returning to control levels
49 days following irrigation with this agent. Bar, 200 um.

St DA Lty

4 ‘1 |
V3
h
,:'
't
; '!
Ny
i
.
PN
-.;_:
e
ﬁl
e
&5
5
s A g
A £ &
- | L "
o 3 '."»"- '.1;:;.3' » oniaasastmavisinsmd ;
5 /4 SA T =
i e "
# sl Al

the mouse. Sections adjacent to those
in Figure 3 were stained with cresyl violet to demonstrate the decrease in the width of the glomerular layer and the size of the

glomeruli 21 days following intranasal irrigation with either 0.17 M ZnSO, (B) or 0.7% Triton X-100 (C) when compared to control
mice (A). The morphology in sections from mice examined 49 days following treatment with Triton X-100 (D) was similar to that
in control mice (A4) illustrating that full recovery can occur after reinnervation by the olfactory receptor cells. Bar, 200 pm.
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bulb of the rat decreased TH immunocytochemical stain-
ing at 3 to 4 weeks to a similar extent as chemical lesions
in the mouse (Figs. 1 and 2). As in the mouse, TH staining
was so extensively reduced that no individual cell type
was spared in the glomerular layer. The decrease in
staining was accompanied by a large reduction in the size
of the olfactory bulb (Fig. 1), resulting for the most part
from the degeneration of the afferent olfactory receptor
neuronal input and thus a shrinkage of the glomeruli
(compare Fig. 2, B and D).

Effects of lesions on catecholamine levels in the olfac-
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tory bulb. In mice, 21 days following intranasal irrigation
with either ZnS0O,; or Triton X-100 (Table I), similar
reductions (2- to 3-fold as compared to saline-treated
controls) in DA levels were observed. DOPAC levels also
were reduced (3- to 4-fold), as was tissue weight (30% in
ZnSOy-treated mice and 15% in Triton X-100-treated
mice). By 49 days post-lesion in the Triton X-100-treated
mice, DA and DOPAC levels and bulb weight had in-
creased significantly and were comparable to control
values. In contrast, at both 30 days and 90 days after the
ZnS04 lesion (Table II), DA levels remained at less than

I e

Figure 5. Distribution of tyrosine hydroxylase-stained neurons and processes in the mouse olfactory bulb. TH staining in the
mouse olfactory bulb illustrating the variation in size of stained neurons and the presence of stained cells in other than the
periglomerular region. Stained cells occasionally were seen in the external plexiform layer (single arrow) as well as the mitral cell
layer (double arrows). Processes of periglomerular neurons coursed both between as well as within the glomeruli. Bar, 50 pm.
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Figure 6. Lack of change in TH-stained processes in the olfactory bulb of ZnSO,-treated mice. Processes, presumably
noradrenergic in nature, were found in the granule cell layer of both control (A) and ZnSO;-treated (B) mice. The number of
fibers did not appear to differ between the two treatment groups indicating that lesions with ZnSQy did not alter the centrifugal
noradrenergic input to the olfactory bulb. Bar, 25 pm.
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TABLE 1
Influence of chemical and surgical deafferenting lesions on catecholamines in rat and mouse olfactory bulb®
Species and Treatment TiII: ;Oa::er N NE DA DOPAC Tissue weight TH Staining®
days pmol/gm tissue mg
Mouse
Saline 21 6 1531 + 113 1180 + 78 359 + 32 23119 3
ZnS0, 21 3 2388 + 222° 381 + 85° 96 + 16° 15.1 £ 0.7° =+
Triton X-100 21 3 1674 £ 171 485 + 51° 139 + 16° 19.2 + 0.67 1
Triton X-100 49 3 1971 + 239° 1227 + 248 515 + 1149 213+ 14 3
Rat
Unlesioned side 28 3 1976 + 239 330+ 5 218 + 28 372+ 14 3
Lesioned side 28 3 2558 + 2947 101 + 33° 55 + 22°¢ 24.1 = 1.1° +

¢ Values are means = SD.

® TH staining is on a scale from 0 to 3 with + indicating occasional patches of staining.

¢ p < 0.001 when compared to saline control or unlesioned side by the Student’s ¢ test (two tailed).
“ p < 0.05 when compared to saline control or unlesioned side by the Student’s ¢ test (two tailed).
¢ p < 0.01 when compared to saline control or unlesioned side by the Student’s ¢ test (two tailed).

TABLE 11
Influence of I-DOPA loading on catecholamine levels in normal and deafferented olfactory bulb of mouse and rat®
Species and Treatment Tig; Zi?)fx:er NE DOPA DA DOPAC
days
Mouse
Control 1,938 + 213 98 + 55 1,040 + 322° 354 + 105™™
Control reserpine + R04-4602 - 1,384 + 953 168 = 39° 258 + 78
Control reserpine + R04-4602 + - 252,180 + 30,800 3,205 + 1,693 22,650 + 13,590°
I-DOPA
ZnSO0, 30 2,895 + 744* - 187 + 58**¢ -
ZnSO, reserpine + R04-4602 30 - 773 £ 237 - -
ZnSO0, reserpine + R04-4602 + 30 - 156,930 + 56,600 794 + 464" 6,318 + 3,970
{-DOPA
ZnS0, 90 3,854 + 624** - 168 + 89**¢ -
ZnSO; reserpine + R04-4602 90 419 + 217 - 69 + 9° -
ZnSO, reserpine + R04-4602 + 90 - 226,420 + 67,840 1,058 + 541 10,060 + 5,580°
I-DOPA
Rat
Unlesioned side, no drug 30 1,976 £ 72 398 330 % 5° 217 £ 28
Lesioned side, no drug 30 2,558 + 294** 3111 101 + 33**® 55 + 22**
Unlesioned side, reserpine + RO4- 30 - 495 + 48 158 + 22 241 + 45
4602
Lesioned side, reserpine + R04-4602 30 - 478 £ 7 29 + 6** 203 + 57
Unlesioned side, reserpine + RO4- 30 - 42,040 + 15,250 5,775 + 1,700° 24,700 + 3,250
4602 + I-DOPA
Lesioned side, reserpine + R04-4602 30 - 60,480 * 17,330 3,456 + 373** 17,200 + 2,070*

+ [-DOPA

“ All data are expressed as pmol/g of tissue, mean + SD, N = 3 to 4. Statistical evaluations were by the Student’s two tailed ¢ test. A dash in
the table indicates the compound was undetectable by the HPLC-ECD. For the mouse, comparisons of data for control and ZnSO,-lesioned mice
withont drug treatment are indicated by asterisks (* p < 0.05; ** p < 0.01). Selected statistical comparisons were performed for data from I-
DOPA-loaded mice and values in a given column with the same letter superscript differ by at least p < 0.05. For the rat, statistical comparisons
were carried out between companion sets of data from lesioned, and unlesioned animals and are indicated by asterisks (* p < 0.05; ** p < 0.01).
Statistical comparisons between selected treatment groups are indicated by letter superscripts. Those with the same letter superscript differ by

at least p < 0.01.

20% of control values with no indication of return toward
pre-lesion levels. In the ZnSO;-treated mice, NE levels
consistently were elevated relative to unlesioned controls
(Tables I and II).

The effects of surgical lesions in the rat were similar to
those produced by chemical lesions in the mouse. At 28
days following unilateral surgical deafferentation, a 3-

fold reduction in DA levels and a 4-fold decrease in
DOPAC levels were observed in the lesioned bulb. Tissue
weight also was reduced significantly by deafferentation.
As in the mouse, NE levels were elevated significantly.
The DA, DOPAC, and NE levels in the unlesioned olfac-
tory bulb were not different from those observed in
unoperated rats (unpublished observation).
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The amount of staining with the antibody to TH
closely followed the tissue levels of DA. Using a rating
scale of 0 to 3 (0, no staining; 3, maximal staining), control
tissue in both the mouse and the rat was rated 3, ZnSO;-
treated mice or rats with surgical lesions were rated 0 or
+, indicating only small patches of staining. Triton X-
100-treated mice at 21 days were rated 1 and at 49 days
post-lesion, 3 (Table I).

Catecholamine metabolism following I-DOPA admin-
istration. If the periglomerular and tufted DA neurons,
although no longer demonstrable with antibodies against
TH, were still present in the bulb and contained the
enzyme DOPA decarboxylase, then they should be able
to synthesize DA from exogeneously supplied I-DOPA.
In olfactory bulbs of control animals, I-DOPA adminis-
tration has permitted the visualization of a subpopulation
of juxtaglomerular neurons by catecholamine histofluo-
rescence (Lidbrink et al., 1974; Lichtensteiger, 1966; Hal-
asz et al., 1978). Therefore, lesioned and control mice and
rats were administered /-DOPA to determine if the bulbs
could still synthesize dopamine.

In both lesioned and unlesioned mice, the DA content
of the olfactory bulbs increased following -DOPA ad-
ministration (p < 0.05). Either 1 or 3 months following
ZnS0O, treatment, lesioned mice exhibited a similar qual-
itative pattern of responses to the administration of /-
DOPA as did unlesioned mice, although the magnitudes
of the effects were different. The level of DA in I-DOPA-
loaded ZnSO,-lesioned mice rose to that seen in unle-
sioned, untreated mice at both times after lesion (no
statistically significant difference) but was only 25 to 30%
of that seen in /-DOPA-loaded unlesioned mice (Table
IT). DOPAC and DOPA concentrations also increased in
the ZnSO,-lesioned mice after DOPA loading. Unilateral
olfactory deafferentation in the rat followed by /-DOPA
administration produced effects qualitatively similar to
those observed in the mouse (Table II). Thus, in both
the lesioned and unlesioned rat bulb, /-DOPA loading
results in a large increase in the level of DA. The level of
DA achieved is higher (p < 0.05) in the unlesioned
compared to the lesioned bulb. On the lesioned and
unlesioned sides, DOPA and DOPAC levels also were
increased in [-DOPA-treated rats. In both species, the
level of NE in the lesioned bulbs is higher than is ob-
served in unlesioned bulb (compare Tables I and II) and,
in nearly all cases, reserpine reduces NE to below detec-
tion limits.

Discussion

The normal anatomy of the olfactory bulb in both the
rat and the mouse was very similar. As had been previ-
ously described in the rat (Halasz et al., 1977, 1978, 1981),
a large number of neurons stained with antibodies to TH
were found surrounding the glomeruli. These neurons,
which have been reported to be dopaminergic, occasion-
ally were found outside the glomerular layer in both the
external plexiform and the mitral cell layers. A dense
plexus of fibers was found within and between the glo-
meruli with processes extending into the EPL and the
mitral cell layers. These fibers previously have been
reported to be dopaminergic (Halasz et al., 1977). The
thin varicose fibers which were found in the internal
granule cell and plexiform layers presumably represent
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the extrinsic noradrenergic input to the olfactory bulb
(Swanson and Hartman, 1975; Fallon and Moore, 1978;
Macrides et al., 1981; Broadwell and Jacobowitz, 1976;
Halasz et al., 1978).

Chemical and surgical lesions of the olfactory epithe-
lium in both the rat and the mouse initially produced the
same changes in the olfactory bulb. DA and DOPAC
concentration, biochemical markers of DA neurons, were
reduced dramatically in both species. The changes in the
biochemical indices were followed closely by the staining
of the neurons with antibodies to TH. After lesion, the
dopamine neuronal cell bodies which normally sur-
rounded the glomeruli were, for the most part, not de-
monstrable with the antibody, indicating that TH protein
disappears as well as TH activity. No single type of DA
neuron appeared to be spared following deafferentation,
with all types of neurons in the juxtaglomerular position
losing the ability to be stained by TH antibody. In those
animals in which a few patches of residual stained neu-
rons were seen, they were largely located in the medial
aspects of the olfactory bulb and probably represented
regions in which the deafferentation produced by the
lesions of the olfactory epithelium was incomplete.

Staining in the fibers in and between the glomeruli
also was reduced dramatically, as would be expected if
the DA neurons no longer stained. Fiber staining in the
other layers did not appear to decrease. Since these are
the presumed noradrenergic fibers, the lack of change in
staining is in agreement with the proposal that the in-
crease in NE concentration in ZnSQO4-lesioned mice (Nadi
et al.,, 1981) and surgically lesioned rats (Kawano and
Margolis, 1982) reflects the decrease in the size of the
bulb rather than any major change in noradrenergic
innervation (i.e., NE content per bulb is unaltered).

Nissl staining of sections adjacent to those stained for
TH indicated that the glomeruli were reduced in size.
However, it was not clear if the number of juxtaglomer-
ular granule cells was reduced. In fact, the cell density in
this region appeared to have increased. This increase in
cell density could have resulted from the fact that the
glomerulus was reduced in size, thus bringing the cells
closer together. However, since not all juxtaglomerular
cells are dopaminergic (Ribak et al., 1977; Hoffman et al.,
1979; Halasz et al., 1979; Davis et al., 1982), and the
proportion of DA neurons to other neuronal cell types is
not known, the loss of a subpopulation of neurons might
not be easily discerned.

The lack of staining in the dopamine neurons suggested
that the cells might have degenerated. Thus, the question
remained, did the lack of staining of the DA neurons
with the antibodies to TH indicate cell loss or did these
neurons simply stop producing the rate-limiting neuro-
transmitter synthetic enzyme in a transneuronal response
to peripheral deafferentation? A decrease in the ability
of a neuron to produce neurotransmitter synthetic en-
zyme has been demonstrated in noradrenergic (Ross et
al., 1975), dopaminergic (Gilad and Reis, 1979), and cho-
linergic systems (Wooten et al., 1978), following a direct
axon lesion.

In an attempt to answer this question, Triton X-100
was used to produce lesions of the olfactory epithelium,
since intranasal irrigation with this agent produces a
reversible lesion of the olfactory neuroepithelium (Nadi
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et al.,, 1981). Triton X-100 (at the concentration em-
ployed) seems to destroy only mature receptor cells,
permitting immature stem cells to differentiate and pro-
duce new axons which reinnervate the olfactory bulb.
The previously characterized time course of the olfactory
receptor cell degeneration/regeneration phenomenon
was used to select appropriate time points at which to
study TH immunohistochemical staining (Nadi et al.,
1981; Kawano and Margolis, 1982). The three time points
chosen were: (1) pretreatment, (2) when TH activity was
at a minimum, and (3) when activity had returned to
control levels. Three weeks following a Triton X-100
lesion, TH staining in the mouse was reduced to the same
extent as it was in ZnSOg-treated mice. However, 7 weeks
after Triton X-100 treatment, at a time when olfactory
receptor neuron regeneration was completed and the
levels of DA and DOPAC were at control levels, TH
staining was at or above control levels. The apparent
“overshoot” in TH staining could represent a phenome-
non similar to that observed in the ventral tegmental DA
system during development where TH activity reaches
values 25% above control levels (Baker et al., 1982).

As another indication of the continued presence of the
DA neurons in the olfactory bulb, even in the absence of
tyrosine hydroxylase enzyme, the ability of lesioned bulbs
to synthesize DA from exogenously administered I-
DOPA was examined. The administration of -DOPA as
the DA precursor bypasses the TH enzyme step, as the
enzyme DOPA decarboxylase (DDC), the second enzyme
in the DA biosynthetic pathway, directly decarboxylates
the I-DOPA to form DA. The possibility that DDC may
remain in these cells in the absence of TH is consistent
with the finding that some cells, such as the APUD cells
of the pancreas, have DDC but not TH (Teitelman et al.,
1981). We found that, following reserpine, R0O4-4602, and
I-DOPA administration, ZnS0O;-lesioned mice could syn-
thesize DA to the same extent as untreated unlesioned
mice, but they exhibited less ability to syntheize DA than
treated unlesioned mice. In the rat, the lesioned bulb also
was able to synthesize DA and metabolize it to DOPAC
but at a reduced level as compared to the similarly
treated unlesioned bulbs. Thus, these experiments indi-
cate that the olfactory bulb can produce DA in the
absence of demonstrable TH, albeit at a reduced capac-
ity. Alternatively, the synthetic capability could arise
from a pool of DDC outside the DA neurons as, for
example, in the cerebral microvasculature (Melamed et
al., 1980) or the serotonin or NE axons and terminals in
the olfactory bulb (Margolis, 1981). However, consistent
with our interpretation is the recent demonstration in
the rat (Margolis et. al., 1982) that the lesioned olfactory
bulb contains 65% of the unlesioned level of DDC activity
as well as juxtaglomerular neurons which stain immu-
nohistochemically for DDC in the lesioned bulb. These
observations indicate that DDC is still present in the
lesioned bulb in a population of cells which formerly also
contained TH.

One additional line of evidence for the continued pres-
ence of the DA neurons in the olfactory bulb was the
demonstration that there was not reduction in DA uptake
in bulbs from ZnSO,-treated mice (Margolis et al., 1974).
Therefore, at least three functions of the DA neuron, DA
uptake, synthesis, and DDC staining, are retained by the
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deafferented bulb indicating that these neurons may not
degenerate.

The mechanism by which a lesion of the peripheral
afferents to the olfactory bulb results in selective loss of
DA, TH activity, and TH immunocytochemical staining
of the juxtaglomerular cells of the bulb is unknown.
Although afferent receptor cells do synapse on tufted and
periglomerular cell dendrites (White, 1973; Pinching and
Powell, 1971; Garrido et al., 1978), evidence for specific
contacts with dopaminergic elements has not been pub-
lished. However, during ontogeny, TH immunocyto-
chemical staining in the olfactory bulb (Specht et al.,
1981) appears only after the olfactory receptor neuron
axons reach the bulb (Hinds and Hinds, 1976; Farbman
and Margolis, 1980; Monti-Graziadei et al., 1980). Fur-
thermore, following lesions to the peripheral afferents,
the intial decline and, where appropriate, the subsequent
return of DA levels and TH activity parallel the changes
in biochemical markers associated with the olfactory
receptor afferents; that is, olfactory marker protein and
carnosine content (Nadi et al., 1981). In addition, lesions
of the centrifugal afferents to the bulb which cause major
declines of NE levels and choline acetyltransferase activ-
ities in the olfactory bulb do not influence DA levels
(Macrides et al., 1981), arguing that the phenomenon we
are studying here is not simply a general metabolic
response to lesion of inputs to the bulb. Taken together,
these various observations imply some form of neuronal,
or possibly synaptic, interaction between the afferent
olfactory fibers and the juxtaglomerular DA neurons.

We conclude that lesions of the olfactory epithelium
which produce degeneration of the afferent receptor in-
put to the olfactory bulb alter the ability of periglomer-
ular and tufted DA neurons to produce the neurotrans-
mitter-synthesizing enzyme, TH, and compromise neu-
rotransmitter synthesis and metabolism by these cells.
These effects are produced transneuronally, since no
direct lesion of the DA neuron is made. Furthermore,
when reinnervation occurs, the changes in synthetic ca-
pacity are reversed, suggesting that deafferented neurons
may remain in a quiescent state which requires afferent
input for tyrosine hydroxylase expression.
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