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ABSTRACT

The dorsal lateral geniculate nucleus (dLGN) of the mouse
has emerged as a model system in the study of thalamic
circuit development. However, there is still a lack of infor-
mation regarding how and when various types of retinal
and nonretinal synapses develop. We examined the synap-
tic organization of the developing mouse dLGN in the com-
mon pigmented C57 /BL6 strain, by recording the synaptic
responses evoked by electrical stimulation of optic tract
axons, and by investigating the ultrastructure of identified
synapses. At early postnatal ages (<P12), optic tract
evoked responses were primarily excitatory. The full com-
plement of inhibitory responses did not emerge until after
eye opening (>P14), when optic tract stimulation routinely
evoked an excitatory postsynaptic potential/inhibitory
postsynaptic potential (EPSP/IPSP) sequence, with the
latter having both a GABA, and GABAg component. Elec-
trophysiological and ultrastructural observations were

consistent. At P7, many synapses were present, but syn-
aptic profiles lacked the ultrastructural features character-
istic of the adult dLGN, and little y-aminobutyric acid
(GABA) could be detected by using immunocytochemical
techniques. In contrast, by P14, GABA staining was robust,
mature synaptic profiles of retinal and nonretinal origin
were easily distinguished, and the size and proportion of
synaptic contacts were similar to those of the adult. The
emergence of nonretinal synapses coincides with pruning
of retinogeniculate connections, and the transition of reti-
nal activity from spontaneous to visually driven. These re-
sults indicate that the synaptic architecture of the mouse
dLGN is similar to that of other higher mammals, and thus
provides further support for its use as a model system for
visual system development. J. Comp. Neurol. 518:
622-635, 2010.
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The dorsal lateral geniculate nucleus (dLGN) of the thal-
amus has served as an important model for understanding
many aspects of visual system development including
early pathfinding, synaptogenesis, visual map formation,
and the activity-dependent refinement of synaptic connec-
tions. In recent years the mouse has become a major ex-
perimental platform for detailing key elements involved in
these events. Despite the abundance of studies done in
the mouse, little is known about the underlying synaptic
organization of the developing dLGN.

To date, studies have focused largely on the develop-
ment of retinogeniculate connections (Guido, 2008). Ini-
tially, dLGN cells are binocularly innervated and receive as
many as a dozen or so separate retinal inputs. By natural
eye opening (P12-P14) many of these inputs have been
eliminated so that dLGN cells receive monocular innerva-
tion from just one or a few retinal ganglion cells. During
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this pruning phase, the remaining retinogeniculate syn-
apses experience a several fold increase in strength (Chen
and Regehr, 2000).

Little is known regarding the ultrastructural changes un-
derlying these events. In adult tissue, retinal terminals in
the dLGN have been well studied and are quite distinct
(Szentagothai et al., 1966; Guillery, 1969; Guillery, 1971;
Robson and Mason, 1979; Hamos et al., 1987). They are
known as RLP profiles because of their round shaped ves-
icles, large size, and pale mitochondria. Indeed, retinal ter-
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minals are the largest terminals in the dLGN, and each
bouton forms multiple synaptic contacts (Rafols and
Valverde, 1973; Rapisardi and Miles, 1984; Wilson et al.,
1984). Whether these features are apparent at early ages,
and how the remodeling process takes shape at the ultra-
structural level, remain unexplored.

Adult retinogeniculate terminals also contact dendritic ter-
minals (F2 profiles), which have been identified as originating
from interneurons (Famiglietti, 1970; Famiglietti and Peters,
1972; Rafols and Valverde, 1973; Lieberman and Webster,
1974; Hamos et al., 1985) that utilize y-aminobutyric acid
(GABA) as a neurotransmitter (Montero and Singer, 1985;
Montero, 1991; Fitzpatrick et al., 1984). Unique “triadic” ar-
rangements are formed when a single retinal terminal is pre-
synaptic to both a relay cell dendrite and an F2 profile, which
are themselves connected by a synapse. These arrange-
ments often occur within a glomerulus, a complex zone of
multiple synapses encased by a glial sheath (Sherman, 2004).

In other species, approximately 20% of the retinogenicu-
late synapses are formed with F2 profiles and the remain-
der with relay cell dendrites (Wilson and Hendrickson,
1981; Erisir et al., 1998; Van Horn et al., 2000; Datskovs-
kaia et al., 2001; Li et al., 2003). However, although triadic
arrangements have been identified in the adult mouse
dLGN (Rafols and Valverde, 1973), it is not clear how prev-
alent these synapses are, because mice have far fewer
intrinsic interneurons than higher mammals (Arcelli et al.,
1997). It is also not clear when they first appear during
development because the maturation of some inhibitory
synapses in the rodent thalamus is delayed until postnatal
ages (DeBiasi et al., 1997; Ziburkus et al., 2003).

Finally, although retinal inputs provide the primary exci-
tatory drive for dLGN cells, most of the synaptic connec-
tions in the dLGN arise from nonretinal sources (Sherman
and Guillery, 2002). In the adult dLGN, the cortex and
brainstem provide glutamatergic and cholinergic inputs,
respectively (Erisir et al., 1997a,b), in the form of small
profiles with densely packed round vesicles and dark mito-
chondria (RSD profiles). Additional GABAergic inputs arise
from the thalamic reticular nucleus (TRN), pretectum, and
interneuron axons in the form of medium-sized terminals
that contain densely packed vesicles (F1 profiles), distin-
guishing them from the more loosely packed vesicles con-
tained within F2 profiles (Ohara et al., 1980; Montero and
Scott, 1981; Fitzpatrick et al., 1984; Wilson et al., 1984
Hamos et al., 1985; Montero and Singer, 1985; Cucchiaro
et al., 1991a,b; Arcelli et al., 1997; Wang et al., 2001;
Wang et al., 2002; Li et al., 2003). However, little if any-
thing is known about how, where, and when these connec-
tions emerge or coordinate with the refinement of retino-
geniculate connections.

To address these questions, we explored the synaptic
organization of the developing mouse dLGN in the com-
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mon pigmented C57 /BL6 strain, first by recording the syn-
aptic responses evoked by electrical stimulation of optic
tract axons, and second by examining the ultrastructure of
identified synapses. To aid in the characterization of inhib-
itory elements, we also made use of postembedding im-
munocytochemical staining for GABA.

MATERIALS AND METHODS
Electrophysiology

To examine the synaptic responses evoked by optic
tract stimulation, an acute thalamic slice preparation was
adopted in which the retinal connections to the dLGN as
well as inhibitory intrinsic connections within the LGN re-
main intact (Chen and Regehr, 2000). C57/BL6 mice,
ranging in age from postnatal day (P) 7 to 34 were anes-
thetized with isoflurane and decapitated. The brain was
removed from the skull, and the two hemispheres were
separated by cutting along the midline at an angle of 10 -
20°. The medial aspect of the brain was then glued onto an
angled wedge (15-25°) of a Vibratome cutting stage and
submerged in a 4°C oxygenated (95% O,/5% CO,) sucrose
solution (in mM: 26 NaHCOg, 23.4 sucrose, 10 MgSO,,
0.11 glucose, 2.75 KCI, 1.75 Na H2PO,, 0.5 CaCl,, satu-
rated with 95% 0,/5% CO,). Using a Vibratome (Leica
2000), 250 -300-pwm-thick sections were cut in the para-
sagittal plane.

Slices containing the dLGN were placed in a holding
chamber and incubated with artificial cerebral spinal fluid
(ACSF; in mM: 124 NaCl, 2.5 KCI, 1.25 NaH,PO,, 2.0
MgSO,, 26 NaHCOg, 10 glucose, 2 CaCl,, saturated with
95% 0,/5% CO,, pH 7.4) at 30-35°C for 1 hour. Individual
slices were then transferred to a recording chamber main-
tained at 32°C and perfused continuously at a rate of 2.0
ml/min with oxygenated ACSF. In vitro recordings were
done in a whole cell configuration with the aid of a fixed-
stage microscope (Olympus EX51WI or Nikon E600FN)
equipped with differential interference contrast optics and
a water-immersion objectives to view individual neurons
within the slice. Patch electrodes were pulled vertically in
two stages from borosilicate glass and filled with a solution
containing (in mM) 140 K gluconate, 10 HEPES, 0.3 NaCl,
2 ATP-Mg, 0.1 GTP-Na (pH 7.25, 260 OSM). The final tip
resistance of filled electrodes was 3-5 M. Whole cell
recordings were done in current clamp mode by using an
Axoclamp 2B amplifier (MDS, Mississauga, ON, Canada).
Pipette capacitance, series resistance, and whole cell ca-
pacitance were carefully monitored and compensated
electronically during the recording. To evoke synaptic ac-
tivity in dLGN, square-wave pulses (0.1-0.3ms, 0.1-1mA)
were delivered at a rate of 0.2-1.0 Hz through a pair of
thin-gauge tungsten wires (0.5 M{(Q) positioned in the optic
tract.
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To ensure that we evoked all direct monosynaptic exci-
tatory connections as well as di-synaptic feedforward in-
hibitory ones, we used a range of stimulus intensities that
evoked threshold, suprathreshold, and maximal re-
sponses. GABA antagonists bicuculline (25 wM; Tocris,
Ellisville, MO) and CGP (10 wM, Tocris) were bath-applied
to isolate GABA,- and GABAg-mediated activity, respec-
tively. Neuronal activity was digitized (10 -20 KHz) through
an interface unit (National Instruments, Baltimore, MD),
acquired and stored directly on the computer, and ana-
lyzed by using commercial software (Strathclyde, Glasgow,
Scotland; Electrophysiology Software, Whole Cell Analysis
Program V3.8.2.)

Electron microscopy

To examine the ultrastucture of the developing dLGN, a
total of eight C57/BL6 mice, at ages P7 (n = 2),P14 (n =
2), P21 (n = 2), and adult (9 months, n = 2) were used.
Mice were first deeply anesthetized with isoflurane, then
given an intraperitoneal injection of avertin (2.5%, 0.5-1
ml), and perfused through the heart with 2% paraformalde-
hyde and 2% glutaraldehyde in 0.1 M phosphate buffer. The
brains were cutinto 50 - 100-pwm-thick coronal sections by
using a Vibratome (Leica VT 100E). Selected sections were
postfixed in 2% osmium tetroxide and then dehydrated in
an ethyl alcohol series and embedded in Durcupan resin.
Because the mouse dLGN is less than 1 mm? in coronal
sections, we mounted the entire dLGN (at its largest ex-
tent, approximately 2.3 mm posterior to Bregma in the
adult) on resin blocks for ultrastructural analysis. Ultrathin
sections (on average 70 nm in thickness) were cut and
every fifth section was collected on Formvar-coated nickel
slot grids. Every fourth section in the series was stained to
reveal the presence of GABA, by using previously pub-
lished postembedding immunocytochemical techniques
(Li et al., 2003; Bickford et al., 2008) and a polyclonal,
affinity-purified rabbit anti-GABA primary antibody (cat. no.
A2052, Sigma, St. Louis, MO) diluted 1:2,000, and a goat
anti-rabbit 1gG antibody conjugated to 15-nm colloidal gold
particles diluted 1:25 (British BioCell International, Cardiff,
UK).

The immunogen used to produce the GABA antibody
was GABA-bound to bovine serum albumin (BSA). The
GABA antibody shows positive binding with GABA and
GABA-keyhole limpet hemocyanin, but not BSA, in dot blot
assays (Sigma product information). In mouse tissue, the
GABA antibody stains neurons in the thalamic reticular
nucleus and a subset of neurons in the dorsal thalamus.
This labeling pattern is consistent with other GABAergic
markers used in a variety of species to visualize interneu-
rons. (Houser et al., 1980; Hendrickson et al., 1983; Oertel
et al., 1983; Fitzpatrick et al., 1984; Montero and Singer,

1985; Montero and Zempel, 1986; Rinvik et al., 1987; De
Biasi et al., 1997; Arcelli et al., 1997; Wang et al., 2001).

The sections were subsequently stained with uranyl ac-
etate and examined by using a Philips CM 10 electron mi-
croscope. Images of each synaptic contact (identified by
an accumulation of vesicles adjacent to a synaptic cleft)
encountered within the examined sections were collected
by using a digitizing camera (SIA-7C; SIA, Duluth, GA), or
photographic plates that were subsequently scanned and
digitized (SprintScan 45i; Polaroid, Waltham, MA). As de-
scribed in detail in the Results section, each presynaptic
and postsynaptic profile was categorized based on a vari-
ety of ultrastructural features, as well as the density of gold
particles overlying them. Profile areas were measured
from digital images of single sections by using Sigma Scan
Software (SPSS, Chicago, IL). Images were imported into
Adobe Photoshop software (San Jose, CA), where the
brightness and contrast could be adjusted.

RESULTS

Development of retinogeniculate
postsynaptic potentials

We studied the synaptic responses evoked by optic tract
stimulation from a total of 91 relay cells at ages ranging
from P7 to 34. Representative examples from different
postnatal ages are shown in Figure 1. At early postnatal
ages, synaptic responses were primarily excitatory
postsynaptic potentials (EPSP), comprised of large, long-
lasting depolarizations (Fig. 1A). Although weak inhibitory
postsynaptic potentials (IPSP) were apparent in some cells
asearly as P9 (Fig. 1A), the full complement of IPSP activity
did not emerge until after eye opening (>P14). As is the
case for mature rodent dLGN cells (Crunelli et al., 1988;
Ziburkus and Guido, 2003; Blitz and Regehr, 2005), the
synaptic responses were comprised of an EPSP followed
by IPSP activity. As shown in Figure 1B and C, inhibitory
responses often contained two distinct hyperpolarizing
components, an early, short-duration IPSP that was
blocked by the GABA, antagonist bicuculline, and a slower,
long-duration IPSP that was blocked by the GABA; antag-
onist CGP.

With increasing age, the GABA-mediated responses
greatly attenuated the amplitude and duration of the pre-
ceding EPSP (Fig. 1C,D). Figure 1D plots the incidence of
inhibition as a function of age for 91 cells. Between P7 and
11, inhibition was rare (20%) but increased steadily with
age so that by P16-20 close to 83% of all cells showed
some form of inhibition evoked by optic tract stimulation.
During the third and fourth postnatal week (P2 1-34) virtu-
ally all cells (93%) exhibited inhibitory responses. Pairwise
comparisons reveal a significant increase in the incidence
of inhibition with age (Fisher’s exact test; P7-11 vs
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Figure 1. Postsynaptic responses evoked by optic tract stimulation in the developing mouse dLGN. A-C: Examples of synaptic responses
recorded at different postnatal ages (P). A: Between P7 and 11, synaptic responses are largely excitatory. Left: Example of a pure EPSP recorded
at P8. Right: Example of an EPSP followed by a small IPSP at P9. B: At older ages (>P12) inhibition was more pronounced and contained a GABA
and GABA; component. Example of synaptic responses recorded at P14 before (control ACSF, /eft) and after bath application of the GABA,
antagonist bicuculline (25 wM, middle) and GABAg antagonist CGP (10 wM, right). Initially, the response contained an EPSP followed by IPSP
activity that had two hyperpolarizing components: an early fast one (GABA,) followed by a somewhat slower long-duration one (GABAg).
Bicuculline blocked the early hyperpolarizing response and unmasked a high-amplitude, long-duration EPSP. CGP blocked the additional slower,
long-lasting hyperpolarization, leading to a further increase in the duration of the preceding EPSP. C: Example of a response at P19 before (/eft)
and after (right) bath-applied bicuculline. The IPSP activity greatly curtailed the duration of the initial EPSP D: Summary plot showing the incidence
of synaptic responses containing inhibition at different postnatal ages. There was an age-related increase in the incidence of inhibition. The
number of cells recorded at each age group were: P7-11,n = 24; P12-15,n = 31; P16 -20, n = 23; P21-34, n = 13. In A-C, responses were
recorded at —60-mV, and arrows indicate stimulus artifacts.

P12-15 P < 0.003; P12-15 vs P16-20 P < 0.001;
P16-20vs P21-34 P < 0.03).

Development of dLGN synapse ultrastructure
For ultrastructural analysis we examined a total of 2,128
synapses in the dLGN at P7 (n = 146), P14 (n = 872), P21

(n = 217), and adult (n = 893). Representative examples
of the synaptic profiles found in the dLGN are shown in
Figures 2, 4, 5, and 8.

At P7, synapses were easily identified, although the ul-
trastructure of the dLGN was quite immature; synaptic
profiles that are readily identified in adult tissue were not
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Figure 2. Electron micrographs depict the synaptic architecture of dLGN at P7. Although synapses could be easily identified (arrows, A-l), specific
types of terminals could not be categorized based on ultrastructure. Pale mitochondria could not be definitively identified, and vesicles were in
general, sparsely distributed (A-F). Dense-core vesicles (arrowheads) were frequently observed, but did not appear to correlate with other
ultrastructural features. Although there was some specificity in the distribution of gold particles overlying presynaptic profiles (G-I), the staining
for GABA was sparse and indistinct. Scale bar = 0.5 wm in | (applies to A-I).
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Figure 3. Frequency histogram illustrates the distribution of terminal sizes in dLGN at P7 (A), P14 (B), and adult (C). The sizes of RLP (large profiles
that contain round vesicles and pale mitochondria) and RSD profiles (small profiles that contain round vesicles and dark mitochondria) were
similar in the P14 and adult dLGN. Synaptic terminals types cannot be distinguished at P7, and were smaller than RLP profiles identified at later
ages. At P7,n = 100 terminals; P14, n = 97 RSD and n = 168 RLP; adult, n = 166 RSD and n = 149 RLP profiles.
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apparent (Fig. 2). In particular, RLP profiles could not be
distinguished. As shown in Figure 3, which plots the distri-
bution of terminal sizes at different ages, the synaptic pro-
files at P7 were significantly smaller (Mann-Whitney U =
23.5, P < 0.04; P7 median = 0.34 um?) than RLP profiles
identified at older ages (P14 median 1.33 pm?, adult me-
dian 1.74 um?). The ultrastructure of mitochondria within
synaptic profiles was relatively homogeneous. Dense-core
vesicles were often observed within synaptic terminals but
could not be used to distinguish terminal types (arrow-
heads, Fig. 2A,D,l). Likewise, RSD profiles could not be
identified with any confidence at P7. Although a few syn-
aptic profiles in the P7 dLGN contained numerous vesicles
(Fig. 2E,F), in most synaptic terminals the vesicles were
quite sparse (Fig. 2C). Finally, although a few synaptic pro-
files were found to contain a higher density of gold parti-
cles than those of surrounding profiles (Fig, 2G-1), there
was insufficient accumulation of GABA in P7 synaptic pro-
files to confidently classify them as GABAergic and non-
GABAergic by using our immunocytochemical techniques
(Li et al., 2003).

In contrast, by P14 profiles were easily recognized in the
dLGN, and GABA staining was robust (Figs. 4, 5). RLP pro-
files could be identified by their distinctive pale mitochon-
dria (Fig. 4, asterisks), and relatively large size (median
1.33 wm?). RSD profiles also were evident based on their
densely packed vesicles, prominent postsynaptic densi-
ties (Fig. 5B-D), and relatively small size (median 0.22
wm?). Indeed, at P14, both RLPs and RSD profiles were
adult-like in composition and overall size. As shown in Fig-
ure 3, the overall distributions of terminal size for RLP and
RSD profiles measured in P14 and adult tissue were not
significantly different from each other (Mann-Whitney U =
47, P < 0.820; U = 46, P < 0.691). Finally, GABAergic
profiles were readily distinguished by the high density of

Figure 4. Electron micrographs illustrate the synaptic architecture
of the P14 dLGN. At this age, retinal terminals were readily identified
as RLP profiles (A-F), i.e., large profiles that contain round vesicles
and pale mitochondria (*). RLP profiles contacted (arrows) non-
GABAergic dendrites (D-), identified by a low density of gold particles,
the presence of microtubules and occasional mitochondria, and the
absence of synaptic vesicles (A,C,E,F). RLP profiles also contacted
non-GABAergic dendritic appendages (a), identified as small profiles
that contained diffusely organized neurofilaments, no microtubules,
few mitochondria, a low density of gold particles, and no synaptic
vesicles (A-E). Appendages were often observed to invaginate RLP
profiles (B). RLP profiles also contacted F2 profiles (identified as
profiles that contain loosely packed synaptic vesicles and a high
density of gold particles (A-C,F). In C, an F2 profile originated from a
GABAergic dendrite (D+), identified by the presence of microtubules
and occasional mitochondria, a high density of gold particles, and few
or no synaptic vesicles (C,D,F). RLP profiles also formed occasional
adherent contacts with adjacent profiles (arrowheads, illustrated in
E). Scale bar = 0.5 wm in F (applies to A-F).

Ultrastructure of developing mouse dLGN

gold particles contained within them compared with sur-
rounding structures. Both F1 (Fig. 5E-G) and F2 profiles
(Fig. 4A-C,F), as well as GABAergic somata (S+; Fig. 5A)
and dendritic shafts (D+; Figs. 4B-D,F, 5B) were well de-
lineated.

We compared the distribution of synaptic terminals that
could be characterized at P14 with those found in the
adult. For these comparisons, digital image montages of
single sections were collected, and then for all identifiable
synaptic contacts the presynaptic profiles were catego-
rized based on GABA staining and morphology. Although
F1and F2 profiles could be identified in both P14 and adult
tissue, the density of vesicles within each category can
vary, and not all F2 profiles are postsynaptic in any given
section. Therefore, we simply placed presynaptic profiles
into one of four categories: RLP, RSD, GABAergic, or those
that could not be classified (Un). Unclassified synapses
included those in which either the section did not contain
enough of the presynaptic profile to provide adequate mor-
phological criteria for categorization, or the morphology
did not fit one of the categories described above. For ex-
ample, a few non-GABAergic profiles were large but did not
contain pale mitochondria, or the vesicle density was
lower than that typically observed in RSD or RLP profiles.

Asiillustrated in Figure 6, in the P14 (n = 585) and adult
dLGN (n = 558), RSD synapses make up the vast majority
of the total synaptic contacts (61.88-65.95%). RLP syn-
apses comprise only 11.65-13.85%, and GABAergic syn-
apses comprise 16.49-18.63% of the total synaptic con-
tacts. The percentage of unclassified presynaptic profiles
was small and similar for both P14 and adult tissue (5.64%
for P14 and 5.91% in the adult).

Finally, we classified the postsynaptic targets of RLP
profiles in tissue from P14, P21, and adult mice. As shown
in Figure 7, the proportion of GABAergic and non-
GABAergic profiles targeted by retinogeniculate terminals
was similar. At each age, approximately 10% of the profiles
postsynaptic to retinogeniculate terminals were classified
as GABAergic F2 profiles, and the rest were non-
GABAergic dendrites. RLP profiles rarely contacted so-
mata. In fact, at all ages, the vast majority of identified
synaptic contacts were made onto dendrites; extremely
few somatic contacts were observed.

Development of dLGN glomeruli

Although there were no quantitative changes in the size
and distribution of identified terminal types in the dLGN at
P14, P21, and adult, a few qualitative observations de-
serve mention. First, in adult tissue, the synaptic arrange-
ments of retinal terminals appeared to be more isolated
from the adjacent neuropil than those in developing tissue
(Fig. 8). Although not readily quantified, this isolation was
due to an apparent increase in glial lamellae that surround
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glomeruli (white arrows, Fig. 8), a feature that is consistent
with Guillery’s (1969) original definition of glomeruli.

Puncta adherentia, the desmosome-like contacts be-
tween dLGN profiles, are also particularly prominent within
adult glomerular structures (Patel and Bickford, 1997).
These contacts are identified by prominent densities on
each side of adjacent profiles, and a widened space be-
tween the adjacent membranes (similar to a synaptic
cleft). However, although the overall appearance of puncta
adherentia is similar to a synapse, vesicles are absent from
the vicinity of the junction. In P14 tissue, adherent junc-
tions were occasionally identified, but formed single,
longer contacts (Fig. 4E, arrowheads) rather than the mul-
tiple punctate junctions seen in adult tissue (Fig. 8, arrow-
heads). In an attempt to quantify this developmental
change, we counted the number of adherent junctions in
the montages used to quantify synapses. For this analysis,
multiple adjacent puncta adherentia connecting two pro-
files were counted as one junction. Because virtually all
adherent contacts are formed between RLP profiles and
their postsynaptic partners, we compared the number of
RLP adherent junctions with the number of RLP synaptic
contacts identified at each age. This analysis revealed a
developmental increase in the ratio of adherent junctions
to synaptic contacts associated with retinal terminals (P14
RLP adherent junctions/synaptic contacts = 0.33,
adult = 1.02).

DISCUSSION

Our results indicate that most of the ultrastructural fea-
tures characteristic of the adult dLGN cannot be recog-
nized at P7. Although many synapses are present, they
could not be readily classified. Overall profiles appeared
immature. They were relatively small and uniformly shaped
and contained homogenous mitochrondria, sparse synap-
tic vesicles, and little detectible GABA. Because these are
the primary features used to distinguish synaptic profiles
in the adult, it is difficult to discern the source of synaptic
input in neonatal dLGN based on morphology per se. How-
ever, it seems likely that the synaptic terminals present at
P7 are primarily of retinal origin, and most synapses are
formed between retinogeniculate terminals and the den-
drites of relay cells. This conclusion is based on three ob-
servations.

First, in P7 dLGN tissue the GABA concentrations were
too low to confidently distinguish profile types, suggesting
a paucity of well-defined inhibitory elements (DeBiasi et
al., 1997). Second, our in vitro recordings revealed that
until P12 optic tract stimulation evokes mainly excitatory
postsynaptic responses in the dLGN. The failure to detect
inhibitory responses at earlier postnatal ages suggests
that synapses between interneurons and relay cells have
not yet developed (Ziburkus and Guido, 2003).

Finally, although we did not explore whether electrical
activation of corticothalamic (CT) axons could evoke
postsynaptic activity in neonatal dLGN, it is unlikely that
such synapses are present, because CT axons do not fully
innervate the mouse dLGN until about 2 postnatal weeks
(Jacobs et al., 2007). In contrast, mouse retinal ganglion
cell axons innervate dLGN at embryonic ages (Godement
et al., 1984), and at early postnatal ages, they provide the
primary excitatory drive to relay cells (Mooney et al.,
1996).

By P14 the synaptic organization of the dLGN has fully
matured, and the ultrastructure of synaptic profiles could be
readily classified. Importantly, we were able classify the same
percentage of profilesin P14 and adult tissue, suggesting that
by P14 most profiles have acquired their adult-like character-
istics, and few if any immature profiles remain. Of course,
tract tracing coupled with immunocytochemistry may be nec-
essary for unequivocal terminal identification and for a thor-
ough characterization of the morphological transformations
that distinguish developing retinal, cortical, and brainstem
terminals in the dLGN .

As in the adult dLGN (Rafols and Valverde, 1973), P14
RLP profiles contacted both non-GABAergic relay cells
dendrites and the dendritic terminals of GABAergic inter-
neurons (F2 profiles). Thus all the elements of adult triadic
arrangements (in which a single retinal terminal is presyn-
aptic to both a relay cell dendrite and an F2 profile, which
are themselves connected by a synapse), are present at 2
weeks of age. The appearance of these synaptic contacts
is consistent with our electrophysiological observations.
Weak inhibitory responses begin to appear just after the
first postnatal week, and then increase steadily with age so
that by P14 -16 large IPSPs mediated by both GABA, and
GABAg receptors are almost always evoked by optic tract
simulation. Optic tract-evoked IPSP activity was also
tightly coupled to a preceding EPSP (Ziburkus and Guido,
2003; Jaubert-Miazza et al., 2005). This EPSP/IPSP se-
quence reflects the concerted activation of synapses that
comprise a triad, and has been referred to as feedforward
“locked” inhibition, which increases the temporal preci-
sion of retinogeniculate signal transmission (Blitz and Re-
gehr, 2005).

At P14 other inhibitory elements are also present and
appear to form mature synaptic relationships. In particular
F1 profiles, which in other species have been shown to
arise from the TRN, pretectum, or intrinisic interneurons
axons (Ohara et al., 1980; Montero and Scott, 1981; Fitz-
patrick et al., 1984; Wilson et al., 1984; Hamos et al.,
1985; Montero and Singer, 1985; Cucchiaro et al.,
1991a,b; Arcelli et al., 1997; Wang et al., 2001; Wang et
al., 2002; Li et al., 2003), are readily identified by their
densely packed synaptic vesicles and intense immunocy-
tochemical staining for GABA. These elements provide a
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Figure 5. Electron micrographs illustrate GABAergic and non-GABAergic profiles at P14. These were distinguished based on differences in the
density of overlying gold particles. A: Adjacent GABAergic (S+) and non-GABAergic (S-) somata. B: GABAergic (D+) and non-GABAergic (D-)
dendrites. RSD profiles were identified as small non-GABAergic terminals that contained densely packed vesicles and formed asymmetric
synapses (arrows; B-D). F1 profiles were identified as GABAergic terminals that contained densely packed vesicles and formed symmetric

synapses (arrows; E-G) Scale bar = 0.5 wm in D (applies to A-G).

variety of forms of feedforward and feedback inhibition
onto relay cells, serving to shape receptive field structure
or gate signal transmission (Sherman and Guillery 2002;
Sherman, 2005).

The relatively late appearance of F1 profiles in the
mouse dLGN is consistent with the emergence of inhibi-

tory elements in other thalamic structures. For example, in
rodents, GABA profiles in ventrobasal complex arising
from TRN do not seem to fully mature until the end of the
second postnatal week (DeBiasi et al., 1997), despite the
presence of GABA-containing elements in the thalamus at
perinatal ages (Lauder et al., 1986; Bentivoglio et al,,

The Journal of Comparative Neurology | Research in Systems Neuroscience




Bickford et al.

80 -

. P14
0 Adult

Percent of Terminals
B (9]
o o

]
o
L

o B -

RSD RLP GABA+ uUn

Figure 6. Plot shows the proportion of RSD, RLP, GABAergic, and
unclassified terminals at P14 (n = 585) and in adult (n = 558) mouse
dLGN. At both ages, the majority of synaptic contacts (61.88 -
65.95%) were made by RSD profiles; 16.49-18.63% were classified
as GABAergic (GABA+) based on immunocytochemical staining,
whereas only 11.65-13.85% comprised RLP profiles. The remaining
5.64-5.91% could not be classified (Un).
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Figure 7. Plot shows the proportion of retinogeniculate terminals at
P14, P21, and adult that contact GABAergic (GABA+) and non-
GABAergic (GABA-) profiles. At each age, the large majority (>90%)
of terminals made contacts with non-GABAergic profiles, but a small
percentage also contacted GABAergic F2 profiles. At P14, n = 104,
P21, n = 217; and adult, n = 101 RLP profiles.

1991; Laurie et al., 1992.). The latter observation has led
to the idea that early GABA expression may serve as a
trophic factor rather than an inhibitory neurotransmitter
(De Biasi et al., 1997).

Another prevalent feature that emerged at P14 was the
presence of RSD profiles. A major source of RSD terminals
originates in layer VI of cortex (Esirir et al., 1997a,b). In the
mouse, CT axons initially innervate motor and somatosen-
sory nuclei of thalamus before fully innervating the dLGN

near the end of the second postnatal week (Jacobs et al.,
2007). A similar progression may occur in higher mam-
mals, in which CT axons do not form well-defined RSD
profiles until late postnatal ages (Weber and Kalil, 1987;
Clasca et al., 1995). The progression of synapse matura-
tion from small undifferentiated (presumably retinal) syn-
aptic terminals to well-defined profiles that reflect both
retinal and nonretinal innervation of the dLGN coincides
with two major developmental events: the extensive prun-
ing of retinogeniculate connections, and the transition in
retinal activity from wave-like patterns of spontaneous fir-
ing to visually evoked events. Initially, retinal projections
from the two eyes have overlapping terminal fields in dLGN
(Jaubert-Miazza et al., 2005). Indeed, at early postnatal
ages relay cells are known to receive binocular input and
as many as —-2 dozen inputs from separate retinal ganglion
cells (Chen and Regehr, 2000; Jaubert-Miazza et al., 2005;
Ziburkus and Guido, 2006).

The apparent structural immaturity of retinogeniculate
terminals observed at P7 is reflected in their function; syn-
aptic currents elicited by stimulation of retinogeniculate
axons at this age are weak and exhibit asynchronous ve-
sicular release (Chen and Regehr, 2000; Hooks and Chen,
2006). Between the first and second postnatal week, reti-
nal projections segregate to form non-overlapping eye-
specific domains. The degree of retinal convergence is also
greatly reduced so that relay cells receive input from just a
few retinal ganglion cells. In fact, based on the percentage
of RLP synapses noted at P14, and assuming that most P7
synapses in dLGN are likely to be retinal in origin, there
could be as much as a 10-fold reduction in the number of
retinogeniculate synapses between P7 and P14. Such
large-scale changes in retinogeniculate connectivity have
been attributed to spontaneous retinal activity (Torborg
and Feller, 2005; Huberman et al., 2008). The nearest-
neighbor same eye relations underlying the spatiotempo-
ral patterning of these events is well suited for promoting
an activity-based Hebbian form of synaptic plasticity in
which temporally correlated activity between pre- and
postsynaptic elements leads to synapse strengthening and
consolidation, and asynchronous or absence of activity
results in synapse weakening and elimination (Torborg and
Feller, 2005; Butts et al., 2007).

By the second postnatal week, large-scale retinogenicu-
late synapse elimination is nearly complete and the re-
maining synapses undergo significant strengthening (Chen
and Regehr, 2000; Hooks and Chen, 2006). By this time
the synapses between photoreceptors and bipolar cells
have also matured (Takada et al., 2004; Rao et al., 2007),
and retinal waves subside and are replaced with visually
evoked activity (Demas et al., 2003). Although the func-
tional significance of this developmental sequence re-
mains unclear, perhaps the developmental plan underlying
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Figure 8. Electron micrographs illustrate retinal terminals in the adult dLGN, identified as RLP profiles: large profiles that contain round vesicles
and pale mitochondria (*). In the adult, RLP profiles primarily contacted non-GABAergic dendrites (D-, identified as profiles that contain
microtubules and occasional mitochondria, a low density of gold particles, and no synaptic vesicles) via puncta adherentia (arrowheads). Most
synaptic contacts (black arrow) were made on dendritic appendages (a, identified as small profiles that contain diffusely organized neurofila-
ments, no microtubules, few mitochondria, a low density of gold particles, and no synaptic vesicles (as illustrated in A), which were often observed
to invaginate RLP profiles. RLP profiles also contacted F2 profiles (identified as profiles that contain loosely packed synaptic vesicles and a high
density of gold particles (as illustrated in A). In the adult, RLP synaptic arrangements were often surrounded by glial lamellae (white arrows).
GABAergic dendrites (D+, identified as profiles that contain microtubules and occasional mitochondria, a high density of gold particles, and no
synaptic vesicles, as illustrated in B) and GABAergic axons (A+, identified as profiles that contain a high density of gold particles and are

surrounded by myelin, as illustrated in A and B) could also be identified. Scale bar = 0.5 um in B (applies to A,B).

synapse formation in dLGN requires retinal inputs (which
drive the response properties of dLGN cells) to be firmly
established before inputs that modulate dLGN response
properties begin to form synapses in the dLGN. Interest-
ingly, inputs from cortical layer V, which are thought to
provide driving inputs in higher order nuclei (Sherman,
2005), are the first to innervate the thalamus, arriving at
late embryonic ages and then undergoing a pruning phase
at 2-3 weeks postnatal (Clasca et al., 1995).

Finally, it is worth noting that the synaptic architec-
ture of the mouse dLGN is highly conserved. Retinal
terminals are in the minority (11-13%), and the over-
whelming majority is nonretinal in origin, with 16 -19%
arising from GABA-containing F-profiles and the remain-
ing 62-66% from RSD terminals. Indeed, these percent-
ages are roughly equivalent to those reported in other
species such as the rat, cat, or monkey (Wilson and
Hendrickson, 1981; Gabbott et al., 1986; Montero,
1991; Erisir et al., 1998; Van Horn et al., 2000; Li et al.,
2003). However, where they do diverge, is in the pro-
portion of RLP contacts on F2 terminals of interneurons,

which is far less (10%) than noted in cat (30-40%),
monkey (25-30%), and perhaps even the rat (26%). This
reduction could be due to the lower density of intrinsic
interneurons in the mouse dLGN. Unlike higher mam-
mals (e.g., cat and monkey), in which 20 -25% of cells in
dLGN are GABAergic (LeVay and Ferster, 1979; Fitz-
patrick et al., 1984; Madarasz et al., 1985; Montero and
Zempel, 1986; Arcelli et al., 1997; Carden et al., 2000),
in rodents only 15-20% of dLGN neurons are reported to
be interneurons (Gabbott et al., 1985; Arcelli et al.,
1997). Interestingly, this density may even be as low as
10% in mouse (Jaubert-Miazza et al., 2005). Despite this
reduced proportion, their presence in the mouse is no-
table and provides further support for the mouse as a
model system of study for synaptic circuitry in dLGN.
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