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Abstract
Maternal licking of rat pups affects the development of the spinal nucleus of the bulbocavernosus
(SNB), a sexually dimorphic motor nucleus that controls penile reflexes involved with copulation.
Maternal licking influences SNB motoneurons, with reductions in licking producing decreased SNB
number, size, and dendritic length in adulthood. Reduced maternal licking also produces deficits in
adult male copulatory behavior. In this experiment, we used an artificial rearing paradigm to assess
the potential role of tactile stimulation in mediating the effects of maternal licking on the SNB
neuromuscular system. During artificial rearing, pups were stroked with a paintbrush to mimic
maternal licking, receiving low, medium, or high levels of daily stimulation. In adulthood, ex copula
penile reflex behavior was tested and the morphology of SNB motoneurons assessed. SNB
motoneurons were retrogradely labeled with cholera toxin-conjugated HRP and dendritic arbor was
reconstructed in three dimensions. Animals that received low levels of stimulation showed deficits
in penile reflexes relative to maternally reared controls, including a longer latency to erection, fewer
cup erections, and fewer erection clusters. SNB dendritic morphology was also shaped by stimulation
condition, with animals that received low or medium levels of stimulation showing an average 27%
reduction in dendritic length. In addition, several reflex behaviors were significantly correlated with
dendritic length, including latency to first erection, percent of cup erections, and number of erection
clusters. These results suggest that tactile stimulation provided by maternal licking mediates some
of the effects of maternal care on the development of male copulatory behavior.
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INTRODUCTION
Early social contact between mother and offspring shapes the neural and behavioral
development of off-spring (Hofer, 1978). In rats, the maternal care repertoire consists of
nursing, licking, grooming, incubating, and retrieving of pups (Stern, 1996). Natural variations
in these maternal behaviors from dam to dam produce offspring that differ on many neural and
behavioral dimensions. Pups that experience higher levels of maternal licking, grooming, and
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arched-back nursing, for example, show a greater neuron density in the hippocampus (Bredy
et al., 2003), greater levels of neurotrophin expression throughout the brain (Liu et al., 2000),
altered dopamine expression in the prefrontal cortex (Zhang et al., 2005), altered GABA
receptor subunit expression in the amygdala (Caldji et al., 1998, 2000), altered hypothalamic-
pituitaryadrenal axis development (Liu et al., 1997), altered oxytocin receptor expression
(Francis et al., 2000), and consequent changes in the many behaviors mediated by these
structures. These effects even result when pups are cross-fostered from low maternal care dams
to high maternal care dams, indicating the epigenetic nature of the phenomenon (Francis et al.,
1999).

In addition to these studies using natural variations in maternal behavior, maternal licking can
also be experimentally reduced by interfering with the dam’s ability to detect olfactory cues
in pup urine that normally drive the licking behavior (Moore, 1981,1985;Moore et al., 1992).
Such experimental reductions in maternal licking produce behavioral deficits in adult male
sexual behavior. These deficits include increased latency to ejaculation, increased latency to
postejaculatory intromission, and increased interintromission intervals (Moore, 1984).
Reductions in licking influence neural development as well. One of many neural structures
that controls male copulatory behavior is the spinal nucleus of the bulbocavernosus (SNB).
The SNB (also known as the dorsomedial nucleus, or DM; Schroder, 1980) is a sexually
dimorphic population of motoneurons in the lumbar spinal cord, which innervates the anal
sphincter of both males and females and additionally in males, the bulbocavernosus (BC) and
levator ani (LA) muscles of the perineum (Breedlove and Arnold, 1980;Schroder,
1980;McKenna and Nadelhaft, 1986). The BC and LA muscles encircle the base of the penis
and their fast, robust contractions produce an intense penile erection with flaring of the glans.
This “cupping” allows seminal plug formation and removal, essential components of successful
copulation and insemination (Sachs, 1982;Hart and Melese-D’Hospital, 1983). The
development of SNB motoneurons extends well into the early postnatal period (Nordeen et al.,
1985;Goldstein et al., 1990) and, interestingly, is sensitive to maternal care. Specifically,
reductions in maternal anogenital licking produce decreased motoneuron number, motoneuron
size, and dendritic length in the SNB (Moore et al., 1992;Lenz and Sengelaub, 2006). Thus,
changes in adult copulatory behavior that result from decreased maternal licking may in part
reflect underlying changes in the development of SNB motoneurons.

Previous work has shown that the tactile component of maternal licking behavior, when
simulated experimentally, can offset the negative behavioral and physiological effects of
maternal deprivation (Suchecki et al., 1993; Lévy et al., 2003; Chatterjee et al., 2007).
Similarly, supplementing the amount of tactile stimulation that pups receive neonatally alters
their HPA axis phenotype to match that of pups that naturally receive higher levels of maternal
care (Jutapakdeegul et al., 2003). Moreover, tactile stimulation alters the expression of many
proteins throughout the brain which are known to regulate structural plasticity (Chatterjee et
al., 2007). These examples suggest that the tactile stimulation component of maternal care
plays a crucial role in the neural development of offspring. Given that maternal licking
influences the development of the SNB, it is possible that differences in the amount of tactile
stimulation provided by maternal licking may differentially influence its development.

In this experiment, we utilized an artificial rearing paradigm to isolate the tactile stimulation
component of maternal licking behavior. Artificial rearing has previously been used in this
way to study the influence of tactile stimulation on neural and behavioral development
(Gonzalez et al., 2001; Gonzalez and Fleming, 2002; Lévy et al., 2003; Lovic et al., 2006;
Burton et al., 2007; Chatterjee et al., 2007). In the artificial rearing paradigm, pups are reared
in isolation from the mother and littermates, with experimenters providing temperature
controlled housing conditions, food, and licking-like stimulation until weaning (e.g., Gonzalez
et al., 2001). Therefore, the paradigm allows for the amount of licking-like stimulation provided
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to individual pups to be reliably varied during the neonatal period. The purpose of this study
was to investigate the influence of neonatal tactile stimulation on the morphological
development of the SNB neuromuscular system and resultant penile reflex behavior.

METHODS
Artificial Rearing

Subjects were obtained from litters of primiparous Sprague Dawley dams, which were culled
to seven males and three females on the day of birth. On the second postnatal day, four male
pups were removed for artificial rearing and assigned to one of several stimulation groups. The
remaining pups were either sham operated for cheek cannulation (sham group) or removed
from the cage and handled similarly to sham-operated pups, but not otherwise manipulated
(unmanipulated group). These two groups (sham and unmanipulated) were then returned to
the dam following handling on the second postnatal day and otherwise unmanipulated until
weaning at the 22nd postnatal day. After weaning, all pups were pair housed with
nonexperimental agematched male controls in a standard cage (W 27 cm × L 47 cm × H 15
cm) with shaved woodchip bedding and a metal grid roof allowing ad libitum access to Purina
rat chow and water. Light was provided in a 12:12 dark/light cycle, starting at 08:00 h. Room
temperature was set at approximately 25°C, with humidity set at approximately 40–50%. All
procedures involving animals were approved by the University of Toronto Animal Care
Committee.

Artificial rearing was carried out essentially as previously described (Gonzalez et al., 2001),
with minor modifications described later to the cannulation procedure and the type of
stimulation received by pups. Briefly, rats were weighed, implanted with a cheek cannula, and
assigned to one of several stimulation groups described later. Cheek cannulation was used
rather than gastric cannulation as this procedure is equally efficacious in supplying adequate
nutrition, but has a lower rate of mortality. Cheek cannulae were implanted following topical
Lidocaine application, by puncturing the cheek with a stainless steel leader wire (0.25 mm in
diameter, VWR), which served as a guide for polyethylene tubing (PE 10), flared at one end
to anchor the cannula within the cheek. A polyethylene flat washer and a T-washer (made from
flared PE 50 tubing) were attached to the outside of the cheek cannula and bonded in place
with superglue. Sham-operated pups had a cheek puncture as described but a cannula was not
attached. After surgery, Polysporin triple antibiotic cream (Pfizer) was applied to the cheeks
of all pups.

Artificially reared pups received daily stimulation to both the anogenital skin and the dorsal
skin to best simulate natural maternal licking behavior. Dorsal stimulation was directed along
the spine, from the base of the head to the base of the tail. Stimulation was administered in
bouts of 30 s using a moistened paintbrush and spaced regularly between the hours of 8:00 and
22:00. The number of stimulation bouts each animal received was varied, with each animal
receiving either low stimulation (0–2 stimulation bouts daily, n = 7), medium stimulation (4–
8 stimulation bouts daily, n = 8), and high stimulation (10–16 stimulation bouts daily, n = 10).
All pups received a consistent number of daily stimulation bouts throughout the period of
artificial rearing. To increase statistical power, sham operated and unmanipulated rats were
collapsed to form a single maternally reared control group (n = 17).

Artificial milk (Messer Diet, University of Iowa) was then delivered through the cannulae of
artificially reared pups as previously described (Gonzalez et al., 2001). Pups were fed milk
until weaning, which occurred between postnatal day 17 and 19 depending on body weight
(pups weighing at least 35 g were weaned). At weaning, the cheek cannulae of artificially reared
pups were removed. After weaning, pups were housed in small cages (W 15 cm × L 22 cm ×
H 10 cm) until postnatal day 22 and fed a mixture of powdered rat chow and formula, which
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increased in solidity each day. At postnatal day 22, artificially reared rats were housed with a
nonexperimental, age-matched male social control.

Ex Copula Penile Reflexes
Penile reflexes were evaluated essentially as described by Leipheimer and Sachs (1988). At
approximately 90 days of age and before testing, the suspensory ligament of the penis was
excised under isoflourane anesthesia to facilitate visualization of the glans. Subjects were
allowed to recover for 6 days prior to testing. On the 6th day, habituation to the testing apparatus
began, and continued for three consecutive days. The test apparatus consisted of a rectangular
aluminum tube (25.4 cm long × 7.6 cm wide × 5.1 cm high), tapered at one end and secured
to a platform. Each male was habituated for 10 min to supine restraint in the tube with its body
posterior to the hips exposed and its hips, legs, and tail secured to the platform with masking
tape. On the day following the last habituation, subjects were restrained as described earlier
and the preputial sheath was retracted to expose the glans. Maintained retraction of the preputial
sheath produces spontaneous erections (Hart, 1968; Sachs and Garinello, 1978), likely due to
tonic pressure of prepuce retraction on the base of the glans (Lumia et al., 1979). Therefore,
following preputial sheath retraction, spontaneous erections began and the visible penis was
videotaped for 30 min to document reflex behavior.

Videotape was subsequently scored for glans and penile body erections. Glans erections were
scored on a three point scale with the following criteria, reflecting a progressive intensity: E1
= engorgement of glans without glans distension; E2 = distension of glans with some widening
of the tip; and E3 = a “cup” erection in which the width of the tip of the glans exceeded that
of the base, resulting in a cuplike morphology. Additionally, penile body erections or “flips”
were scored when the penis extended ventrally, with a designation being made between flips
that resulted in an angle between glans and the ventrum which was acute to perpendicular (short
flip) and those where the angle of the glans relative the ventrum exceeded perpendicular (long
flip). During ex copula reflex testing, penile reflexes tend to occur in clusters of 1–5 erections,
cups, and flips, with longer intervals, often several minutes, separating reflex clusters (Hart,
1968; Sachs and Garinello, 1978). We therefore measured the number of reflex clusters, which
were defined by grouping all successive erections in which an interval of no more than 45 s
separated individual erections. Intervals greater than 45 s separating individual erections were
averaged to obtain the mean intercluster interval (ICI). Additionally, both the total number of
clusters and the number of erections per cluster were tabulated. The latency to the first erection
was also measured.

Histochemistry
Horseradish peroxidase conjugated to the cholera toxin β subunit (BHRP; List Biological
Laboratories) was used to retrogradely label SNB motoneurons innervating the BC muscle.
BHRP labeling permits population-level quantitative analysis of SNB motoneuron somal and
dendritic morphologies (Kurz et al., 1986; Goldstein et al., 1990; Lenz and Sengelaub, 2006).
Following reflex testing, at approximately 230 days of age (range 201–256), animals were
anesthetized with isoflourane, and the left BC muscle was exposed and injected with 0.5 μL
of a 0.2% solution of BHRP. Forty-eight hours after BHRP injection, a period that ensures
optimal labeling of SNB motoneurons (Kurz et al., 1986; Goldstein et al., 1990), animals were
weighed, overdosed with sodium pentobarbital, and perfused intracardially with saline
followed by cold fixative (1% paraformaldehyde/1.25% glutaraldehyde). The entire BC/LA
muscle complex was removed from each animal and weighed, as were the seminal vesicles.
The lumbar portion of the spinal cord was removed, postfixed in the same fixative for 5 h, and
then transferred to sucrose phosphate buffer (10% w/v, pH 7.4) overnight for cryoprotection.
Spinal cords were then embedded in gelatin and frozen-sectioned transversely at 40 μm, and
sections were collected into four alternate series. For visualization of BHRP, the tissue was
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immediately reacted using a modified tetramethyl benzidine protocol (Mesulam, 1982),
mounted on gelatin-coated slides, counterstained with thionin, and cover-slipped with
Permount.

Motoneuron Somata
The number of BHRP-filled motoneurons was assessed in all sections through the entire
rostrocaudal extent of the SNB for all animals. Counts of BHRP-labeled motoneurons in the
SNB were made under brightfield illumination, where somata and nuclei could be visualized
and cytoplasmic inclusion of BHRP reaction product confirmed. Estimates of the total number
of labeled SNB motoneurons were obtained using the optical dissector method outlined by
Coggeshall (1992) and a procedure similar to that of West and Gundersen (1990). This method
yields an unbiased count of SNB motoneurons (Raouf et al., 2000). Counts were made at 500×
under brightfield illumination, and motoneuron somata could be easily visualized in multiple
focal planes. BHRP-labeled motoneurons were counted as their somata first appeared in focus
while focusing through the z axis. Somata in the first focal plane (i.e., tops) were not counted.
Within each section, all labeled somata within the SNB were counted. For each animal, counts
were derived from sections spaced at 160 μm intervals throughout the rostrocaudal extent of
the SNB and corrected for the proportion of sections sampled.

The area of labeled SNB motoneuron somata was assessed in at least one set of alternate
sections (160 μm apart) by measuring the cross-sectional area of BHRP-filled motoneurons.
Soma areas of an average of 22.46 motoneurons were measured for each animal using a video-
based morphometry system (Stereo Investigator; MicroBrightField, Williston, VT) at a final
magnification of 1350×. Soma areas within each animal were then averaged for statistical
analysis.

Dendritic Length
For each animal, dendritic lengths in a single representative set of alternate sections were
measured under dark field illumination. Beginning with the first section in which BHRP-
labeled fibers were present, labeling through the entire rostrocaudal extent of the SNB dendritic
field was assessed in every other section (320 μm apart) in three dimensions using a computer-
based morphometry system (Neurolucida; MicroBrightField) at a final magnification of 250×.
Average dendritic length per labeled motoneuron was estimated by summing the measured
dendritic lengths of the series of sections, multiplying by two to correct for sampling, then
dividing by the total number of labeled motoneurons in that series. This method does not
attempt to assess the actual total dendritic length of labeled motoneurons (Kurz et al., 1991),
but has been shown to be a sensitive and reliable indicator of changes in dendritic morphology
in normal development (Goldstein et al., 1990, 1993; Goldstein and Sengelaub, 1993), in
response to hormonal manipulation (Kurz et al., 1986; Forger and Breedlove, 1987; Goldstein
et al., 1990; Kurz et al., 1991; Goldstein and Sengelaub, 1992, 1994; Burke et al., 1997,
1999; Hebbeler and Sengelaub, 2003), after changes in dendritic interactions (Goldstein et al.,
1993), after alterations in afferent input (Kalb, 1994; Hebbeler et al., 2002; Hebbeler and
Sengelaub, 2003), and after maternal care manipulations (Lenz and Sengelaub, 2006).

Past work has shown that maternal licking manipulations alter SNB morphology in a regionally
specific manner (Moore et al., 1992; Lenz and Sengelaub, 2006), therefore dendritic length
was computed for the rostral and caudal halves of the nucleus. For each animal, the sections
that contained BHRP-labeled processes were divided into rostral and caudal portions. Average
dendritic lengths per labeled motoneuron for each half of the nucleus were obtained using the
same method outlined earlier. If an animal had an odd number of sections in which BHRP label
was present, the summed length of dendrites in the middle section was divided in half and
added to the dendritic length computed for the rostral and caudal halves.

Lenz et al. Page 5

Dev Neurobiol. Author manuscript; available in PMC 2009 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dendritic Distribution
To assess potential redistributions of dendrites across treatment groups, the composite dendritic
arbor created in the length analysis for each animal was divided using a set of axes oriented
radially around the central canal. These axes divided the spinal cord into 12 bins of 30° each.
The portion of each animal’s dendritic arbor per labeled motoneuron contained within each
location was then determined. This method provides a sensitive measure of dendritic
redistribution in response to changes in dendritic interactions (Goldstein et al., 1993) and
afferent input (Hebbeler et al., 2002; Hebbeler and Sengelaub, 2003).

Dendritic Extent
The comparability of BHRP labeling across groups was assessed by quantifying both the
rostrocaudal and the radial dendritic extent of SNB arbors. The rostrocaudal extent of the
dendritic arbor was determined by recording the rostrocaudal distance spanned by SNB
dendrites for each animal. In the mediolateral plane, for each animal the maximal radial extent
of the dendritic arbor was measured using the same radial axes and resultant 30° bins used for
the dendritic distribution analysis. For each bin, the linear distance between the central canal
and the most distal BHRP-filled process was measured.

Statistical analysis consisted of analyses of variance (one-way between subjects or one-way
with repeated measures) followed by appropriate planned comparisons (Fisher’s LSD). Digital
light photomicrographs were obtained by using an MDS 290 digital camera system (Eastman
Kodak Company, Rochester, NY). Brightness and contrast of these images were adjusted in
Adobe Photoshop.

RESULTS
Ex Copula Penile Reflexes

Several aspects of penile reflex behavior were influenced by tactile stimulation condition.
Latency to first erection showed a significant effect of tactile stimulation condition [F(3, 32)
= 3.99, p < 0.05; Fig. 1]. Post-hoc comparisons showed low stimulation animals to have
significantly longer latencies to erection than both maternally reared controls and medium
stimulation animals, averaging 147% longer [maternally reared = 571.93 ± 161.98 s (M ±
SEM); low stimulation = 1208.16 ± 124.88 s; medium stimulation = 427.76 ± 81.87 s; LSD,
ps < 0.05].

Both the number and percentage of E3 erections were affected by tactile stimulation condition.
The number of E3 erections showed a marginal overall effect of tactile stimulation [F(3, 33)
= 2.21, p = 0.10; Fig. 2(a)]. Low stimulation animals had 80% fewer E3 erections than either
maternally reared controls or medium stimulation animals [maternally reared = 10.75 ± 2.43
erections; low stimulation = 2.14 ± 1.12 erections; medium stimulation = 10.75 ± 3.30
erections; LSD, ps < 0.05]. With regard to percentage of E3s, while there were no overall
effects of stimulation condition, planned contrasts showed that low stimulation animals had a
smaller percentage of E3s than medium stimulation animals [maternally reared = (28.21 ±
5.87)%; low stimulation = (8.95 ± 4.10)%; = medium stimulation = (35.39 ± 10.31)%; LSD,
p < 0.05; Fig. 2(b)]. In contrast to these effects on E3s, neither the number nor percentage of
E1 erections or E2 erections were influenced by tactile stimulation condition [all Fs < 1.56,
ns].

With regard to flip erections, the number of short flips showed a marginal effect of tactile
stimulation [F(3, 33) = 2.36, p = 0.09], with low stimulation animals showing 95% fewer short
flips than medium stimulation animals [low stimulation = 0.14 ± 0.14 flips; medium stimulation
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= 3.13 ± 1.47 flips; LSD, p < 0.05]. Neither the number of long flips nor the total number of
flips was influenced by tactile stimulation condition [Fs < 2.25, ns].

With regard to reflex clusters, while there was no overall effect of stimulation on the number
of clusters [F(3, 33) = 1.91, ns], planned comparisons showed that low stimulation animals
had significantly fewer reflex clusters than both maternally reared control animals and medium
stimulation animals, averaging 52% fewer clusters [maternally reared = 8.83 ± 1.58 clusters;
low stimulation = 4.29 ± 1.11 clusters; medium stimulation = 9.13 ± 1.57 clusters; LSD, p <
0.05; Fig. 3]. Other measures of reflex clusters were not affected by tactile stimulation
condition, including average number of erections per cluster, intercluster interval, and cluster
duration [all Fs < 0.84, ns].

Gross Morphology
Body weights and BC/LA muscle weights were collected for a total of 48 animals (maternally
reared: n = 17; low stimulation: n = 9; medium stimulation: n = 11; high stimulation: n = 11).
The adult body weight of animals did not differ between stimulation groups [maternally reared
= 712.77 ± 21.49 g; low stimulation = 776.44 ± 43.06 g; medium stimulation = 752.33 ± 40.78
g; high stimulation = 682.09 ± 24.85 g; F(3, 44) = 1.52, ns]. However, the adult BC/LA muscle
weight of animals was affected by stimulation condition [F(3, 44) = 2.68, p < 0.05; Fig. 4].
Overall, BC/LA muscle weights of artificially reared animals were 2.5% lighter than controls,
but the muscle weights of low stimulation animals were 14.7% lighter than controls. Post-hoc
comparisons showed that low stimulation animals were significantly lighter BC/LA muscles
than maternally reared controls [LSD, p < 0.05], whereas medium and high stimulation animals
did not significantly differ from controls [maternally reared = 1.96 ± 0.01 g; low stimulation
= 1.67 ± 0.11 g; =medium stimulation = 1.78 ± 0.08 g; high stimulation 1.82 ± 0.09 g]. With
regard to seminal vesicle weights, there was an overall effect of stimulation group, [F(3, 45)
= 3.66, p < 0.05]. Post-hoc tests showed high stimulation animals to have significantly lighter
seminal vesicles than control animals [LSD, p < 0.05], whereas low and medium stimulation
animals did not differ from controls [maternally reared = 2.14 ± 0.11 g; low stimulation = 2.41
± 0.21 g; medium stimulation = 2.41 ± 0.21 g; high stimulation = 1.75 ± 0.09 g].

Morphometry
Injection of BHRP into the left BC successfully labeled ipsilateral SNB motoneurons of all
animals in a manner consistent with previous studies (Goldstein et al., 1990; Goldstein and
Sengelaub, 1994; Burke et al., 1997, 1999). SNB motoneurons displayed their characteristic
multipolar morphologies, with dendritic arbors projecting ventrolaterally, dorsomedially, and
across the midline into the area of the contralateral SNB [Fig. 5]. The number of BHRP-labeled
SNB motoneurons (62.58 ± 2.74 cells per animal) did not differ between groups [F(3, 27) =
0.99, ns].

Soma Area
Soma areas were collected for a total of 36 animals (maternally reared: n = 12; low stimulation:
n = 8 medium stimulation: n = 8; high stimulation: n = 8). Tactile stimulation during artificial
rearing produced a marginally significant difference in SNB soma area [F(3, 32) = 2.67, p =
0.06; Fig. 6]. While mean soma size was 13% smaller over all artificially reared groups relative
to maternally reared controls, it was only significantly so in medium stimulation animals
[maternally reared = 1017.95 ± 26.64 sq μm; low stimulation = 902.58 ± 58.93 sq μm; medium
stimulation = 852.83 ± 47.58 sq μm; high stimulation = 906.70 ± 57.75 sq μm; LSD, p < 0.05].

Lenz et al. Page 7

Dev Neurobiol. Author manuscript; available in PMC 2009 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dendritic Length
Dendritic lengths were computed for a total of 31 animals (maternally reared: n = 11; low
stimulation: n = 5; medium stimulation: n = 7; high stimulation: n = 8). Tactile stimulation
influenced the overall dendritic arbor per labeled SNB motoneuron [F(3, 27) = 3.02, p < 0.05].
Both low stimulation animals and medium stimulation animals had significantly shorter
dendritic lengths relative to maternally reared controls, producing an average 27% decrease in
dendritic length [maternally reared = 11069.87 ± 921.40 μm; low stimulation = 8100.618 ±
457.83 μm; medium stimulation = 7907.60 ± 1076.54 μm, LSD ps < 0.05; Fig. 7]. In contrast,
the dendritic length of high stimulation animals did not significantly differ from maternally
reared controls [high stimulation = 9976.68 ± 826.33 μm]. The observed reductions in dendritic
length were not regionally specific, with no significant effects of tactile stimulation condition
in either the rostral or caudal portions of the nucleus when analyzed alone [Fs < 1.92, ns].

Dendritic Distribution
As previously noted (Goldstein et al., 1993; Hebbeler et al., 2002; Hebbeler and Sengelaub,
2003), the SNB dendritic arbor of normal males is radially organized but not uniformly
distributed, with more than 50% of the arbor concentrated ventrolaterally between 240° and
300°. A one-way repeated measures analysis of variance showed a significant effect of location
[F(11, 297) = 187.84, p < 0.0001; Fig. 8], in accordance with the characteristic nonuniform
distribution of SNB motoneurons. There was also a main effect of group on distribution [F(3,
297) = 3.15, p < 0.05]. Post-hoc contrasts showed that this main effect was the result of low
and medium stimulation animals having an average 22% less arbor across all locations than
maternally reared controls, reflecting the overall decreases in dendritic length per motoneuron
produced by low and medium stimulation [percent decreases ranged from 3% to 41%; LSD,
p < 0.05]. There was also a significant group by interaction effect [F(33, 297) = 2.86, p <
0.0001], with low and medium stimulation animals showing more dramatic reductions in
dendritic length ventromedially. Posthoc comparisons showed that both low and medium
stimulation animals had significantly decreased dendritic arbor per cell in several ventrally
located bins, averaging 34% lower than maternally reared controls between 210° and 300°
(LSD; ps < 0.05; percentages ranged from 22.3% to 41.3%).

Dendritic Extent
A one-way repeated measures ANOVA showed that the radial extent of dendrites was
distributed nonuniformly, as is typical in the SNB (Goldstein et al., 1993), with a significant
effect of location [F(11, 297) = 124.69, p < 0.0001; Fig. 9]. There was also a main effect of
group [F(3, 297) = 6.36, p < 0.01], with post-hoc comparisons showing low and medium
stimulation animals to have consistently shorter radial extent across locations than both
maternally reared controls and high stimulation animals [LSD, ps < 0.05]. There was no group
by location interaction [F(33, 297) = 0.73, ns]. With regard to rostrocaudal extent, the distance
spanned by SNB dendrites throughout the rostrocaudal axis did not differ across groups
[maternally reared = 3389.09 ± 90.75 μm; low stimulation = 3697.14 ± 140.44 μm; medium
stimulation = 3704.00 ± 331.93 μm; high stimulation = 3410.00 ± 170.67 μm, F(3, 27) = 1.09,
ns].

Reflex-Morphology Correlations
Several aspects of penile reflex behavior were correlated with SNB morphological parameters.
Latency to first erection was negatively correlated with overall dendritic arbor per cell [r =
−0.47, p < 0.05; Fig. 10(a)], thus the longer the SNB dendritic arbor, the shorter the latency to
first erection. In addition, overall arbor per cell was positively correlated with the percentage
of E3 erections [r = 0.39, p < 0.05; Fig. 10(b)] as well as the number of reflex clusters [r =
0.46, p < 0.05; Fig. 10(c)]. Therefore the longer the dendritic arbor, the more E3 erections and
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clusters. Also, overall soma size was negatively correlated with percentage of E2 erections
[r = −0.36, p < 0.05; data not shown].

DISCUSSION
Reduced maternal licking during the early postnatal period has previously been shown to
negatively impact adult male copulatory behavior as well as decrease motoneuron number,
soma size, and dendritic length in the SNB (Moore, 1984; Moore et al., 1992; Lenz and
Sengelaub, 2006). In this experiment, we found that adult penile reflexes and SNB morphology
are influenced by the amount of tactile stimulation animals received neonatally. When the
amount of tactile stimulation given to artificially reared pups is varied, pups that receive low
levels of tactile stimulation have deficits in penile reflex behavior relative to maternally reared
controls, specifically showing a longer latency to first erection, fewer cup erections, and fewer
erection clusters. With regard to SNB morphology, low and medium tactile stimulation
conditions produced decreases in SNB soma size and dendritic length per motoneuron relative
to high stimulation and maternally reared control conditions. Furthermore, the observed
stimulation-induced decreases in dendritic arbor were regionally concentrated in the
ventromedial portion of the arbor. These results show that the development of the SNB and of
penile reflex behavior is influenced by the amount of tactile stimulation received neonatally.
In addition, we found significant correlations between SNB dendritic morphology and several
penile reflex parameters, suggesting that the dendritic and somal morphology of SNB
motoneurons is linked to the expression of penile reflex behavior.

Gross Morphological Measures
There were significant differences in adult BC/LA weight, with low stimulation animals having
significantly lower BC/LA weights than maternally reared controls. The BC/LA muscle
complex is dependent on androgen levels, both developmentally and in adulthood (Wainman
and Shipounoff, 1941; Cihak et al., 1970; Tobin and Joubert, 1991), thus it must be considered
that low stimulation causes reductions in androgen levels. However, seminal vesicle weights,
which are very sensitive to androgen levels (Wainman and Shipounoff, 1941), were no different
between low stimulation animals and controls, suggesting that low stimulation does not result
in reduced testosterone. It is also possible that the effects of low maternal licking-like
stimulation on BC/LA muscle weight are the result of disuse atrophy, brought on indirectly by
the negative effects of lower levels of stimulation on both the somal and dendritic morphology
of the SNB motoneurons that innervate the muscles.

Penile Reflexes
Previous research has shown that male copulatory behavior is shaped by early maternal licking
experience, with animals that receive reduced maternal licking showing longer latencies to
ejaculation, longer latencies to post-ejaculatory intromission, and longer interintromission
intervals (Moore, 1984). In this experiment, we found that the amount of licking-like tactile
stimulation that animals receive neonatally also shapes their ex copula penile reflex behavior
in adulthood, with animals that received low levels of tactile stimulation during artificial rearing
showing deficits relative to maternally reared controls. These deficits included an increased
latency to first erection and a decreased percentage of cup erections. Animals that received
medium or high levels of tactile stimulation during artificial rearing, however, were not
significantly different from maternally reared controls or from one another on any penile reflex
measures. These results suggest that a minimum amount of neonatal tactile stimulation is
necessary for the development of normal adult penile reflex behavior.

The observed deficits in penile reflex behavior could result from the effects of low levels of
stimulation on SNB morphology, given that SNB motoneurons are active during erections,
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particularly those with a flared cup (Sachs, 1982; Hart and Melese-D’Hospital, 1983). It is also
possible, given the effects of low stimulation on the SNB target muscles, that the effects of
low stimulation on reflex behavior result from muscle atrophy, and not a change in SNB
motoneuron morphology. However, BC/LA muscle weight was not significantly correlated
with any of the measured reflex behaviors, suggesting that target muscle weight is not
responsible for the effects of low stimulation on reflex behavior.

Motoneuron Morphology
There were no group differences in the number of BHRP-labeled motoneurons, which match
our previous findings in the SNB following reduced maternal licking. However, these results
contrast with those of Moore et al. (1992), wherein reductions in the number of SNB
motoneurons in adult males were reported as a consequence of reductions in maternal licking.
Moore et al. counted all Nissl-stained motoneurons in the SNB, whereas we examined only
those motoneurons projecting to the BC musculature. Thus, it is possible that the reductions
in SNB motoneuron number reported by Moore et al. could be due to a loss of motoneurons
projecting to other SNB target musculature (i.e., the LA and anal sphincter muscles).

With regard to soma sizes, only the medium tactile stimulation animals showed significantly
smaller soma sizes than maternally reared controls. However, low and high stimulation resulted
in a trend toward smaller soma sizes, suggesting that artificial rearing may produce overall
effects on soma size irrespective of tactile stimulation condition. SNB somal growth occurs
largely during the first 4 postnatal weeks (Goldstein et al., 1990), and both somal growth and
maintenance are dependent on androgens (Breedlove and Arnold, 1983a,b; Goldstein et al.,
1990; Goldstein and Sengelaub, 1992). However, seminal vesicle weights suggest no overall
effects of artificial rearing on androgen levels, and other androgen-sensitive targets, including
BC/LA muscle weight and dendritic length, similarly showed no overall effects of artificial
rearing. Therefore, it is unlikely that artificial rearing, irrespective of tactile stimulation
condition, produces decreased soma size via effects on androgen levels.

Low tactile stimulation produced an overall decrease in dendritic length per labeled SNB
motoneuron, whereas medium or high levels of stimulation were sufficient to produce normal
dendritic lengths in adulthood. These results suggest that the tactile component of maternal
licking behavior is crucial to producing the normal dendritic development of SNB
motoneurons, and that dropping stimulation levels below a certain threshold negatively impacts
development. These results further support the idea that SNB dendritic morphology is sensitive
to various early maternal care manipulations.

Interestingly, the effects of stimulation condition on the dendritic arbor were not restricted to
the rostral portion of the arbor, as was seen previously following reductions in maternal licking
(Lenz and Sengelaub, 2006). Given that artificial rearing is a more complex manipulation that
differs from maternal rearing in several aspects, it seems reasonable that the artificial rearing
manipulation may alter SNB dendritic development more extensively than does reducing
maternal licking alone. In addition, in this experiment, artificially reared animals received low,
medium, or high levels of both dorsal and anogenital stimulation to more accurately simulate
maternal behavior, whereas our previous work used experimental anosmia (Lenz and
Sengelaub, 2006), which only reduces licking behavior directed at the anogenital region
(Moore and Power, 1992). These changes in both dorsal body stimulation as well as anogenital
stimulation may account for the more widespread effects on the development of the SNB.
However, overall we have found a very similar pattern of neural and behavioral deficits
following low levels of dorsal and anogenital tactile stimulation as has previously been
documented following low anogenital stimulation alone.
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Low and medium tactile stimulation conditions produced average regional decreases of 34%
in dendritic length in the ventromedial portion of the arbor. Past work from our laboratory has
documented similar localized reductions in the radial distribution of the dendritic arbor
following spinal transection, which deprived SNB motoneurons of connectivity with specific
afferent populations, in this example, supraspinal inputs (Hebbeler and Sengelaub, 2003). In
the present experiment, similar reductions in the radial distribution of SNB dendrites suggest
that a specific afferent population was altered by low levels of tactile stimulation. In the spinal
transection experiment, the reductions in dendritic arbor were located ventrolaterally, where
many supraspinal afferents terminate. In this experiment, the reductions also occurred
ventrally, but more ventromedially, possibly due to the involvement of both sensory and/or
other afferents (see later).

Previous studies have demonstrated that neither axonal transport of BHRP (Leslie et al.,
1991) nor dendritic transport as demonstrated by the rostrocaudal or mediolateral extent of
dendritic labeling (Kurz et al., 1991; Goldstein and Sengelaub, 1994) are affected by hormone
levels. Similarly, reduced maternal licking does not alter the dendritic transport of BHRP
(Lenz and Sengelaub, 2006). In the present experiment, the possibility that hormonal
differences or confounds arising from the artificial rearing manipulation could affect retrograde
transport is an important consideration, as such an artifact could potentially result in apparent
alterations in dendritic morphology. In this experiment, there was a significant difference in
radial extent between maternally reared controls and both low and medium stimulation animals,
which could reflect a transport artifact. However, given that no differences in the rostrocaudal
extent of dendrites were observed between groups, and furthermore, that the radial extents of
high stimulation animals were no different from controls, a rearing related labeling artifact
seems unlikely. Furthermore, for the differences in dendritic length between groups to be
caused by labeling artifact, such artifact would have had to occur only in the ventromedial
portion of the SNB dendritic arbor. Finally, there were no differences in the density of BHRP
labeling of SNB motoneurons between groups (F(3, 11) = 0.39, ns). Thus, the dendritic labeling
across groups was comparable, allowing direct comparisons of dendritic lengths and
distribution across groups.

Possible Mechanisms
Glucocorticoids—Manipulations of maternal care are often used as neonatal stress
manipulations, with maternal deprivation or naturally occurring lower levels of maternal care
causing altered development of the HPA axis and resultant increases in glucocorticoid levels
(Liu et al., 1997; Kalinichev et al., 2002). SNB motoneurons possess glucocorticoid receptors
(Blanco et al., 2002), and could thus be directly sensitive to changes in HPA axis activity
brought about by the neonatal stimulation manipulation used in this experiment. Furthermore,
stress has been shown to indirectly influence synaptic connectivity in the SNB, likely via HPA
inhibition of the HPG axis (Matsumoto, 2005). Therefore, the observed effects of artificial
rearing with low tactile stimulation on the SNB could result from changes in HPA axis
signaling.

It is unlikely that alterations in glucocorticoid levels could occur locally within the nucleus and
thus account for the reductions in dendritic length we observed in the ventromedial portion of
the SNB. Moreover, there are no regional differences in glucocorticoid receptor distribution
in the SNB (Lenz and Sengelaub, 2007), thus glucocorticoids acting locally in the spinal cord
do not likely mediate the effects of low tactile stimulation on SNB dendritic morphology. HPA
axis activity following low tactile stimulation could also act on other central targets to change
the supraspinal or suprasegmental information that the SNB system receives, and thereby
indirectly mediate the effects of low stimulation and artificial rearing on the SNB. However,
artificial rearing does not evoke increased corticosterone (CORT) levels relative to maternally
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reared controls during the neonatal period (Ward et al., 2004). Similarly, artificial rearing with
low stimulation does not produce changes in either basal or stress-induced CORT levels in
adulthood relative to maternally reared controls (Burton et al., 2007). Therefore, the effects of
artificial rearing and tactile stimulation on SNB motoneurons are not likely mediated by
glucocorticoids.

Sensory Afferents—Tactile stimulation during artificial rearing was applied to both the
dorsal and anogenital regions of pups, to best replicate the maternal licking stimulus. This
tactile stimulation is relayed to the spinal cord via primary sensory afferents from the perineal
and dorsal skin. The development of dendrites is shaped by afferent input (Morest, 1969; Rakic,
1975), and thus it is possible that alterations in afferent activity through low tactile stimulation
could alter SNB development. Dendritic arborization is concurrent with the establishment of
afferent connectivity in the spinal cord (Vaughn et al., 1988), with dendrite growth guided by
afferents into synaptogenic regions of neuropil (Vaughn et al., 1988; Vaughn, 1989; O’Hanlon
and Lowrie, 1996). Conversely, developmental deafferentation results in decreased dendrite
length and arbor complexity (Smith, 1974; Bradley and Berry, 1976; Parks, 1981; Mizrahi and
Libersat, 2002), and as was previously discussed, eliminating supraspinal input to the SNB
produces localized redistributions of the dendritic arbor (Hebbeler and Sengelaub, 2003).

In this experiment, the effects of tactile stimulation were combinatorial effects of dorsal and
anogenital stimulation. Perineal sensory afferents innervate the L6-S1 spinal cord segments,
(McKenna and Nadelhaft, 1986; Ueyama et al., 1987), making no monosynaptic contact with
SNB motoneurons, but extensive polysynaptic contact via local interneurons (McKenna and
Nadelhaft, 1989; Collins et al., 1991). Most local interneurons that synapse onto SNB
motoneurons are located either near the central canal or in the ventral, but particularly
ventrolateral, portion of the SNB dendritic arbor (Collins et al., 1991). In contrast, cutaneous
sensory afferents from the dorsal surface innervate a wide range of spinal segments, from the
late thoracic to the early lumbar segments (Kow and Pfaff, 1975), and therefore make no direct
synaptic contact with SNB motoneurons. Interestingly, the pattern generator that drives
ejaculatory behavior is located in the early lumbar spinal segments and in turn innervates the
lumbosacral cord (Truitt and Coolen, 2002). Dorsal cutaneous afferents may thus possibly
make contact with this pattern generator and suprasegmentally influence SNB motoneuron
development.

Oxytocin—Oxytocin (OT) inputs from the paraventricular nucleus (PVN) of the
hypothalamus innervate the lumbosacral spinal cord (Swanson and McKellar, 1979; Cechetto
and Saper, 1988; Wagner and Clemens, 1993; Tang et al., 1998; Veronneau-Longueville et al.,
1999; Hallbeck et al., 2001). OT receptors are expressed in the superficial lamina of the dorsal
horn and near the central canal (Veronneau-Longueville et al., 1999), and neurophysin
containing fibers have been localized dorsally in the lumbosacral cord as well as
ventromedially, in close apposition to SNB motoneurons (Wagner and Clemens, 1993).
Oxytocin is a proerectile modulator of male copulatory behavior (Argiolas et al., 1986;
Giuliano et al., 2001). Interestingly, oxytocin is also centrally released following various types
of sensory stimulation (Stock and Uvnas-Moberg, 1988; Uvnas-Moberg et al., 1993), and both
stroking the perineum and stimulating the dorsal penile nerve activate OT neurons in the PVN
(Yanagimoto et al., 1996). Differences in tactile stimulation experienced by the artificially
reared animals in this experiment may thus alter OT signaling in the lumbosacral spinal cord,
and explain the effects of the manipulation on the ventromedial portion of the SNB dendritic
arbor and on penile reflex behavior.
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Morphology-Behavior Correlations
Several aspects of penile reflex behavior were significantly correlated with the length of the
SNB dendritic arbor. The dendritic arbor plays a critical role in motoneuron function,
accommodating an estimated 20,000 to 50,000 synaptic inputs (Ulfhake and Cullheim, 1988;
Burke, 1990). Differences in dendritic branching patterns, distribution, and overall shape
determine important functional properties in motoneurons (e.g., Ulfhake and Cullheim,
1981; Schoenen, 1982; Cameron et al., 1985; Cullheim et al., 1987a,b; Furicchia and
Goshgarian, 1987; Rall et al., 1992; Ritz et al., 1992; Mainen and Sejnowski, 1996; Koch and
Segev, 2000; Lu et al., 2001; Vetter et al., 2001; Grudt and Perl, 2002). In this experiment, the
behaviors that were significantly correlated with dendritic length included latency to first
erection, percentage of cup erections (E3s), and the number of erection clusters. SNB activation
of the BC/LA muscles creates intense erections, and the relationship between these particular
reflex behaviors and dendritic length likely reflect the role that SNB motoneurons play in
erectile behavior. These correlations between ex copula reflexes and dendritic length
underscore that penile reflex behavior is shaped by the morphological properties of SNB
motoneurons and the role of the dendritic arbor in receiving and integrating multiple afferent
signals.

CONCLUSIONS
Maternal licking during the early postnatal period has previously been shown to influence the
development of cell number, somal, and dendritic morphology in the SNB (Moore et al.,
1992; Lenz and Sengelaub, 2006) and adult male copulatory behavior (Moore, 1984). In this
experiment, we tested whether the tactile stimulation component of early maternal licking is
the crucial feature of maternal care shaping neural and behavioral development, by artificially
rearing rats and varying the amount of licking-like stimulation they received. Both SNB
morphology and ex copula penile reflex behavior were shaped by early life tactile stimulation,
with animals that received lower levels of licking-like stimulation showing decreased soma
size, dendritic length, and deficits in penile reflexes. The effects of tactile stimulation on the
dendritic arbor were particularly robust in the ventromedial arbor, suggesting that an afferent
population, possibly sensory, suprasegmental, or supraspinal, was altered by the decrease in
tactile stimulation. In addition, the length of the SNB dendritic arbor was significantly
correlated with several aspects of penile reflex behavior, confirming the important role of
dendritic morphology in the functional output of the SNB neuromuscular system. Overall, this
experiment illustrates the important role of early life experience in the development of the
neuromuscular system controlling penile reflex behavior in rats.
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Figure 1.
Latency to first erection (in seconds) of maternally reared controls and artificially reared
animals receiving differing amounts of tactile stimulation. Low tactile stimulation animals had
significantly longer latencies to erection than either maternally reared controls or medium
stimulation animals. Medium and high stimulation animals did not differ from controls. Bar
heights represent means ± SEM. *Indicates a significant difference from control animals;
+Indicates a significant difference from medium stimulation animals, p < 0.05.
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Figure 2.
(a) The number of erections with flared cups (E3s) displayed by maternally reared controls and
artificially reared animals receiving differing amounts of tactile stimulation during ex copula
reflex testing. Low tactile stimulation animals had significantly fewer E3s than either
maternally reared controls or medium stimulation animals. Medium and high stimulation
animals did not differ from controls. (b) The percentage of total erections that were flared cups
(E3s). Low tactile stimulation animals had a significantly smaller percentage of E3s than
medium stimulation animals. Bar heights represent means ± SEM. *Indicates a significant
difference from control animals; +Indicates a significant difference from medium stimulation
animals, p < 0.05.
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Figure 3.
Number of erection clusters displayed by maternally reared controls and artificially reared
animals receiving differing amounts of tactile stimulation. Low tactile stimulation animals had
significantly fewer erection clusters than either maternally reared controls or medium
stimulation animals. Medium and high stimulation animals did not differ from controls. Bar
heights represent means ± SEM. *Indicates a significant difference from control animals;
+Indicates a significant difference from medium stimulation animals, p < 0.05.
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Figure 4.
The adult BC/LA muscle weights of maternally reared controls and artificially reared animals
receiving differing amounts of tactile stimulation. Low tactile stimulation animals had
significantly lighter BC/LA muscles relative to maternally reared controls. Medium and high
stimulation animals did not differ from controls. Bar heights represent means ± SEM.
*Indicates a significant difference from control animals, p < 0.05.
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Figure 5.
Left: Dark field photomicrographs of transverse sections through the lumbar spinal cords of a
maternally reared control male (top) and an artificially reared male that received low levels of
tactile stimulation (bottom). Right: Computer-generated composites of BHRP-labeled somata
and processes drawn at 320 μm intervals through the rostrocaudal extent of the SNB.
Composites were selected as they are representative of their respective group average dendritic
lengths. Scale bar = 500 μm.
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Figure 6.
The adult SNB motoneuron soma sizes of maternally reared controls and artificially reared
animals receiving differing amounts of tactile stimulation. Medium tactile stimulation animals
had significantly smaller soma sizes relative to maternally reared controls. Bar heights
represent means ± SEM. *Indicates a significant difference from control animals, p < 0.05.
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Figure 7.
The dendritic length per labeled SNB motoneuron of maternally reared controls and artificially
reared animals receiving differing amounts of tactile stimulation. Low and medium tactile
stimulation animals had significantly shorter dendritic lengths than maternally reared controls.
High stimulation animals did not differ from controls. Bar heights represent means ± SEM.
*Indicates a significant difference from control animals, p < 0.05.
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Figure 8.
Length per radial bin of SNB dendrites in maternally reared control animals and artificially
reared animals receiving differing amounts of tactile stimulation. For graphic purposes,
dendritic length measures have been collapsed into six bins of 60° each. SNB motoneuron
dendritic arbors display a nonuniform distribution, with a majority of the arbor located between
240° and 300°. This nonuniform distribution is apparent in all groups. Low and medium
stimulation animals show shorter dendritic lengths in all bins, reflecting the overall differences
in dendritic length, but show a particularly substantial loss of dendrites in the arbor between
180° and 300°. Bar heights represent means ± SEM. *Indicates a significant difference from
control animals, p < 0.05.
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Figure 9.
Radial extents of SNB dendrites in maternally reared control animals and artificially reared
animals receiving differing amounts of tactile stimulation. Low and medium stimulation caused
reductions in radial extent, which likely reflect the overall decreased dendritic arbor in these
groups. For graphic purposes, dendritic length measures have been collapsed into six bins of
60° each. Bar heights represent means ± SEM. *Indicates a significant difference from control
animals, p < 0.05.
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Figure 10.
Scatterplots and regression lines showing the correlation between dendritic arbor per labeled
motoneuron and (a) latency to first erection; (b) percent of erections with flared cups (E3s);
and (c) number of erection clusters. As the dendritic length increases, the latency to first
erection time decreases (r = −0.47), the percent of E3 erections increases (r = 0.39), and the
number of clusters increases (r = 0.46).
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