
J. Anat. (1999) 194, pp. 233–239, with 3 figures Printed in the United Kingdom 233

Quantitative analysis of the sympathetic innervation of the rat

knee joint
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

Retrograde tracing with Fluoro-Gold (FG) was used to identify the complete population of knee joint

sympathetic postganglionic efferents in the lumbar sympathetic chain of adult female Wistar rats. In 6 rats,

the total number and distribution of FG-labelled neurons in the lumbar sympathetic chain was determined.

The rat knee joint is supplied by an average of 187³57 sympathetic afferents with the majority at the L3

and L4 levels. Immunohistochemistry using antibodies specific for tyrosine hydroxylase (TH), somatostatin

(SS) or vasoactive intestinal polypeptide (VIP) revealed that 33% of knee joint sympathetic afferents

contained TH, 42% contained VIP, and none contained somatostatin. Retrograde tracing with FG provided

accurate and reproducible labelling of the joint-innervating subpopulation of sympathetic efferent neurons.

This model lends itself to the further study of the molecular responses of this neuronal population in the

various disorders and conditions affecting joints.
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

The role of the sympathetic nervous system in joint

physiology is poorly understood, but the sympathetic

fibres of the knee are known to participate in the

regulation of vasomotor activity (Sato & Schaible,

1987; Ferrell & Khosbated, 1990; Karimian et al.

1995; McDougall et al. 1997) and vascular per-

meability (Green et al. 1991; Gibbins, 1992). Sym-

pathetic excitatory reflexes are evoked by noxious

stimuli such as forcible knee movements and intra-

articular injections of prostaglandins, whereas in-

nocuous stimuli have no effect (Ja$ nig, 1985; Sato &

Schaible, 1987).

Sympathetic contributions to acute and chronic

inflammation

It has been proposed that the sympathetic nervous

system contributes to the process of inflammatory

arthritis (Lindh et al. 1989; Roberts, 1989; A. Lee et

al. 1991). Plasma extravasation may be, in part,
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sympathetically mediated (Coderre et al. 1989; Green

et al. 1991, 1993a, b ; S. H. Lee et al. 1991). Electrical

stimulation of sympathetic outflow inhibits

bradykinin-induced plasma extravasation (Miao et al.

1996), yet chronic arthritis results in a prolonged

abolition of vasomotor reflexes in the inflamed joint

tissues (McDougall et al. 1995). This supports the idea

that there are distinct functional subsets of joint-

innervating sympathetic neurons, and that some of

their functions are significantly changed during an

inflammatory arthritis.

There is evidence that sympathetic nervous system-

derived mediators enhance the severity of chronic

arthritis in animal models and man (Levine et al.

1986; Coderre et al. 1990). In human patients with

rheumatoid arthritis, regional sympathetic blockade

effectively reduced reported pain and increased pinch

strength (Levine et al. 1986).

It is also widely believed that sympathetic

adrenergic activity is causally related to at least some

of the pain and other sensory disturbances of reflex

sympathetic dystrophy (RSD), a common sequel to



joint injury (Schwartzman & McLellan, 1987;

Roberts, 1989; Chard, 1991). However, the primacy

of sympathetic involvement has not been confirmed,

and the details of mechanisms by which sensory and

sympathetic interactions occur are as yet poorly

understood.

Despite the evidence documenting an important

role of the sympathetic nervous system in the normal

and pathological physiology of the joint, there has

been no previous accurate description of the number

and immunohistochemical characteristics of the sym-

pathetic neurons projecting to the rat knee joint. Since

the rat has been widely used as a model for the

investigation of both inflammatory arthritis and reflex

dystrophy, we chose to combine retrograde tracing

with immunohistochemistry to characterise better this

important subpopulation of neurons.

  

Knee joint injections

Fourteen adult female Wistar rats were obtained from

Charles River (average weight 250 g). The supplier

was unable to provide precise ages of the animals but

indicated that they were all sexually mature and

approximately 2 mo of age. All experiments were

carried out in accordance with the guidelines es-

tablished by the United States National Institutes of

Health for the care and use of animals for ex-

perimental procedures. All possible efforts were made

to minimise animal suffering and reduce the number

of animals used.

Retrograde labelling of the knee joint sympathetic

innervation was carried out in the same manner as our

previously described technique for labelling joint-

innervating sensory afferents (Salo & Tatton, 1993;

Salo & Theriault, 1997). Briefly, a specially designed

knee holder was used to position the joint for injection.

Under general anaesthesia (halothane}N
#
O}O

#
),

using sterile technique the patellar tendon was exposed

by a 3–4 mm incision. With the aid of a micro-

manipulator, a 30 gauge Hamilton syringe was

introduced obliquely through the tendon into the

patellofemoral joint. Each rat had 1 knee injected with

5 µl of 2% Fluoro-Gold (FG) (Fluorochrome,

Inglewood, CO) in distilled water followed after a few

min by 15 µl of 0.1  phosphate buffer containing

0.1% Fast Green dye (Sigma) both to precipitate the

fluorescent tracer within the intra-articular space and

to identify extravasation of the injectate from the joint

(Schmued & Fallon, 1986; Salo & Theriault, 1997).

After injection the needle was withdrawn, the incision

was briefly irrigated with 0.9% sterile saline and the

skin sutured with 5-0 nylon. Nine rats had 1 knee

joint injected and 5 (designated for immunohisto-

chemical assessment) had bilateral injections.

General histological methods

At 5–7 d after FG injection, the rats were deeply

anaesthetised with intraperitoneal sodium pentobar-

bital and perfused with 4% paraformaldehyde in

0.1  phosphate buffer. After evisceration, the para-

vertebral sympathetic chains were dissected. The

T13–L5 sympathetic ganglia were removed bilaterally

and postfixed in 4% paraformaldehyde overnight.

The ganglia were washed in buffer and cryoprotected

in 30% sucrose overnight. Paired ganglia (left and

right) were then embedded and oriented together in

Tissue-tek embedding medium in 1.5 ml Eppendorf

tubes, and rapidly frozen in liquid nitrogen.

Specimens were stored at ®80 °C until sectioning.

Blocks were mounted in a Reichert-Jung cryostat and

serial 15 µm transverse sections collected onto gelatin-

coated slides. After thaw-mounting and air-drying at

room temperature overnight, sections were counter-

stained with aqueous 1% toluidine blue, dehydrated

and coverslipped with Eukitt.

Method for counting labelled joint afferents

Every section through every ganglion (ranging from

100 to 200 sections per ganglion) was examined

alternately under brightfield and UV epifluorescence

with appropriate filters for FG (excitation: 355–

425 nm, long pass filter : 460 nm) and lipofuscin

autofluorescence (Hyde!n & Lindstro$ m, 1950) using a

Leitz DMRB microscope with fluorescence illumi-

nator.

The total number of FG-positive somata was

counted for each ganglion as follows. The complete

set of serial sections for each ganglion was examined.

We mounted 20 consecutive sections on a slide, in

order, in a regular grid pattern, thus enabling

comparison of each section with the previous and

following sections in the series. Carefully comparing

each section with the previous and following section

in the series allowed the labelled cellular profiles to be

followed from section to section, ensuring that each

labelled cell was counted only once (serial recon-

struction method of Coggeshall et al. 1990; see

also Salo & Theriault, 1997). Some of the larger

FG-positive somal profiles could be followed over as

many as 3 or 4 serial sections. Few cells exhibited

significant lipofuscin autofluorescence, so that identi-
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Fig. 1. Composite photomicrograph of 2 typical sections of through the L4 sympathetic ganglion, viewed with bright field (a, b) and UV

epifluorescence with filters selective for FG (c, d ). Joint-innervating sympathetic efferent somata are readily identifiable by bright

fluorescence (arrows). Bar, 20 µm.

ficaton and counting of the labelled cells was

straightforward.

Immunohistochemistry

After fixation and embedding as described above,

15 µm serial frozen sections were cut from the L3 and

L4 ganglia harvested from 5 rats prelabelled by

bilateral and 1 rat labelled by unilateral intra-articular

FG injection as described above. We elected to use

only the L3 and L4 ganglia for the immunohisto-

chemistry because we had found that on average,

77% of the joint efferents would be found there.

Three sets of serial sections were collected onto

gelatin-chrome alum subbed slides, thaw-mounted,

dried on a warming plate at 30 °C for 2 h and stored

at 4 °C overnight.

After washing in 3 changes of phosphate buffer and

blocking with normal goat serum for 30 min at room

temperature, primary incubation was performed over-

night in humidity chambers at 4 °C. Anti-TH (Eugene)

was used at a titre of 1}2000 in 2% normal horse

serum. Anti-SS (Zymed) was used at a titre of 1}1000

in 2% normal goat serum (NGS). Anti-VIP (Zymed)

was used at a titre of 1}500 in 2% NGS. The

following day slides were washed in 3 changes of

phosphate buffer and blocked for 30 min in 10%

NGS. Specific binding of anti-TH was visualised by a

1 h incubation with a biotinylated goat antirabbit IgG

followed by Texas red avidin D (Vector). Anti-SS and

anti-VIP binding was visualised by a rat-adsorbed

biotinylated horse antimouse IgG (Vector) and Texas

red avidin D. Slides were rinsed in phosphate buffered

saline and coverslipped with Mowiol. Slides were

stored at 4 °C in the dark for no more than 1 wk prior

to viewing. Every 4th section was viewed using the

Leitz DMRB fluorescence microscope, alternating

filters appropriate for FG (excitation: 355–425 nm,

long pass filter : 460 nm) or Texas red (excitation:

515–560 nm; long pass filter : 580 nm). We chose to

examine every 4th section in order to minimise the

possibility of double counting a labelled cell. On each

section viewed, the total number of FG-labelled

profiles was counted, then the number of FG-labelled

profiles that also contained Texas red immuno-

fluorescence was also determined (Fig. 3).



Fluoro-Gold injection of rat knees

A total of 14 rats underwent knee joint injection. We

took great care to ensure that the tip of the injection
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Fig. 2. Distribution of FG-labelled joint-innervating sympathetic

efferent somata in the lumbar sympathetic paravertebral ganglia.

Each set of joined points represents the results of a single FG

injection into 1 knee joint of 1 rat. Note the concentration of

sympathetic efferents in the L3, L4 and L5 ganglia.

needle was positioned precisely between the patella

and the distal femur before instillation of the Fluoro-

Gold and Fast Green with phosphate buffer. For this

reason there were no animals rejected or excluded

from the series due inadvertent injection of deeper

tissue layers away from the joint. No rat was excluded

from the series due to immediate extravasation of the

tracer from the joint at the injection site. Unfortu-

nately, dissection of the lumbar sympathetic chain

was hampered by the small, friable nature of the

ganglia and 3 rats were excluded from subsequent

analysis either because of a failure to remove intact

the complete set of sympathetic ganglia or because of

an anatomical anomaly such as fusion of 2 ganglia in

a chain. The L6 ganglion was consistently small and

difficult to identify. It was examined in 2 rats and

Table. Counts of FG-labelled cells in sympathetic ganglia*

Rat

sympathetic

Series A TH}FG (%) Series B VIP}FG (%)

chain L3 L4 L3 L4

2L 11}63 (17) 5}33 (15) 27}85 (32) 17}43 (40)

2R 11}31 (35) — 17}63 (27) —

3L 17}59 (29) 19}58 (33) 28}60 (47) 52}116 (45)

3R 5}15 (33) 4}9 (44) 5}10 (50) 9}12 (75)

4L 33}99 (33) 4}26 (15) 43}83 (52) 21}33 (64)

4R — 26}89 (29) — 35}80 (44)

5L 19}62 (31) 55}98 (56) 14}47 (30) 50}76 (66)

Totals for

L3 and L4

(%)

209}642 (33) 318}708 (44)

* Each row contains data from 1 knee joint. Each column shows the number of immunopositive profiles that are also FG-positive, divided

by the total number of FG-positive profiles for each ganglion, and the fraction expressed as a percentage. The bottom row summarises the

data with the total counts from all ganglia and the average percentages of FG-labelled neurons immunostained for each marker protein.

found to contain only a handful of labelled neurons.

We did not examine it in subsequent rats, although

this may have affected the results slightly.

Fluoro-Gold labelled somal profiles were readily

identifiable in the lumbar sympathetic ganglia. Figure

1 represents photomicrographs of typical sections

through an L4 sympathetic ganglion under both

brightfield and UV fluorescence microscopy, respect-

ively.

We counted 187³57 (mean³..) FG-labelled cells

in the sympathetic ganglia with a distribution from

T13 to L6. The vast majority of labelled somata were

found in the L3, L4 and L5 ganglia (Fig. 3, Table).

Examination of the contralateral ganglia revealed no

FG labelled neurons in rats that had unilateral joint

injections.

Immunohistochemistry

One rat was excluded from this evaluation because

poor quality perfusion impaired the quality of the

histological sections. A few ganglia were lost due to

inadvertent damage during bilateral dissection of the

sympathetic chain. Figure 2 is a composite photo-

micrograph of typical sections stained for TH or VIP-

like immunoreactivity. Counts revealed that, on

average, 33% of FG-labelled profiles contained TH-

like immunoreactivity and that 44% contained VIP-

like immunoreactivity (Table). Somatostatin immuno-

reactivity was not seen in the somata of any neurons

in the L3 and L4 lumbar sympathetic ganglia. Some

SS-immunoreactive axonal profiles were observed,

which may represent preganglionic fibres or visceral

afferents, but these appeared to have no relationship

with any FG-labelled neuronal somata.
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Fig. 3. Composite photomicrograph of 2 sections of FG-prelabelled L3 ganglia, immunostained for TH (a, b) or VIP (c, d). Each image

features 2 FG-labelled sympathetic efferents (arrows), 1 immunostained (large arrow) and 1 not stained (small arrow). Bar, 20 µm.

 

Retrograde tracing, methodological considerations

There has been only a single previous reported attempt

to map the sympathetic innervation of the rat knee

joint. Wheat-germ agglutinin conjugated to horse-

radish peroxidase was used for retrograde tracing

after injection into the joint (Widenfalk & Wiberg,

1989). However, this report contains a few deficiencies

that may limit the reliability of the data they obtained.

The injection of tracer was apparently performed free

hand, without any indication whether magnification

was used as an aid, or if steps were taken to detect

extravasation of the tracer from the injection site.

These authors actually used a variety of tracers ; in

some rats HRP alone was injected, in others WGA-

HRP from 2 different suppliers was utilised. There

was considerable variability in the time from injection

to killing the animals (16–120 h). They did not state if

the contralateral sympathetic chain was also examined

as a control to exclude labelling from the systemic

circulation.

Fluoro-Gold is now widely accepted to be a superior

agent for retrograde tracing in rats (Schmued &

Fallon, 1986) and produced extremely consistent

results in our previously reported study of rat knee

joint sensory afferents (Salo & Theriault, 1997). The

use of a micromanipulator and the coinjection of Fast

Green to detect extravasation greatly increased the

reliability and consistency of injection.

Examining the contralateral sympathetic chain

revealed 2 things. There were no FG-labelled cells

found in any of the contralateral control ganglia,

indicating no labelling from systemic circulation of

FG and importantly, no projection of sympathetic

fibres across the midline.

Number and distribution of FG-labelled sympathetic

neurons

The rat knee appears to be supplied by an average of

187³57 (range 116–261) sympathetic efferents. The

L4 level was consistently found to contain the most

FG-labelled neurons, followed by L3. This is slightly

different from the distribution of rat knee joint sensory

neurons, which are equally concentrated at both L3

and L4. As others have noted previously (Miao et al.

1995), we found much greater inherent variability in

the anatomy of the sympathetic system than we had

noted in the somatosensory ganglia.

The posterior articular nerve of the rat knee joint is

typically comprised of about 600 axons, of which

80% are unmyelinated (Hildebrand et al. 1991; Salo
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& Theriault, 1997). Of the unmyelinated axons,

neonatal lesioning with guanethidine revealed that on

average, two-thirds (about 200 fibres), arose from

sympathetic postganglionic efferents (Hildebrand et

al. 1991). Our average count of 185 labelled sym-

pathetic somata is consistent with this number. Had

we included counts from the L6 ganglion in all our

specimens, our results may have been in even closer

agreement with the estimate of 200 neurons by

Hildebrand et al.

Immunohistochemistry

To our knowledge, this is the first report to describe

the functional immunohistochemical attributes of

selectively identified joint-innervating sympathetic

neurons. Interestingly, 33% of these neurons

expressed tyrosine hydroxylase, a marker of catechol-

aminergic neurons. These fibres likely function chiefly

as vasoconstrictors (Hohler et al. 1995). Surprisingly,

44% of joint efferents expressed VIP which probably

signifies vasodilatory properties (Anderson et al.

1995), although VIP is also known to have other

potentially important functions, including a potent

stimulatory effect on cells of the immune system

(Stanisz, 1994; Bellinger et al. 1996).

Although somatostatin-like immunoreactivity was

seen in some axons traversing the lumbar sympathetic

ganglia, we did not find any stained somata in any of

the ganglia examined, including those neurons that

were FG-negative. We identified no relationship of

the SS­ve fibres to FG-labelled joint efferent somata.

It is concluded that this will be a useful model for

the further investigation of the molecular responses of

joint efferents to joint injury or arthritis.
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